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Control Strategies and Parameter Compensation for
Permanent Magnet Synchronous Motor Drives

Ramin Monajemy

(Abstract)

Variable speed motor drives are being rapidly deployed for a vast range of applications in order

to increase efficiency and to allow for a higher level of control over the system. One of the

important areas within the field of variable speed motor drives is the system’s operational

boundary. Presently, the operational boundaries of variable speed motor drives are set based on

the operational boundaries of single speed motors, i.e. by limiting current and power to rated

values. This results in under-utilization of the system, and places the motor at risk of excessive

power losses. The constant power loss (CPL) concept is introduced in this dissertation as the

correct basis for setting and analyzing the operational boundary of variable speed motor drives.

The control and dynamics of the permanent magnet synchronous motor (PMSM) drive operating

with CPL are proposed and analyzed. An innovative implementation scheme of the proposed

method is developed. It is shown that application of the CPL control system to existing systems

results in faster dynamics and higher utilization of the system. The performance of a motor drive

with different control strategies is analyzed and compared based on the CPL concept. Such

knowledge allows for choosing the control strategy that optimizes a motor drive for a particular

application. Derivations for maximum speed, maximum current requirements, maximum torque

and other performance indices, are presented based on the CPL concept. High performance

drives require linearity in torque control for the full range of operating speed. An analysis of

concurrent flux weakening and linear torque control for PMSM is presented, and implementation

strategies are developed for this purpose. Implementation strategies that compensate for the

variation of machine parameters are also introduced. A new normalization technique is

introduced that significantly simplifies the analysis and simulation of a PMSM drive's

performance. The concepts presented in this dissertation can be applied to all other types of

machines used in high performance applications. Experimental work in support of the key

claims of this dissertation is provided.
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CHAPTER 1

Introduction

1.1 FOREWORD

For the better part of the 20th century most motion control systems were designed to operate at

a fixed speed. Many existing systems still operate based on a speed determined by the frequency

of the power grid. However, the most efficient operating speed for many applications, such as

fans, blowers and centrifugal pumps, is different from that enforced by the grid frequency. Also,

many high performance applications, such as robots, machine tools and the hybrid vehicle,

require variable speed operation to begin with. As a result, a major transition from single speed

systems to variable speed systems is in progress. The transition from single speed drives to

variable speed drives has been in effect since the 1970s when movements towards conservation

of energy and protection of the environment were initiated. About seventy percent of all

electrical energy is converted into mechanical energy by motors in the industrialized world. This

may be the most important factor behind today’s high demand for more efficient motion control

systems. A large body of research is available on variable speed drives due to the significant

industrial and commercial interest in such systems. However, some areas of importance merit

further investigation. One such area is the operational boundary of motor drives. The

operational boundaries of variable speed motor drives are being incorrectly set based on the

operational boundaries of single speed motor drives, i.e. by limiting current and power to rated

values. The operational boundary of any motor drive must be set based on the maximum

possible power loss vs. speed profile for the given motor. Also, all control strategies for a

machine must be analyzed and compared based on such an operational boundary.

The areas of interest in this dissertation are discussed in section 1.2. The drawbacks of existing

control techniques for high performance control of PMSM are discussed in section 1.3. The

advantages of the techniques developed in this dissertation are discussed in section 1.4. The

potential impact of this research effort on the research community and on the industry is
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discussed in section 1.5. The structure of this dissertation is presented in section 1.6. The

summary of key contributions of this dissertation are given in section 1.7. The assumptions are

discussed in section 1.8. The conclusions are summarized in section 1.9.

1.2 AREAS OF INTEREST AND RESEARCH OUTLINE

The emphasis of this dissertation is on high performance control strategies for variable speed

motor drives. High performance control strategies are capable of providing accurate control over

torque or speed to within a small percentage error. A high performance control strategy can also

optimize one or more performance indices such as torque, efficiency and power factor. The

following areas are of particular interest within the scope of high performance motor drives:

• Operational boundary of motor drives

• Implementation strategies that automatically limit the operational boundary for the full range

of operational speed based on a desired power loss profile

• Performance of different torque control strategies based on operation under constant power

loss

• Implementation strategies for concurrent flux weakening and torque control

• Parameter insensitive control strategies for concurrent flux weakening and torque control

• Innovative normalization techniques that simplify the analysis and simulation of motor drive

performance

The operational boundary of a machine is generally defined by the rated current and power of

the machine. This operational boundary is only valid at rated speed. However, the same

operational boundary has been wrongly carried over to variable speed motor drives. The true

operational boundary of a machine depends on the maximum permissible power loss profile for

the machine. Copper and core losses are the most fundamental sources of power losses in a

machine. Core losses are more significant than copper losses at higher speeds. A

comprehensive study of the operational boundaries of motor drives is performed in this

dissertation. Both copper and core losses are taken into account. The constant power loss (CPL)

concept is introduced here as a basis for defining the operational boundary of a motor drive. The

control and dynamics of the permanent magnet synchronous motor (PMSM) drive operating
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under CPL is proposed and evaluated in this dissertation. An innovative implementation scheme

for the proposed method is developed. It is shown that application of the CPL control system

results in faster dynamics and higher utilization of existing motor drives. It is also shown that

the traditional method of defining the operational boundary results in under-utilization of the

machine and can put the system at risk of excessive power losses. Another area where further

research is warranted is the analysis and comparison of the wide variety of control strategies

available for high performance motor drives. The main control strategies for the lower than base

speed operating range for PMSM are the maximum efficiency, maximum torque per unit current,

zero d-axis current, unity power factor and constant mutual flux linkages. The main control

strategies for the higher than base speed operating range are constant back emf and six step

voltage. A comprehensive analysis and comparison of these control strategies has not been made

to this date. Availability of such analysis and comparison is the key to choosing a control

strategy that optimizes the operation of a particular motion control system. All control strategies

are analyzed and compared in this dissertation based on the constant power loss concept that

defines the operational boundary in each case. The comparison is based on the performance of

the system along the constant power loss operational boundary, and also based on

implementation requirements.

The proposed CPL controller is built around a wide speed range linear torque controller.

Implementation techniques for linear torque control strategies for the lower than base speed

range have been proposed and studied in the literature. Implementation techniques for linear

torque control in the higher than base speed operating range are discussed in this dissertation.

The proposed implementation techniques are based on lookup tables or equations. Torque

control in the higher than base speed operating range implicitly involves the control of mutual

flux linkages. The limitation of such a system is analyzed. The new implementation techniques

lend themselves to the implementation of parameter insensitive torque controllers. Parameter

insensitive controllers for concurrent flux weakening and torque control for PMSM drives are

proposed. Implementation schemes for these controllers are based on lookup tables or artificial

neural networks.

All the analysis and simulations presented in this dissertation have been performed using an

innovative normalization technique. This technique, along with a number of its applications, is
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discussed in the Chapter 8. However, the equations and derivations in the earlier chapters are

presented in non-normalized form so that the analysis and results can be easily comprehended by

researchers as well as industrial engineer.

This study lays the foundation for the analysis, development and implementation of truly

optimized motor drives for wide speed range motion control systems based on PMSM. Similar

techniques can be applied to all types of motor drives. In the next section the drawbacks of

existing control techniques are summarized and discussed.

1.3 DRAWBACKS OF EXISTING CONTROL TECHNIQUES

The drawbacks of existing control techniques and strategies for PMSM drives, as far as

operational boundary and torque control are concerned, are briefly discussed in this section. The

control techniques developed in this dissertation address these drawbacks. The list of these

drawbacks is given below:

• Under-utilization of the motor in the lower than base speed range of operation

• Possibility of excessive power losses at higher than rated speeds

• Torque non-linearity as speed increases

• Torque non-linearity as a result of improper implementation

• Confusion in the definition of base speed

These drawbacks are discussed below.

1.3.1 Under-utilization in the Lower than Base Speed Range

As discussed earlier, limiting the current of a machine to the rated value for lower than rated

speeds results in under-utilization of the machine. Rated current defines the correct current limit

at rated speed only. This magnitude of current results in a specific magnitude of copper losses.

The sum of the copper and core losses at rated speed is equal to the maximum permissible loss at

rated speed. However, as speed decreases core loss decrease significantly. Therefore, a higher

magnitude of copper losses can be tolerated at lower than rated speed. This means that a higher

than rated magnitude of current can be tolerated at lower than rated speeds.
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1.3.2 Excessive Power Losses in the Flux Weakening Range

It is common to limit a machine's power to its rated value in the flux weakening range.

However, limiting the power of the machine to its rated value does not guarantee that the power

losses remain limited. This is due to the fact that core losses increase significantly at higher than

rated speeds. It is shown in Chapter 3 that the net loss can exceed the maximum permissible loss

at a certain speed above rated speed despite the fact that power is maintained at rated level.

1.3.3 Torque Non-linearity Caused by Ignoring Core Losses

Another drawback of most existing control strategies is that they rely on an electrical model of

the machine that does not account for core losses. As speed increases a larger percentage of the

input current is utilized in the generation of core losses. Obviously, this fraction of the input

current does not contribute to the generation of torque. Therefore, the assumption that the entire

input current generates torque at all speeds results in torque non-linearity as speed approaches

the rated speed and beyond.

It is important to realize that core losses constitute a significant portion of the net losses at

speeds close to, and higher, than rated speed. Therefore, any model-based high performance

control strategy must use a model that takes core losses into account. This is specially true if the

system requires linear control of torque at higher than base speeds.

1.3.4 Torque Non-linearity Caused by Improper Implementation

Many implementation schemes presented in the literature assume that the magnitude of current

and torque are proportional for PMSM. In these cases, linear control over current is

implemented in the drive, assuming that linear control over torque follows automatically.

However, this assumption is only valid for some types of PMSM such as the surface mount

PMSM. But, strictly speaking, the relationship between torque and current is not linear for

PMSM. This is specially true for inset and interior PMSM.
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1.3.5 Confusion in the Definition of Base Speed

The base speed of a machine is defined here as the speed after which generation of maximum

torque requires application of maximum voltage. It is common among traditional high

performance control techniques to use the rated speed as the base speed. Using the rated speed

as the transition point to the flux weakening range is proper only for the surface mount PMSM

running in a nominal environment at rated voltage. It is shown in Chapter 5 that the base speed

is a function of maximum permissible power loss, bus voltage, and the choice of control strategy.

Therefore, simply defining the base speed as rated speed results in improper operation of the

motor drive.

1.4 ADVANTAGES OF THE TECHNIQUES PRESENTED IN THIS DISSERTATION

The application of the analysis and schemes provided in this dissertation result in motor drive

systems with the following advantages:

• Faster dynamics and increased productivity

• Cost savings by maximizing machine utilization

• Optimization of the system based on application’s requirements

• Protection of the machine from excessive power losses

• Adaptability of the motor drive to different environment without changing existing design

• Simple and effective linear torque controllers for wide speed range motor drives

The techniques developed in this dissertation result in maximum utilization of a motor drive

under all operational conditions. This means that more torque and power can be derived from

existing motor drives, resulting in faster dynamic response and increased productivity. On the

contrary, if an application does not require more torque then a motor of smaller size and lower

price can be used. In addition, application of the schemes described in this dissertation result in

operation of the machine within the thermal boundaries imposed by the motor structure and

environmental conditions. Generally, the motor drive becomes more adaptable to different

operating conditions.
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1.5 POTENTIAL IMPACT ON THE RESEARCH COMMUNITY AND INDUSTRY

The analytical procedures and implementation techniques, presented in this dissertation, in

conjunction with existing knowledge base, are expected to have the following impacts on the

research and industrial communities:

• Operational boundary of all types of motor drives will be defined and studied based on the

constant power loss (CPL) concept.

• Drives will be designed to fully utilize an existing motor’s capacity to make the system

adaptable to different environment by utilizing CPL controllers.

• Similar procedures will be applied to the permanent magnet brushless dc, synchronous

reluctance, switched reluctance and other motors. The permanent magnet brushless dc motor

is an immediate beneficiary since it is widely used in low power high performance

applications.

The content of this dissertation and associated papers can be used as reference on the subjects

discussed above.

1.6 DISSERTATION STRUCTURE

Chapter 2 provides a historical account of motor drives as far as this study is concerned. A

comprehensive literature review in related areas is also given. The control and dynamics of the

PMSM drive operating with constant power loss is proposed and analyzed in chapter 3. A

comparison to traditional operational methods is given. The CPL controller for applications with

cyclic loads is discussed in Chapter 4. The performance of different control strategies for wide

speed range operation of PMSM is analyzed and compared under the CPL concept in Chapter 5.

Implementation strategies for the concurrent flux weakening and torque control of PMSM are

introduced and analyzed in chapter 6. Implementation strategies for the concurrent flux

weakening and torque control of PMSM in the presence of parameter variations are introduced in

Chapter 7. A new normalization technique, along with its applications, is presented in Chapter 8.

The conclusions, summary of contributions, and recommendations for future work are provided

in Chapter 9. Appendix I describes the parameters of the PMSM drive prototype that was used
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to verify key results of this study. Appendix II describes the procedures used in measuring the

various parameters of the PMSM drive described in Appendix I.

The new normalization technique described in Chapter 8 is used in the analysis of system

performance, and in preparing the code for the simulations, presented in this dissertation. This

normalization technique simplifies the analysis and simulation of system performance.

However, unless otherwise noted, all equations and derivations in this dissertation are presented

as non-normalized statements so that both industrial engineers and researchers can benefit

equally. All variables in plots are normalized using rated values for the respective variables to

enhance the overall presentation and also to simplify the process of generalization of the results.

All simulation codes have been prepared using MATLAB.

1.7 SUMMARY OF CONTRIBUTIONS AND LIST OF CO-AUTHORED PAPERS

The key contributions of this dissertation are outlined below:

• Constant power loss based control strategy to obtain the maximum torque vs. speed envelope

• Its comparison to schemes with current and power limits

• An implementation scheme for the proposed CPL controller and its flexibility for

incorporation into existing drives that may have various control scheme realizations in its

torque and flux controllers

• Derivation of maximum torque and power loss command as a function of maximum

permissible power loss, load duty cycle and speed for applications with cyclic loads

• Comparison of maximum possible torque as a function of maximum possible power loss for

different applications with cyclic loads

• Performance evaluation and comparison of control strategies for the full range of operating

speed based on operation with constant power loss and implementation requirements

• Analytical derivation of maximum speed, maximum current requirements of the drive and

maximum current in the flux weakening range based on the constant power loss criteria

• Analytical derivation of the maximum possible torque as a function of mutual flux linkages

• Implementation schemes for the concurrent flux weakening and torque control for PMSM,

and parameter insensitive controllers based on this concept
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• Introduction of a new normalization technique that simplifies the analysis and simulation of

PMSM drive operation

• Derivation of the maximum torque vs. speed envelopes for the ME, MTPC, ZDAC, CMFL,

UPF, CBE control strategies operating with constant power loss

• Introduction of generalized application characteristics for PMSM drives using the new

normalization technique

• Experimental verification of key results

List of author’s publications relevant to this dissertation:

••••    R. Monajemy and R. Krishnan, “Control and Dynamics of Constant Power Loss Based

Operation of Permanent Magnet Synchronous Motor,” Conference record, IEEE Industrial

Electronics Conference (IECON), Nov. 29-Dec. 3, 1999, pp. 1452-1457.

••••    R. Monajemy and R. Krishnan, “Performance comparison of six-step voltage and constant

back emf control strategies for PMSM,” Conference record, IEEE Industry Applications

Society Annual Meeting, Oct. 1999, pp. 165-172.

••••    R. Monajemy and R. Krishnan, “Concurrent mutual flux and torque control for the

permanent magnet synchronous motor,” Conference record, IEEE Industry Applications

Society Annual Meeting, Oct. 1995, pp. 238-245.

••••    R. Krishnan, R. Monajemy and N. Tripathi, “Neural Control of High Performance Drives:

An Application to the PM Synchronous Motor Drive”, Invited Paper, Conference records,

IEEE Industrial Electronics Conference (IECON), November, 1995, pp. 38-43.

1.8 ASSUMPTIONS

The following assumptions are made so that the fundamentals of this study can be presented

with better clarity.

• All motor-drive parameters are assumed to be constant unless otherwise noted

• Leakage inductances are zero

• Windage and friction are negligible
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• Net sustainable loss for a machine is assumed to be constant for the full operating range for

simulation and analytical purposes

• A high band-width current controller is utilized in the drive system resulting in negligible

stator current error

• The rated current is defined as the current that generates rated torque under the zero d-axis

current control strategy

• Base speed is the speed after which flux weakening becomes necessary along the CPL

boundary

1.9 CONCLUSIONS

The operational boundary of any motor drive needs to be set and analyzed based on the

maximum permissible power loss vs. speed profile for the given machine. The traditional

method of defining the operational boundary by limiting torque and power to rated values results

in under-utilization of the system and may subject the motor to excessive power losses. The

analysis of the operational boundary of a motor drive based on the concept of constant power

loss is the main topic of this dissertation. An implementation strategy for enforcing the CPL

operational boundary for a motor drive is presented in this dissertation. The performance of all

advanced control strategies for permanent magnet synchronous motors are analyzed and

compared based on operation of the motor under the CPL concept. Implementation strategies for

concurrent flux weakening and torque control for PMSM are presented. Implementation

strategies for concurrent flux weakening and torque control in the presence of parameter

variations are also presented. All simulation and analysis are performed using an innovative

normalization technique that significantly simplifies the research effort. Experimental

verification of the key theoretical claims of this dissertation are provided using a prototype

PMSM drive described in Appendix I.
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CHAPTER 2

State of the Art

2.1 INTRODUCTION

In this chapter the rationale behind the research presented in this dissertation is provided.

Permanent magnet synchronous motors and drives are put into perspective from a historical point

of view. The ongoing transition from single-speed to variable-speed motor drives is discussed.

The trends behind this transition are studied. This transition has resulted in the need for

revisiting the area of operational boundaries for motor drives. The state of the art in the areas of

computation of power losses, operational boundaries for variable speed motor drives, control

strategies for high performance variable speed motor drives, and parameter insensitive control

strategies for PMSM are given in this chapter. This chapter justifies the need for the research

effort presented in this dissertation.

Section 2.2 provides a brief history of motors with emphasis on the evolution of PMSM drives.

The period from early 1800s to the 1970s is covered. The trends of the last three decades that are

behind the transition from single speed to variable speed drives are discussed in section 2.3. The

rationale behind choosing the PMSM as the immediate beneficiary of this research effort is

discussed in section 2.4. A literature review on the relevant topics of this dissertation is provided

in section 2.5. The conclusions of this chapter are given in section 2.6.

2.2 THE ELECTRIC MOTOR: A HISTORICAL PERSPECTIVE

In this section motors and motor drives are put into perspective from a historical point of view.

The evolution of the PMSM is traced back in time, and the developments that allow high

performance control over synchronous motors are reviewed.

English physicist and chemist Michael Faraday constructed a primitive model of the electric

motor in 1821. This was a dc motor [1]. By the early 1870s the Belgian-born electrical engineer

Zénobe-Théophile Gramme had developed the first commercially viable dc motor. The dc motor
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was in wide spread use in street railways, mining and industrial applications by the year 1900. A

book titled “The Electric Motor and its Applications” [2], published in 1887, is an indication of

the widespread interest in the electric motor in those years. In that book the general theoretical

background necessary for understanding dc motor operation is given. Various types of dc

motors, available at that time, along with their numerous applications and control ideas, with

applications in public transportation, are discussed. The concept of controlled delivery of energy

from a dc power source to a motor in order to meet the specific demands of an application is

discussed. The same process is used today in the majority of high performance control systems.

The following paragraph is a quote from [2], Chapter VII, page 99:

“The Use of Storage Batteries with Electric Motors for Street Railways”

In the present chapter we take up a method which, although now looked upon with distrust by

many, may yet prove to be one of the most feasible means for propulsion of railway cars. We

refer to the employment of accumulators, the stored energy of which, conveyed to the motor in

the form of current, sets it in motion, and with it the car. While this mode of propulsion was until

lately in the experimental state, the progress made has been such that a satisfactory solution of

the problem appears to have been reached; indeed the immediate future will see cars propelled

by the energy derived from accumulators, with success, judged from the standpoint both of

convenience and economy. (T.C. Martin and J. Wetzler, 1887)

However, mass production of combustion engines in the early 1900s, and the abundance of

fossil fuels, delayed the use of accumulators in transportation applications until the present time.

Soon, the disadvantages of dc motors, such as excessive wear in the electro-mechanical

commutator, low efficiency, fire hazards due to sparking, limited speed and the extra room

required to house the commutator, became evident. Faraday’s discovery of the concept of

electromagnetic induction in 1831 paved the way towards the invention of induction motors. In

1883 the Serbian-American engineer Nikolai Tesla invented the first alternating-current

induction motor [3]. Tesla’s motor is generally considered to be the prototype of the modern

electric motor. This was the first brushless motor. The synchronous motor, which is also a

brushless motor, was invented by Tesla as well. By the year 1900 the principles of operation of

synchronous and induction motors were well known. But these motors were not widely used at
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that time due to the fact that ac power was not yet commercially available. Flexibility of ac

power led to its initial commercial success even though dc power still cost less at that time. AC

power was easier to produce, distribute, and utilize, as compared to dc power. The fierce

competition between ac and dc power was finally resolved in favor of the ac power by 1890. AC

motors have no commutators, and their speed is only limited by the physical constraints of the

motor. These two advantages led to the wide spread utilization of ac motors in motion control

applications in the following decades.

Induction and synchronous motors utilize the same type of stator. But synchronous motors use

a wound dc field or permanent magnet rotor instead of the wire-wound or squirrel cage rotor of

induction motors. Induction motors can generate torque in a wide range of speed. However,

synchronous motors can only generate torque at the synchronous speed. The synchronous speed

depends on the source frequency. Therefore, the first synchronous motors had to run at speeds of

3600, 1800, 900, … RPM for a line frequency of 60 Hz. The speed of synchronous motors has

to first be increased to synchronous speed by means of an auxiliary motor before the motor can

be used. Introduction of the line-start PMSM in the 1950s provided a solution to this problem.

The rotor of line-start PMSM is made of permanent magnet embedded inside a squirrel-cage

winding. Many induction motors utilize squirrel-cage rotors. Induction of current in the squirrel

cage produces torque at zero or higher speeds the same way torque is generated in induction

motors. Therefore, the line-start PMSM can develop torque at zero speed, and run as an

induction motor, until the synchronous speed is reached. Once the rated speed is reached the

rotor is synchronized with the power source, and no more current is induced in the squirrel cage.

After this, the motor runs as a synchronous motor. However, the high cost of line start PMSM

inhibited its wide spread usage. Eventually, a motor drive was used to convert dc power into ac

power with any desired frequency, and to deliver the power to the motor in a controlled manner.

This development allowed the PMSM to be used efficiently at any speed. The introduction of

high performance motor drives has rendered the line start PMSM almost obsolete. Another type

of synchronous motor is the permanent magnet brushless dc motor (BDCM). The rotor of a

BDCM is similar to that of a PMSM. But, its stator is made of concentrated windings. The

distribution of the stator windings of a PMSM is sinusoidal. The developments that have

contributed to the contemporary BDCM can be traced back to the 1960s when dc motors with
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permanent magnets began to displace conventional wound field dc motors. The creation of the

rotor field in wound-field dc motors required a separate supply of dc current. This was a major

burden, specially in the case of low power applications where the cost of providing additional

current for the field hindered their commercial use. In the 1960s permanent magnets were

utilized instead of the wound field, which made this motor viable for many servo applications

and other low power motion control systems. However, permanent magnet dc motors still had

the fundamental problems of dc motors mentioned earlier. Eventually, with the advent of

electronic drives, it became possible to place the magnets of the motor on the rotor, and the

windings on the stationary stator. In this case the drive’s primary function is to switch current

into the right phase depending on rotor position. The BDCM motor is also known as the inside-

out dc motor! The BDCM motor does not require a commutator or brushes, since the function of

the brushes is delegated to the drive. Obviously, no sparks are generated because the

commutation of current is not performed mechanically. From a fundamental point of view the

BDCM motor can be considered a special type of PMSM. In both cases the speed of the motor

is proportional to the input current frequency. And, in both cases the magnet is on the rotor and

the winding is on the stator. This makes the cooling of the motor easier as compared to the dc or

induction motor. While the back emf of a PMSM is sinusoidal, the back emf of a BDCM is

trapezoidal. BDCM is usually used for lower performance applications, such as pumps and fans,

and PMSM is mostly used in high performance applications that require high quality torque. It is

only for such applications that the higher cost of a PMSM can be justified.

The torque vs. current relationship for synchronous motor is non-linear. The torque of

synchronous motor depends on both current magnitude and the angle of current phasor with

respect to the rotor. This results in complications as far as control is concerned. Blondel’s study

of synchronous motors [4], 1913, along with Park’s transformation [5], 1933, paved the way

towards linear and instantaneous control over torque for PMSM [6]. Park’s theory presented a

transformation between variables in the stationary and the rotor reference frames which yields

the two-axis equivalent circuit for a PMSM. From the rotor’s point of view every variable has a

magnitude and angle which is constant in steady state. This means that using equations and

variables in the rotor reference frame makes the analysis and control of PMSM much easier.

Essentially, Park introduced auxiliary variables in terms of which the machine equations become
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much simpler. Availability of this transformation led to a field referred to as “vector control.”

Vector control enables independent control over the magnitude and angle of current with respect

to the rotor such that instantaneous control over torque is possible. Application of vector control

to a PMSM allows for linear control over torque, as well as control over different performance

criteria such as efficiency and power factor.

Several trends, starting in the 1970s, created a demand for high performance variable speed

motor drives. The trends that are directly relevant to this research effort are discussed next.

2.3 TRENDS FORCING THE TRANSITION TO VARIABLE SPEED DRIVES

The sudden rise in the cost of energy in the 1970s, recent trends towards conservation of the

environment, and the requirements of new applications, have created a significant demand for

variable speed drives. The transition from single speed drives to variable speed drives has left

some areas open for research. These areas include the operational boundary of motor drives and

high performance control strategies for wide speed range motor drives. The issues that deserve

further research in these areas are discussed here in light of the relevant trends during the last

three decades.

Low energy costs in the 1950-70 era resulted in the wide spread use of several types of motors

without regard to efficiency or other performance criteria. However, increasing energy costs in

that last 30 years, public concern over unnecessary use of power and environmental concerns are

driving manufactures to develop more efficient motion control systems. It is estimated that 10%

of all electrical energy is wasted since many motors that do not have drives run at idle for long

periods of time. A much higher percentage of energy is lost simply due to the low efficiency of

many motion control systems. Fans, blowers and pumps represent 50% of all drive capacity

today. These applications can benefit significantly from being able to operate at optimal speed

using a drive. Power consumption increases exponentially with speed. Therefore, running

continuously at a lower optimal speed is better than running in the on-off mode at a higher speed.

Most of today’s fans, blowers and pumps still operate in the on-off mode. Also, on-off operation

wears off the motor faster, and therefore, motors with drives can have a longer life. Drives help

ameliorate transients during startup of motors. Motors without drives draw significant
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magnitudes of current during startup and during transient operation. Drives solve this problem

elegantly. Variable speed drives can increase system efficiency by 15 to 27 percent [7]. Many

applications, such as the hybrid vehicle and machine tools, require variable speed operation to

begin with. On the other hand several energy acts, such as the energy act of 1992, impose

minimum efficiency on motors and drives. These trends justify the rapid deployment of drives in

many motion control applications. It is estimated that the capital costs of adding drives to

motors are paid pack in relatively short periods of time due to the savings in energy costs.

All of the issues discussed above have resulted in a significant movement towards the

utilization of variable speed drives instead of single speed systems for many motion control

applications. However, while this transition is in progress, some of the control methods of single

speed systems have been inadvertently carried over to new systems. The operational boundary

of variable speed motor drives are being defined by rated current and power of the machine.

But, these limitations are only valid at rated speed. The consequences, as studied in this

dissertation, are under-utilization of the motor as well as placing the motor at risk of excessive

power losses. This is true for all major classes of motors, i.e. induction motors, BDCM and

PMSM, that are now being utilized in most variable speed applications. Some of the torque

control strategies that are applied to existing advanced PMSM drives are, in fact, carried over

from dc motors. For example, in many cases it is assumed that torque and current are

proportional. Therefore, the torque control strategy is usually based on the assumption that the

relationship between current and torque is linear. However, for several types of PMSM, such as

the inset and interior PMSM, current and torque are not proportional. Some researchers have

presented linear torque control techniques that can be applied to all types of PMSM [8, 9]. The

definition of base speed, generally assumed to be the rated speed of the motor, is another area

where clarification is required. The base speed of a motor is defined here as the speed after

which generation of maximum torque requires application of maximum voltage. In particular the

base speed for interior PMSM is significantly influenced by control strategy, maximum available

voltage, and maximum permissible power loss as later shown in Chapter 5. The theoretical

analysis and implementation strategies presented in this dissertation address the above issues.
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2.4 WHY CONCENTRATE THIS STUDY ON PMSM?

While the transition from single speed to variable speed systems is in progress, another

transition is in effect within the field of variable speed motor drives. Direct current and

induction motor drives, which have dominated the field until now, are being replaced by PMSM

and BDCM drives for low power applications. Low power is defined here as being less than 10

kW. Some of the applications for motors below 10 kW are in home appliances, electric tools and

small pumps and fans. PMSM and BDCM have the following advantages over dc motors:

• less audible noise

• longer life

• sparkless (no fire hazard)

• higher speed

• higher power density and smaller size

• better heat transfer

PMSM and BDCM have the following advantages over induction motors:

• higher efficiency

• higher power factor

• higher power density for lower than 10 kW applications, resulting in smaller size

• better heat transfer

The above comparison shows that the PMSM and BDCM are superior to the induction motor for

low power applications. The operation of the BDCM and the PMSM is very similar from a

fundamental point of view. Therefore, all the analysis and control strategies developed for the

PMSM readily applies to the BDCM. The above discussion justifies the choice made in this

dissertation. The same techniques developed in this dissertation can be applied to all high

performance motor drives.

2.5 LITERATURE REVIEW

The state of the art in the following areas is discussed in this section:
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• Power losses and efficiency

• Operational boundaries of motor drives

• Control strategies for operation below base speed

• Control strategies for operation above base speed

• Parameter sensitivity and parameter insensitive control strategies

2.5.1 Power Losses and Efficiency

The temperature of a machine rises as a function of power losses in the machine, and machines

have operational limits as far as temperature is concerned. Therefore, the operational boundary

of a motor drive depends on how much loss can be tolerated. The main sources of losses are

copper and core losses. Friction and windage also result in losses. The study of losses and

efficiency are closely related since lower losses at the same torque and speed result in a more

efficient machine. Motors with higher efficiency can be relatively smaller. In other words,

higher efficiency directly translates into higher power density. Efficiency at reduced speed is

critical due to the fact that many drives run at 40% to 80% of rated speed most of the time.

The efficiency and power density of PMSM have been studied by several researchers [10, 11,

12]. [10] gives solid comparison results showing that permanent magnet brushless motors

provide higher efficiency, higher power factor and higher power density for lower than 7 kW

applications as compared to induction motors. [11] gives a comparison between the PMSM and

induction motor showing that the product of efficiency and power factor for PMSM is 30% to

40% higher as compared to induction motor in the lower than 7 kW power range. The higher

efficiency of the PMSM translates into lower losses for same power output as compared to

induction motors. Therefore, the size of a PMSM is smaller than an induction motor capable of

delivering the same power. This results in higher power density for PMSM. [12] shows that the

power density of the BDCM is higher than that of the PMSM.

Copper and core losses are the most fundamental and dominant losses in PMSM. Copper losses

are proportional to the square of current. Core losses have been studied by several researchers

[13, 14, 15]. The main sources of core losses are Eddy currents and hysteresis losses. The

induction of current inside the stator core causes Eddy current losses. Hysteresis losses are the
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result of continuous variation of flux linkages in the core. Eddy current losses are nearly

proportional to the square of the product of air gap flux linkages and frequency of the flux

variation. Hysteresis losses are nearly proportional to the product of square of flux linkages and

frequency of flux variation. Several research papers [10, 13, 16] have reported net core losses

that are between 20% to 30% of total loss at rated speed and torque for PMSM below 7 kW.

Core losses are obviously negligible at very low speeds. However, as speed increases the share

of power losses due to core losses increases significantly. Several researchers [17, 18, 19, 20,

21, 22] have utilized an electrical model of PMSM that includes a parallel resistance that

accounts for core losses in high performance applications. [19, 20, 21, 22] deal with efficiency

of the synchronous reluctance motor. It can be concluded from the above discussion that both

copper and core losses need to be accounted for in the analysis and control of high performance

of motor drives.

Another portion of losses is due to stray losses. Stray losses are the result of distortion of the

air gap flux by the phase current [23]. Non-uniform distribution of current in the copper also

leads to stray losses [23]. Stray losses are very difficult to estimate. Therefore, these losses are

usually bundled with core losses during modeling or during experimental measurements.

2.5.2 Operational Boundaries of Motor Drives

The number of research papers that directly investigate the subject of operational limits of

PMSM motor drives for variable speed applications is very limited [16, 24, 25, 26, 28]. [25,26]

deal with choosing motor parameters such that the motor is suitable for a given maximum speed

vs. torque envelop. [24, 25] investigate the optimal design of a motor for delivering constant

power in the flux weakening range. Operating limits of PMSM are studied in [27, 28] based on

the constant power criterion. All papers on high performance control of PMSM define the

operational boundaries of any control strategy by limiting current and power to rated values for

the full range of operating speed.

2.5.3 Control Strategies for Operation Below Base Speed

In the lower than base speed operating range one performance criteria can be optimized while

torque linearity is being maintained at the same time. This degree of freedom can be utilized in
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implementing different control strategies. The main control strategies for PMSM for the lower

than base speed operating range are:

(a) Zero d-axis current (ZDAC)

(b) Maximum torque per unit current (MTPC)

(c) Maximum efficiency (ME)

(d) Unity power factor (UPF)

(e) Constant mutual flux linkages (CMFL)

The ZDAC control strategy [29, 30] is widely used in the industry as it forces the torque to be

proportional to current magnitude for the PMSM. The basics behind the MTPC control strategy

have been known for several decades. This control strategy was made popular recently by [31].

The MTPC control strategy [31] provides maximum torque for a given current. This, in turn,

minimizes copper losses for a given torque. The MTPC control strategy is utilized in high

performance applications where efficiency is important, and is the one most studied and utilized

control strategy by PMSM motor drive researchers. However, the MTPC control strategy does

not optimize the system for net loss. The UPF control strategy [29] optimizes the system’s Volt-

Ampere requirement by maintaining the power factor at unity. The ME control strategy [17, 18]

minimizes the net loss of the motor at any operating point. This control strategy is particularly

appealing in battery operated motion control systems in order to extend the life of the system.

The CMFL control strategy [29] limits the air gap flux linkages to a known value which is

usually the magnet flux linkages. This is to avoid saturation of the core.

Each of the above mentioned control strategies have their own merits and demerits. [29]

provides a comparison between the ZDAC, UPF and CMFL control strategies from the point of

view of torque per unit current ratio and power factor. The UPF control strategy is shown to

yield a very low torque per unit current ratio. The ZDAC control strategy results in the lowest

power factor among the five control strategies. [32] provides a comparison between the MTPC

and ZDAC for an interior PMSM. This study shows that the MTPC control strategy is superior

in both efficiency and torque per unit current as compared to the ZDAC control strategy. Torque

is limited to rated value in all existing control techniques for the lower than base speed operating

range. This operating range is referred to as the constant torque operating range. It is shown in
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Chapter 3 that the maximum torque in the lower than base speed operating range is not a

constant. A thorough comparison of all five control strategies from the point of view of

maximum torque vs. speed profile, power losses, efficiency, torque per unit current, power

factor, voltage requirements and implementation complexity has not been published. Such a

comparison is made in this dissertation in order to provide a sound basis for choosing the optimal

control strategy for a particular motor drive application.

2.5.4 Control Strategies for Operation above Base Speed

The fundamental component of voltage applied to each phase must remain constant in the

higher than base speed operating range. Performance criteria other than torque linearity cannot

be enforced in this range due to the fact that a restriction on voltage is imposed. This range of

operation is also referred to as the flux weakening range. Two control strategies are possible

depending on whether maximum phase voltage is applied or the phase voltage is limited to a

level lower than maximum possible. These control strategies are:

(a) Constant back emf (CBE)

(b) Six-step voltage (SSV)

The CBE control strategy [8, 27, 33] limits the back emf to a value that is lower than the

maximum possible voltage to the phase. By doing this, a voltage margin is retained that can be

used to implement instantaneous control over phase current. Applications that require high

quality of control over torque in the higher than base speed operating range utilize the CBE

control strategy. The SSV control strategy applies maximum possible voltage to the phase. In

this case only the average torque can be controlled, and a relatively higher magnitude of torque

ripple is present. A procedure for studying the performance of an induction motor under the

SSV control strategy is presented in [34]. Performance evaluation of the SSV control strategy

has been presented for BDCM [35, 36].

References [8, 27, 33, 37, 38] provide insight into the high performance control of PMSM in

the flux weakening range. The topics discussed include linear torque control schemes, speed

range, implementation strategies and torque vs. speed profile. The power is limited to rated
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power in all these studies. Therefore, this range of operation is also referred to as the constant-

power operating range. It is later shown in this dissertation that maximum power of a motor is

not a constant in variable speed applications operating above base speed. Most of the control

strategies for the flux weakening range of PMSM result is non-linear control over torque. This

happens either because of neglecting the impact of core losses or by erroneous implementation

strategies. The SSV control strategy is widely utilized in many applications [39]. However, a

comprehensive study of the pros and cons of this control strategy has not been performed.

Ref. [38] provides an implementation scheme for a wide speed range controller for a PMSM.

The transition to flux weakening range is implemented by comparing an estimation of phase

voltage with the maximum available voltage, the latter being itself a measured variable.

Therefore, the transition to flux weakening range happens in an orderly fashion even if the bus

voltage varies. The output of the speed proportional-integrator (PI) controller commands the

magnitude of current to be enforced on each phase. The relationship between current and torque

is not linear in inset and interior PMSM. Therefore, the current command vs. torque gain

changes depending on the magnitude of torque in the above mentioned implementation scheme.

This complicates the design of the speed PI controller. Strictly speaking, the best strategy is to

let the output of the speed PI controller control torque directly so that the speed PI controller can

be designed based on the constant gain relating the torque command to the actual torque.

2.5.5 Parameter Sensitivity and Parameter Insensitive Control Strategies

All high performance control strategies for PMSM are based on an electrical model of the

machine. In most cases, the parameters of the machine are assumed to be constant. In reality

machine parameters vary as a function of temperature and current. Phase resistance of a motor

varies with temperature and frequency. An increase of as much as 100% is possible with a

100 Co rise in temperature. The inductance of some types of PMSM vary by as much as 20% of

the rated value. This is specially true for the interior PMSM [40]. The inductance is a function

of current. The nonlinear magnetic properties of the core are the reason behind the variations of

inductance as a function of current. The magnet’s flux density changes as a function of

temperature [41]. A reduction of 20% is possible for a 100 Co rise in the temperature of the

magnet. If the temperature rises beyond a certain level the magnet may permanently loose part
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of its flux density. This temperature threshold depends on the particular characteristics of the

magnets. Another parameter that varies in some applications is the dc bus voltage input to the

drive. The variation of the dc bus voltage affects the speed after which flux weakening must be

initiated. Also, the maximum torque in the flux weakening range and the maximum possible

speed both depend on the dc voltage input value. Inductance can be estimated if the inductance

vs. current relationship is accurately known. Bus voltage can be monitored at all times.

Resistance can be estimated by measuring the temperature of the core. The variations of the

magnet flux density can be estimated if the temperature of the magnet is measured. However,

this is a difficult and costly process due to the fact that the rotor is not stationary. An on-line

estimation of these parameters can be incorporated in the model being used to control the

machine. Core losses also impact the model of a PMSM. Failure to account for core losses

results in torque non-linearity.

Ref. [40] provides an example of a high performance PMSM drive where the phase inductance

in the electrical model is a function of current. Ref. [20] has studied vector control of a

synchronous reluctance motor including inductance variations. Ref. [41] evaluates the impact of

temperature on efficiency and torque of a PMSM. References [42] and [43] present parameter

insensitive control strategies that yield speed and torque linearity, respectively, in the presence of

magnet flux linkages variations.

2.6 CONCLUSIONS

A historical account of motor drives with emphasis on PMSM drives is given in this chapter.

The evolution of permanent magnet synchronous motors and motor drives is studied. The

transition from single speed to variable speed control system is emphasized. It is shown that

some areas, such as the operational envelope, evaluation and comparison of control strategies,

and implementation techniques for wide speed range control strategies, need to be further

investigated. The analytical procedures and implementation schemes provided in this

dissertation are applicable to all motor drives, and can be used to optimize any motion control

system. However, it is shown that the PMSM drive is the most likely beneficiary of the different

concepts introduced in this dissertation. The state of the art in the areas of computation of power

losses and efficiency, operational boundaries, high performance control strategies, and parameter

insensitive control strategies for PMSM, is given.
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CHAPTER 3

Control and Dynamics of Constant Power Loss Based

Operation of Permanent Magnet Synchronous

Motor Drive System

3.1 INTRODUCTION

The operational boundary of an electrical machine is limited by the maximum permissible

power loss for the machine. The control and dynamics of the PMSM drive operating with

constant power loss are proposed in this chapter. The proposed operational strategy is modeled

and analyzed. Its comparison to other control strategies that limit current and power to rated

values demonstrates the superiority of the proposed scheme. The implementation of the proposed

scheme is developed. This has the advantage of retrofitting the present PMSM drives with least

amount of software/hardware effort. The PMSM drives in this case then can use the existing

controllers to implement any control criteria such as the ones described earlier in sections 2.5.3

and 2.5.4. Experimental verification of the proposed constant power loss operational strategy is

provided.

The maximum torque vs. speed envelope for the control strategies in the lower than base speed

range is commonly found by limiting the stator current magnitude to the rated value. In the

higher than base speed range the shaft power is commonly limited to rated value. Current

limiting restricts copper losses but not necessarily the core losses. Similarly, limiting the shaft

power does not limit power losses directly. Limiting current and power to rated values ignores

the thermal robustness of the machine that requires the total loss be constrained to a permissible

value. Rated current and power guarantee acceptable power loss only at rated speed. Therefore,

these simplistic restrictions are only valid for motion control applications requiring operation at

rated speed. Increasingly at present single speed motion control applications are being retrofitted
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or replaced with variable speed motor drives to increase process efficiency and operational

flexibility. Also for manufacturing cost optimization, the same machine designs are utilized in

vastly different environmental conditions thus necessitating control methods to maintain the

thermal robustness of the machine while extracting the maximum torque over a wide speed

range. The constant power loss (CPL) based operation provides the maximum torque vs. speed

envelope from these viewpoints, and such a scheme is proposed in this chapter. A comparison of

this operational boundary and the operational boundary resulting from limiting current and power

to rated values is presented. This comparison clearly reveals that the proposed method results in

a significant increase in permissible torque at lower than rated speeds. Consequently, the

dynamic response is enhanced below the base speed. It is also demonstrated that the

conventional method of limiting current and power to rated values can lead to the generation of

excessive power losses in the flux weakening range.

An implementation strategy for the proposed scheme is developed. This implementation

strategy is based on an outer power loss feedback control loop. The input to the system is the

desired maximum power loss of the machine. The feedback loop limits the torque command

such that the power loss does not exceed the maximum set value at any operating point. This

system is applicable to all types of motor drives for the full range of operation, and is

independent of the choice of control strategy for dynamic control of torque. The proposed

implementation strategy can be integrated into all high performance motor drives with very little

modification in their control algorithms. Real-time estimations of machine parameters can also

be utilized as extra inputs to this implementation strategy. Experimental results from a laboratory

prototype are included to verify the proposed implementation to enforce the maximum torque vs.

speed envelope in a torque controlled PMSM drive system. Load duty cycle can be integrated in

maintaining the effective total power loss by varying the power loss reference in the outer control

loop as a function of load duty cycle. Issues concerning load duty cycle are dealt with in Chapter

4. Further it is noted that the underlying control algorithm lends itself to real-time

implementation. The maximum permissible power loss of a machine must be chosen based on a

preset temperature rise for the machine. Therefore, the permissible constant power loss may vary

significantly depending on the operational environment, ambient temperature and the cooling

arrangement for the machine.
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All derivations and examples given in this chapter apply to the PMSM. This choice is made

since the PMSM is regularly utilized in high performance applications and can benefit

significantly from the proposed constant power loss controller (CPLC). A similar approach can

be applied to other types of machines with minor modifications.

The contributions of this chapter are summarized below:

• A constant power loss based control strategy to obtain the maximum torque vs. speed

envelope

• Its comparison to schemes with current and power limits

• An implementation scheme for the proposed CPLC and its flexibility for incorporation in

existing drives that may have various control scheme realizations in its torque and flux

controllers

The CPLC scheme for PMSM is studied using a PMSM model given in section 3.2. The

analysis of the CPLC scheme and its comparison to the control schemes limiting the current and

power to rated values, is presented in section 3.3. The current rating of the drive and parameter

sensitivity of the CPLC scheme are discussed in section 3.4. The implementation strategy for the

CPLC is presented in section 3.5. Experimental correlation is provided in section 3.6.

Techniques for using the power loss command to control the drive are discussed in section 3.7.

The conclusions of this study are summarized in section 3.8. The equations that describe the

constant power loss operational envelope are omitted from this chapter for the sake of clarity.

These equations are provided in Chapter 8 in normalized format.

3.2 PMSM MODEL WITH LOSSES

A dq model for a PMSM in rotor reference frame in steady state with simplified loss

representation is given in Fig. 3.1, where, qsI and dsI are q and d axis stator currents,

respectively, and qsV and dsV are q and d axis stator voltages, respectively. qI and dI are q

and d axis torque generating currents, respectively, and qcI and dcI are q and d axis core loss

currents, respectively. sR and cR are stator and core loss resistors, respectively, and qL and
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dL are q and d axis self inductances, respectively. afλ is magnet flux linkages, and rω is the

rotor’s electrical speed.

qsV

dsV

)IL( ddafr +λω

qqr ILω−

qsI

dsI

qI

dI

qcI

dcI

sR

sR

cR

cR

Fig. 3.1. q and d axis steady-state model in rotor reference frame including stator and core loss

resistances.

3.2.1 Electrical Equations of PMSM Including Core Losses

Equations (3.1) and (3.2) are derived from the model of Fig. 3.1.
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The torque, eT , as a function of qI and dI is given below,

)II)LL(I(P75.0T qdqdqafe −+λ= (3.3)
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where eT is torque, and P is the number of rotor poles.

3.2.2 Total Power Loss Equation for PMSM

The net core loss, lcP , for the machine is computed as follows:

c
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where mλ is the air gap flux linkages. Note that in practice a more complex representation of

core losses, based on elaborate equations or tables, can be used to increase the accuracy of the

core loss estimation at higher speeds.

The total machine power loss, lP , including both copper and core losses, can be described as,

])IL()IL[(
R

5.1
)II(R5.1P 2

ddaf
2

qq
2
r

c

2
ds

2
qssl +λ+ω++= (3.5)

Another major source of power losses is the electronic inverter. However, inverter losses do not

impact the operational envelope of the machine. This is due to the fact that the cooling

arrangement for the inverter is separate from the cooling arrangement for the machine.

Therefore, inverter losses are not considered in this dissertation. Inverters limit the maximum

current and voltage that can be delivered to a machine. It is presumed that the operating

envelope of the inverter satisfies the motor operation.

In the next section the operational envelope resulting from the application of the CPLC to a

PMSM is discussed.

3.3 CONSTANT POWER LOSS CONTROL SCHEME AND COMPARISON

The maximum permissible power loss, lmP , depends on the desired temperature rise for the

machine. lmP can be chosen to be equal to the net loss at rated torque and speed assuming that
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the machine is running under exact operating conditions defined in manufacturer data sheets. At

any given speed the current phasor, which is the resultant of qI and dI , and its trajectory for

maximum power loss is given by (3.5) with lP replaced by lmP . This trajectory is a circle at zero

speed, and a semi-circle at non-zero speeds. The operating point of a PMSM must always be on

or inside the trajectory defined by (3.5) for that speed so that the net loss does not exceed lmP .

At any given speed the operating point on the constant power loss trajectory which also results in

maximum torque defines the operational boundary at that speed. At this operating point,

maximum torque is generated for the given power loss of lmP . To find the maximum

permissible torque at a given speed it is sufficient to move along the trajectory defined by (3.5)

for a given lmP and find the operating point that maximizes (3.3). In the flux weakening range,

both voltage and power loss restrictions limit the maximum torque at any given speed. The

following relationship is true for any stator current phasor operating point in the flux weakening

range assuming that the voltage drop across the phase resistance is negligible,

mrr
5.02

ddaf
2

qqsm ])IL()IL[(V λω=ω+λ+= (3.6)

where smV is either the maximum desired back emf or the fundamental component of maximum

voltage available to the phase. The latter applies to the six step voltage control strategy. At any

given speed in the flux weakening range the stator current phasor that results in a set power loss

can be found by solving equations (3.5) and (3.6). This operating point corresponds to the

maximum permissible torque at the given speed in the flux weakening range. Fig. 3.2 shows the

maximum torque possible for the full range of speed for the motor drive described in Appendix I.

All variables in Fig. 3.2 are normalized using rated values. The power loss is limited to the rated

value of 121 Watts at all operating points. The following assumption is used in solving the

required equations as discussed above,
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Fig. 3.2. Normalized maximum torque, power loss, air gap power, voltage and phase current vs.

speed for the CPLC (solid lines) and for the scheme with current and power limited to rated

values (dashed lines).
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The slight deviation of the power loss from the set value of 1 p.u. in Fig. 3.2 is due to this

assumption.

It is to be noted that the operating points along the operational envelope described here are also

the most efficient operating points. Therefore, only the maximum efficiency control strategy for

torque can lead to an operating point along this envelope. Other control strategies, such as

maximum torque per current and constant torque angle, result in operational envelopes that are

smaller and narrower than that resulting from the maximum efficiency control strategy. The

comparison of different control strategies under the constant power loss concept is addressed in

Chapter 5.

3.3.1 The Lower than Base Speed Operating Range

The base speed, bω , is defined as the speed beyond which the applied phase voltage must

remain constant along the CPLC scheme boundary. In the lower than base speed operating range

torque is only limited by the power loss, while phase voltage is less than maximum possible

value, smV . This range of operation is shown in Fig. 3.2 between 0 and 1.1 p.u. speed. Power

loss, air gap power, phase voltage and current along the CPLC scheme boundary are also shown

in Fig. 3.2.

3.3.2 The Flux Weakening Operating Range

The portion in Fig. 3.2 between 1.1 and 1.55 p.u. speed corresponds to the flux weakening

range of operation, where back emf is limited to 1.1. p.u. It is seen that the CPLC boundary

drops at a faster rate in this range due to voltage restrictions. The maximum possible air gap

power continues to rise beyond rated speed up to approximately 1.25 p.u. speed.
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The operational boundary resulting from limiting current and power to rated values is also

shown in Fig. 3.2. It can be concluded from the example that the application of the constant

current and power operational envelope results in:

• Under-utilization of the machine at lower than base speed

• Generation of excessive power losses at higher than rated speeds unless both power and

current are limited to rated values in the flux weakening range

• Under-utilization of the machine in some intervals of the flux weakening range

3.4 SECONDRY ISSUES OF THE CPL CONTROLLER

3.4.1 Higher Current Requirement at Lower than Base Speed

It is seen from Fig. 3.2 that the CPLC provides 39% higher torque at zero speed as compared to

the maximum torque possible with rated current. This requires 36% more than rated current at

zero speed or in the very low speed operating range. It is to be noted that this additional current

requirement does not result in a proportional increase in the price of the drive. This is mainly

due to the fact that the voltage requirements of both control strategies are similar as seen from

Fig. 3.2. Therefore, the power switches have to be upgraded only for current and not for higher

voltage.

3.4.2 Parameter Dependency

The CPLC scheme is dependent on machine parameters dL , qL , afλ , cR and sR . The d-axis

path of the rotor involves a relatively large effective air gap, and does not saturate under normal

operating conditions. Therefore, dL does not vary significantly. qL varies as a result of

magnetic saturation along the q-axis, and can be estimated accurately as a function of phase

current [40]. An accurate estimation of afλ requires more complex algorithms [43]. sR varies

as a function of temperature. Any implementation strategy for the CPLC is by nature parameter-

dependent. This is the case with all model-based control strategies.
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Fig. 3.3. Implementation scheme for the constant power loss controller.

3.5 IMPLEMENTATION SCHEME FOR THE CPL CONTROLLER

Fig. 3.3 shows the block diagram for an implementation strategy of the CPLC scheme. The

wide speed-range linear torque controller is assumed to provide torque linearity over the full

range of operating speed including the flux weakening range. Any control strategy can be

utilized in the torque controller block. The copper and core losses of the machine are estimated

using (3.5) utilizing the q and d axis current commands, *
qsi and *

dsi , as well as measured speed,

mω . All the required variables for power loss estimation are already available within most high

performance control systems. The estimated net power loss, lP , is always a positive number as

seen from (3.5). lfP is the filtered version of lP . The filtered power loss estimation is

compared with the power loss reference, *
lP . The difference is processed through a proportional

and integrator (PI) controller. The output of the power loss controller determines the maximum

permissible torque, limT . The torque command, *
eT , is the output of a PI controller operating on

the difference of the commanded and measured speeds. If the torque command is higher than

limT then the system automatically adjusts the torque to the maximum possible value, limT .
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However, if the torque command is less than the maximum possible torque at a given speed then

the torque limit is set at absolute maximum value leaving the torque command unaltered. The

same absolute value of the torque limit is applied to both positive and negative torque

commands. The magnitude of transient torque is limited by the peak torque limiter block. The

processed torque command, *
eT

~
, and mω , are inputs to the wide speed range linear torque

controller. The outputs of this block are *
qsi and *

dsi . The current controller and power stage

enforce the desired current magnitude and its phase on the motor. The inputs to this stage are

*
qsi , *

dsi , and rotor position, mθ .

The salient features of the CPL controller are summarized below:

• Off-line calculation of the maximum torque vs. speed envelope is not necessary

• Maximum power loss can be adjusted by an operator or by process demand

• An on-line estimation of qL , afλ and sR can be used by the power loss estimation block to

increase accuracy

• The system is independent of the control strategy used in the linear torque controller block

• All necessary parameters are already available in most high performance controllers

• The scheme lends itself to real-time implementation

3.6 EXPERIMENTAL CORRELATION

Experimental correlation is provided using a prototype motor drive utilizing an interior PMSM

with parameters given in Appendix I. The experimental PMSM motor drive is set up as a torque

controller for lower than base speed operating range. The power loss controller is implemented

as shown in Fig. 3.3. The functions required in estimating the machine power losses are

implemented using 8 bit multiplying DACs. The maximum efficiency control strategy is

implemented for the dynamic control of torque. This requires that the q and d-axis currents be

functions of both measured speed and torque commands. Two 8 kByte EEPROM lookup tables

are utilized in this process. The maximum set power loss is 30 W. Fig. 3.4 shows the maximum
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possible measured torque and current, predicted maximum torque, as well as corresponding core,

copper and net losses vs. speed. The torque command is set at the maximum value of 1.5 N.m.

It is seen that as speed increases the maximum possible torque and current decline monotonically

while core losses increase and copper losses decrease. However, the net loss remains fairly close

to the desired set value of 30 W. The measured maximum torque vs. speed envelope is very

close to the estimated maximum torque vs. speed envelope as seen from Fig. 3.4. The slight

difference is due to torque measurement error. Fig. 3.5 shows measured speed and phase current

command of the system in response to a step torque command of 1.5 N.m. It is seen that as

speed increases the phase current magnitude decreases automatically, resulting in the reduction of

the maximum possible torque to 1.03 N.m. at 2,500 RPM in order to maintain the net loss at 30

W. Speed is limited primarily by the bus voltage in this case. This experiment demonstrates the

robustness of the proposed implementation scheme under dynamic conditions. In practice, the

maximum power loss reference can be modified dynamically as a function of load duty cycle or

based on process demand. Fig. 3.6 shows a simulation of torque step response of the CPLC

system as described above. It is seen that the predicted speed and phase current command

closely correlated to the experimental result given in Fig. 3.5.

3.7 THE DRIVE CONTROL WITH POWER LOSS COMMAND

3.7.1 Cycling the Drive

The power loss command, *
lP , can be used to stop and start the motor drive. Commanding *

lP

to be equal to zero effectively turns off the drive by driving the torque limit to zero. Any nonzero

power loss command allows torque to be applied to the motor.
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Measured torque, N.m.
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Speed, RPM

Fig.3.4. Current, torque, estimated torque, total power loss, copper and core losses along the

CPL boundary with power loss reference of 30 W.

3.7.2 Commanding Short Term Maximum Torque

*
lP can also be used to command peak torque values for a short time by commanding

maximum power loss. The magnitude of the peak torque is set by the peak torque limiter block

as seen in Fig. 3.3. However, the duration of a higher than nominal power loss command must

not be long enough to damage the motor. The absolute torque limit must be set to a reasonable

value as part of the installation procedure of the motor drive.
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Fig. 3.5. Dynamic response of the system for a step torque command of 1.5 N.m.

Time, s

mω
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Fig. 3.6. Simulated speed, mω (RPM), and phase current command, *
ai (A), in response to 1.5

N.m. step torque command.
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3.8 CONCLUSIONS

A new control scheme for PMSM based on constant power loss is proposed and analyzed. It is

shown that the constant power loss operation maximizes the utilization of the machine in wide

speed range applications. A comparison of the proposed operational envelope with the

operational envelope resulting from limiting current and power to rated values is performed. It is

shown that the proposed scheme results in higher than rated torque at lower than base speed, as

well as higher than rated power in the vicinity of base speed. Overall, the proposed scheme

results in better dynamic response at lower than base speed and thermal robustness of the

machine at all operating points. It is also shown that maintaining rated power in the higher than

base speed may compromise the thermal stability of the machine. An implementation strategy for

the proposed control scheme is developed. This implementation strategy limits the torque to

correspond to the chosen power loss of the machine by employing an outer feedback loop to

control machine power losses. This has the advantage of retrofitting the present PMSM drives

with least amount of software or hardware effort. The implementation strategy does not require

any off line calculation, and is independent of the chosen control strategy for the dynamic control

of torque. The scheme lends itself to on-line implementation. The maximum permissible power

loss is the main input to the system. However, an on-line estimation of other parameters can be

input to the system in order to increase the accuracy of the power loss control system.

Experimental correlation confirms the key results of this chapter.

The contributions of this chapter are summarized below:

• A constant power loss based control strategy to obtain the maximum torque vs. speed

envelope

• Its comparison to schemes with current and power limits

• An implementation scheme for the proposed CPLC and its flexibility for incorporation in

existing drives that may have various control scheme realizations in its torque and flux

controllers

• Experimental verification of the proposed scheme
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CHAPTER 4

The Constant Power Loss Controller for Applications
with Cyclic Loads

4.1 INTRODUCTION

Many motion control applications require cyclic accelerations, decelerations, stops and starts.

The required movements are usually programmed into the system using a microcontroller. A

simple programmed move is the cyclic on-off operation with negligible fall and rise times. The

load duty cycle, in this case, is defined as the ratio of on time to the cycle period. In many

applications speed is constant during the on time. Usually several times average torque is

required during transitions from zero to maximum speed and vice versa. Different power losses

are generated during different phases of operation of a motor drive with cyclic loads. For

applications where the cycle period is significantly smaller than the thermal time constant of the

machine the average power loss during one cycle must be limited to the maximum permissible

value. This type of application is dealt with in this chapter. Generally speaking, the maximum

possible torque increases as the duty cycle decreases. This is due to the fact that no power loss is

generated during the off time. It is to be noted that in some applications the cycle period is large

compared to the thermal time constant of the machine. In these applications the average power

loss during one cycle in not of significant value, and instead, the instantaneous power loss during

on time must be limited to the maximum permissible value.

The objective of this chapter is to calculate the appropriate power loss command for a constant

power loss controller applied to different applications with cyclic loads. It is assumed that the

maximum permissible power loss, lmP , during continuous operation of the machine at steady

state, is known. It is also assumed that the on and off times are significantly shorter than the

thermal time constant of the machine. Five different categories of applications with cyclic loads

are considered here. In each case the power loss command must be calculated such that the

average loss over one period is equal to the maximum permissible power loss for the machine.
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The power loss command and maximum possible torque are calculated in each case as a

function of duty cycle, maximum permissible power loss and maximum speed during one cycle.

The procedures discussed in this chapter can be applied to any application with cyclic loads.

In section 4.2 major motor drive applications are classified into five categories as far as cyclic

loads are concerned. In each category the required power loss command, average power loss,

and maximum torque during on-time, are calculated. A comparison of the maximum possible

torque vs. maximum power loss for different load categories is given in section 4.3. The

conclusions are summarized in section 4.4.

The contributions of this chapter are summarized below:

• Calculation of the appropriate power loss commands for applications with cyclic loads

• Derivation of average power loss as a function of duty cycle, maximum speed and torque for

applications with cyclic loads

• Derivation of maximum possible torque as a function of load duty cycle, maximum power

loss and maximum speed for applications with cyclic loads

• Comparison of maximum possible torque as a function of maximum possible power losses

for different applications with cyclic loads

4.2 THE POWER LOSS COMMAND IN DIFFERENTAPPLICATION CATEGORIES

A simple and practical power loss estimator for PMSM is developed here. This power loss

estimator is used in calculating the appropriate power loss command, average power loss, and

maximum possible torque, in each of five different categories of applications with cyclic loads.

Most applications fall in one of these five categories. Applications that are not covered in this

chapter can be treated using similar procedures. All torque and speed profiles are normalized

using maximum possible torque and speed in each category.

4.2.1 Derivation of a Practical Power Loss Estimator

An instantaneous power loss estimator, applicable to the surface mount PMSM, is developed

here. Note that most high performance motion control applications utilize the surface mount

PMSM. All derivations are based on the following assumptions:
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• D-axis current is zero

• The difference between air gap and magnet mutual flux linkages is negligible

• Torque and current are proportional

• Impact of core losses on torque linearity is negligible

The above assumptions are very closely valid for the surface mount PMSM. These assumptions

are also valid for the BDCM. Therefore, the results of this chapter are readily applicable to the

BDCM. However, these assumptions are not valid for inset and interior PMSM unless these

machines are operated using the zero d-axis control strategy. The inset and interior PMSM are

only used in a small percentage of all high performance PMSM applications. Based on the

above assumptions,

ste iKT = (4.1)

where eT is the machine torque, si is the stator current magnitude, and,

aft P75.0K λ= (4.2)

The equation for the instantaneous power loss, lP , for a PMSM, can be derived using (3.5), (4.1)

and (4.2) by applying the assumptions discussed above. lP is given below,
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Note that the air gap flux linkages and magnet flux linkages are almost equal for the surface

mount PMSM. This fact is used in calculating 2K as given in (4.4).

4.2.2 *
lP and emT in Different Application Categories

In this section motion control applications are broadly classified in five categories as far as

cyclic loads are concerned. In each category the required power loss command, *
lP , is
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calculated. All calculations are based on the implementation scheme described in Fig. 3.3. The

average power loss, lP , and maximum possible torque, emT , as a function of the maximum

permissible power loss, lmP , and for a given maximum speed, rmω , and load duty cycle, d, are

calculated in each category.

A. Continuous Operation at Constant Speed and Torque

Applications such as conveyers, escalators, some types of fans/pumps/compressors, electric

vehicles in cruise mode, and disk drives fall in this category. The speed and torque remain

essentially constant during the operation. The load duty cycle is unity in this category. Fig. 4.1

shows the torque and speed profiles for a typical application in this category. The variables are

normalized using maximum possible torque, emT , and maximum possible speed, rmω . The

average power loss in this case is,

Time, s

em

e
T

T

rm

r
ω
ω

(p.u.)

(p.u.)

Fig. 4.1. Normalized torque, eT , and speed, rω , profiles for continuous operation.
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ll PP = (4.5)

where lP is the instantaneous power loss of the machine as described in (4.3). On the other

hand, the maximum average power loss is defined below,

lml PP = (4.6)

It can be seen from (4.5) and (4.6) that the maximum instantaneous power loss in steady state is

constant in this category, and is given below,

lml PP = (4.7)

Therefore, the maximum possible power loss command in this category is,

lm
*
l PP = (4.8)

It can be concluded from (4.3) and (4.7) that,

2
rm2

2
em1lm KTKP ω+= (4.9)

Therefore, the maximum possible torque, emT , for maximum power loss of lmP is,

5.0

1

2
rm2lm

em )
K
KP

(T
ω−= (4.10)

B. On-off Operation with Negligible Rise and Fall Times

This category applies to applications that run periodically in on-off mode but have negligible

rise and fall times compared to the cycle period. Some air conditioning and

fan/pump/compressor applications fall in this category. Fig. 4.2 shows an example of a torque

and speed profile in this category. In this category the operating point of the machine rises to the

desired point rapidly. Then the operating point stays constant for onT seconds. Subsequently,

the operating point drops to zero rapidly. The machine remains at this operating point for offT

seconds. The net power loss during rise and fall of the operating point is negligible as compared
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to the losses during on time. These applications may require higher than rated torque during the

short rise and fall periods.

em

e
T
T

rm

r
ω
ω

Time, s

(p.u.)

(p.u.)

onT offT

Fig. 4.2. Normalized torque and speed profiles for on-off operation with small transition times.

The average power loss in this case is,

dP
TT

TP
P l

offon

onl
l =

+
= (4.11)

where lP is the power loss during on time. On the other hand, the maximum average power loss

is defined below,

lml PP = (4.12)

It can be concluded from (4.11) and (4.12) that, while operating at maximum average power loss,
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lml PdP = (4.13)

Therefore, the maximum power loss command during on time is defined below,

d
P

P lm*
l = (4.14)

The maximum torque during on time, emT , can be calculated by substituting (4.3) into (4.13) as

given below:

lm
2
rm2

2
em1 Pd)KTK( =ω+ (4.15)
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ω−= (4.16)

C. Speed Reversal Operation with Negligible Transition Times

In some motion control systems, such as pick and place applications and automatic welding

machines, the end-effector is moving in between jobs most of the time while the actual task takes

a relatively short time for completion. Therefore, the power loss during the actual task time is

negligible compared to the average power loss during one full cycle. The speed of the end-

effector is almost constant while moving in between jobs. Fig. 4.3. shows a typical torque and

speed profile of an application in this category. As far as the net power loss is concerned this

profile and the profile described in section A are the same. Therefore, the maximum power loss

command can be calculated, using (4.8), as given below,

lm
*
l PP = (4.17)

Similarly, the average power loss, under extreme conditions, is described as,

lml PP = (4.18)

The maximum possible torque, emT , for maximum power loss of lmP and speed of rmω , is,
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Fig. 4.3. Normalized torque and speed profiles for speed reversal application.
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D. Speed Varying Linearly Between rmω±

Applications, such as industrial robots and some pick and place machines, where the end

effector is always being accelerated in positive or negative directions, fall in this category. Fig.

4.4 shows an example of the torque and speed profile of an application in this category. The

average power loss during the first half of one period is equal to the average power loss during

the second half.
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(p.u.)

(p.u.)
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ω
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Time, sT

Fig. 4.4. Normalized torque and speed profiles for operation between rmω± .

The average power loss in the first half of one period can be calculated as,

T

dtK
TKP

T
0

2
r22

em1l
∫ ω

+= (4.20)

where,

rm
rm

r t)
T

2
( ω−ω=ω (4.21)

and T is one half of a cycle period. In this case (4.20) can be simplified as,

2
rm2

2
em1l K

3
1

TKP ω+= (4.22)
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In this category the instantaneous power loss estimation changes with speed throughout every

period. If the power loss controller’s PI block operates on the difference of the power loss

command and the instantaneous power loss estimation, then the resulting torque limit varies

linearly within one cycle of operation. However, as seen in Fig. 4.4, the torque needs to be

constant during each half period of one full cycle. The solution to this problem is to use a low

pass filter with a large time constant on the output of the power loss estimator (see Fig. 3.3).

Such a filter should effectively output the average power loss of the machine in steady state.

Under these conditions the maximum power loss command, that can limit the average power loss

to lmP , can be described as,

lm
*
l PP = (4.23)

Since the maximum average power loss must not exceed lmP , it can be concluded from (4.22)

that,

lm
2
rm2

2
em1 PK

3
1

TK =ω+ (4.24)

The maximum possible torque can then be calculated from (4.24) as,
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ω−= (4.25)

E. On-off Operation with Significant Rise and Fall Times

Industrial lifts, elevators, and some pumps, fans and servo drives are examples that fall in this

category. For these applications the speed rises to a target level while several times rated torque

is being applied. Speed and torque remain constant for a period of time. Then the speed is

reduced to zero which again requires several times rated torque. The operating point stays in this

state for a period of time. The power losses during rise and fall times, in this category, constitute

a significant portion of the average power loss.
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Fig. 4.5. Normalized torque and speed profiles for operation with significant transition times.

Fig. 4.5 shows a typical torque and speed profile in this category. A peak torque of epT N.m. is

applied for 1pT∆ seconds at the beginning of each cycle to raise the speed to the desired value of

rmω . Then speed is maintained constant for a period of mT∆ seconds during which time a

constant torque of emT N.m. is applied to the load. Finally, speed is brought back to zero by

applying epT− N.m. for a period of 2pT∆ seconds. The speed remains at zero for a period of

zT∆ seconds.

The magnitude of peak torque is set by the peak torque limiter block of Fig. 3.3. The power

loss command, *
lP , is set at maximum value during the peak torque periods in order to saturate

the power loss PI controller. Saturation of this PI controller allows the torque to be limited by
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the peak torque limiter block of Fig. 3.3. The power loss command during the mT∆ seconds

where nominal torque is being applied must be calculated as follows. The average power loss in

this case is calculated by adding the energy losses in each segment, and dividing the result by the

time period of one cycle. The net energy loss, lW , in one cycle can be described as,

2p
2
rm2

2
ep1m

*
l1p

2
rm2

2
ep1l T)K

3
1

TK(TPT)K
3
1

TK(W ∆ω++∆+∆ω+= (4.26)

The average power loss in one cycle is,

T

W

TTTT

W
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z2pm1p

l
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∆+∆+∆+∆
= (4.27)

where T is the cycle period. The average power loss should not exceed lmP . Therefore,

lml PP = (4.28)

It can be concluded from (4.26), (4.27) and (4.28) that
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Therefore, the required *
lP during the mT∆ period can be calculated from (4.29) as,
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In brief, the power loss command is set at maximum during the transitional periods, and is set at

the value calculated in (4.30) for the steady state period.

The power loss during the steady state period is,

)KTK(P 2
rm2

2
em1l ω+= (4.31)
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where lP is calculated from (4.30), and is equal to *
lP in steady state. Therefore, the maximum

possible torque during the mT∆ period in Fig. 4.5 is,
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ω−= (4.32)

An alternative to the CPL implementation scheme described in Chapter 3 is to program the

torque limiter to limit the torque to maximum desirable values during transition periods, and to

limit the torque the value given in (4.32) during nominal operation. In this case the power loss

control loop is not required. Similarly, the torque limiter can be utilized in limiting the average

power loss in other application categories without resorting to the power loss feedback control

loop. However, having a power loss control loop is preferred in the first four categories because

of the simplicity of its implementation and the simplicity involved in calculating the power loss

command in those categories.

4.3 COMPARISON OF MAXIMUM TORQUE IN DIFFERENT CATEGORIES

It can be concluded from the previous discussion that the maximum possible torque is a

function of maximum possible power loss, load duty cycle and the nature of the cyclic load. In

this section the maximum possible torque as a function of lmP and load duty cycle is calculated

and compared for the load categories A to E as discussed in sections 4.2.a to 4.2.e. The

parameters of the motor drive given in Appendix I are used for this purpose. It is assumed that

the zero d-axis current control strategy is adopted so that the assumptions given in section 4.2.1

are valid. The maximum speed is set at rated speed in all cases. The load categories A to D are

dealt with in section 4.3.1. The load category E is dealt with separately in section 4.3.2. due the

large number of variables that can affect the maximum possible torque in that category.

4.3.1 Load Categories A to D

Figure 4.6. shows the maximum torque vs. maximum power loss profiles for load categories A

to D. The maximum torque vs. maximum power losses equations derived in sections 4.2a to

4.2.d have been used in preparing the profiles for load categories A to D, respectively.
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Fig. 4.6. Maximum torque vs. maximum power loss for load categories A, B, C and D for duty

cycles equal to 1, 0.75, 0.5, 0.33.

Load categories A and C result in identical maximum torque vs. maximum power loss profiles.

The maximum torque is the lowest in these categories due to the lack of any off time. Load

category B with load duty cycle of 1 also results in the same profile as that of load categories A

and C. However, as duty cycle is lowered the maximum possible torque for a given maximum

power loss consistently increases. The torque vs. power loss profile for load category D is the

same as that of load category B with a duty cycle of 0.333. This can be seen by comparing

(4.25) and (4.16). In each load category there is a minimum power loss below which no torque

can be produced. This is due to the fact that the maximum possible power loss should exceed the

net core losses generated within each period so that a nonzero magnitude of copper losses can be

tolerated. Note that generation of torque is not possible if copper losses are not allowed.
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4.3.2. Load Category E

The maximum possible torque for applications with significant rise and fall times is a function

of maximum possible power loss, load duty cycle, peak torque requirements and duration of rise

and fall times. In this section a sample calculation of maximum possible torque for such an

application using the prototype motor drive discussed in Appendix I is given. The peak torque is

assumed to be twice the rated torque, and the duration of rise and fall times are 2 seconds each.

The entire period is 20 seconds, and the machine is at idle for 6 seconds. This leaves 10 seconds

during which torque is applied to the application while speed is constant at the target value. The

objective is to find the maximum possible torque during this period. Equation (4.30) yields a

maximum possible power loss of 93.1 W during this period. The maximum possible torque is

0.84 p.u. in this case using (4.32). If the on time is reduced to 8 seconds instead of 10 seconds

then the maximum possible torque rises to 0.98 p.u. An on time of 6 seconds results in a

maximum possible torque of 1.19 p.u. Note that the power losses during the transition times do

not change as duty cycle changes since the maximum torque during transition time is fixed.

It is clear from the above discussion that the calculation of maximum possible torque in the case

of applications with load profiles such as the one shown in Fig. 4.5 is subjective and needs to be

dealt with on case by case basis as shown above.

4.4 CONCLUSIONS

A large number of motion control applications involve cyclic and programmable movements.

The procedure for adapting the constant power loss controller, as described in Chapter 3, to

applications that involve cyclic movements is discussed in this chapter. The maximum

permissible power loss, lmP , for a machine has been previously defined to be valid only for

constant speed and torque operation. In this chapter the power loss command is calculated as a

function of duty cycle, lmP and maximum speed in five different categories of applications with

cyclic loads such that the average power loss does not exceed lmP . These categories are: A.

constant torque and speed, B. on-off operation at constant speed and torque at a specific duty

cycle, C. speed reversal with constant torque and speed magnitudes at a specific duty cycle, D.

cyclic ramping operation between two speeds with constant magnitude of torque, E. general
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torque vs. speed profiles. It is shown that in load categories A and C the power loss command is

equal to lmP . In load category B the power loss command is equal to lmP divided by the duty

cycle. In load categories A, B and C the power loss estimator filter can be a simple filter to

remove noise, and should yield the instantaneous net power loss of the machine. The power loss

command in load category D is equal to lmP . It is shown that, in this case, the power loss

estimator filter must yield the average of the net power loss in one cycle instead of the

instantaneous power loss. In load category E each subsection in one cycle has its own maximum

possible torque. Therefore, the power loss command in each subsection is different.

Consequently, the power loss command must be programmed as a function of the desired torque

vs. speed profile in this category. Instantaneous power loss estimation is required in this

category. In each of the five categories the average power loss and maximum possible torque as

a function of lmP , speed and duty cycle are calculated. All load categories are compared based

on maximum possible torque as a function of maximum possible power loss and load duty cycle.

A similar approach, as outlined in this chapter, can be applied to applications that involve more

complex torque and speed profiles.

The contributions of this chapter are summarized below:

• Calculation of the appropriate power loss command for applications with cyclic loads

• Derivation of average power loss as a function of duty cycle, maximum speed and torque for

applications with cyclic loads

• Derivation of maximum possible torque as a function of duty cycle, maximum power loss

and maximum speed for applications with cyclic loads

• Comparison of maximum possible torque as a function of maximum possible power losses

for different applications with cyclic loads
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CHAPTER 5 
 

Performance Evaluation and Comparison of  

Control Strategies  
 
 
 
5.1 INTRODUCTION   
 

  Vector control of PMSM allows for the implementation of several choices of control strategies 

while control over torque is retained.   The main control strategies for the lower than base speed 

operating range are: 
 

(a)  Maximum efficiency  (ME) 

(b)  Maximum torque per unit current (MTPC) 

(  c)  Zero d-axis current  (ZDAC) 

(d)  Unity power factor (UPF) 

(e) Constant mutual flux linkages (CMFL)  

 

The main control strategies for the higher than base speed operating range are: 
  

(a) Constant back emf (CBE) 

(b) Six-step voltage (SSV) 

 

  Each of these control strategies are described and analyzed in this chapter.  The procedure for 

deriving the q and d-axis current commands as a function of torque and speed is described in 

each case.  Also, the procedure for deriving the maximum possible torque vs. speed profile for a 

given maximum possible power loss is described for each control strategy. Subsequently, a 

comprehensive comparison of these control strategies is made.  The main part of the comparison 

is based on operation along the maximum possible torque vs. speed envelope.  The maximum 

possible torque vs. speed envelope depends on the maximum possible power loss, and is also a 

function of the chosen control strategy as well as motor drive parameters.  Therefore, each 
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control strategy results in a unique operational envelope for a given machine.  Consequently, the 

performance of the system under each control strategy is also unique.   Maximum torque, 

current, power, torque per unit current, back emf and power factor vs. speed are the key 

performance indices that are used here to compare different control strategies.  Current, air gap 

flux linkages, and d-axis current vs. torque are also compared in each case in order to provide 

insight into the performance of the system inside the operational boundary.  It is assumed here 

that the maximum possible power loss is constant for the full range of operating speed.  This 

assumption is made in order to simplify the demonstrations and analytical derivations, and to be 

able to present the fundamental concepts with better clarity.  Similar procedures can be used to 

analyze and compare different control strategies for an arbitrary maximum possible power loss 

vs. speed profile.  The procedures provided in this study can be used to choose the optimal 

control strategy based on the requirements of a particular application and also based on the 

capabilities of the chosen motor drive. The fundamental concepts and procedures are emphasized 

in this chapter, while non-critical analytical derivations are delegated to Chapter 8.  

 

The contributions of this chapter are summarized below: 
 

• Performance analysis of different control strategies for PMSM along the constant power loss 

operational envelope  

• Comparison of control strategies along the constant power loss operating envelope 

• Comparison of control strategies inside the operating envelope 

• Derivation of absolute maximum torque for the unity power factor and constant mutual flux 

linkages control strategies 

• Derivation of maximum speed, current and torque in the flux weakening range as a function 

of maximum power loss and machine parameters. 

• Experimental verification of key results 

 

  Section 5.2 describes a complete set of performance criteria.  Section 5.3 reviews the analytical 

details of the five control strategies applicable to a high performance PMSM control system in 

the lower than base speed operating range.  The two possible control strategies for the higher 

than base speed operating range are studied in section 5.4.  The performances of control 
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strategies along the constant power loss operational envelope are compared in section 5.5.  The 

performances of control strategies inside the operational envelope are compared in section 5.6.  

The procedure used to study torque ripple under the SSV control strategy is described in section 

5.7.   Simulation and experimental verification of the key results of this chapter are given in 

section 5.8.   The conclusions are discussed in section 5.9.  

 

5.2  PERFORMANCE CRITERIA 
 

  The performance criteria discussed below are the most relevant as far as this study is concerned.  

These criteria are used in later sections to evaluate and compare the performances of different 

control strategies for the full range of operational speed. 
 

(a) Torque, current and voltage: These three variables are among the most fundamental 

performance criteria in motor drives.  The basic function of a motor drive is to deliver the torque 

required by an application.  It is desirable to produce a higher magnitude of torque within the 

given constraints of a motor drive to make the same drive applicable to a wider range of 

applications.  These constraints include voltage and current limitations as well as maximum 

permissible power loss.  Lower current and voltage requirements translate into cost savings as far 

as the drive is concerned.   
 

(b) Back emf: This is the voltage induced in the windings by the rotating magnetic field in the air 

gap.  Basically, the phase voltage has to work against the back emf in order to enforce a desired 

current.  For most analytical purposes, specially at higher than base speeds, the fundamental 

component of the back emf and that of the phase voltage can be assumed to be approximately the 

same in steady state.  The small difference is due to the voltage drop across the phase resistance.  
  

(c) Maximum torque vs. speed profile: This profile is frequently used to match a motor drive to 

an application.  A larger and wider torque vs. speed profile results in the motor drive being 

suitable for a wider range of applications. 
 

(d) Power: Amount of work delivered divided by time.  This performance index is also referred 

to as real power. 
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(e) Volt Ampere: The product of phase voltage and phase current multiplied by the number of 

phases.  Also referred to as apparent power. 
 

(f) Power factor: Power divided by Volt Ampere.  A measure of the level of utilization of the 

available apparent power.  
 

(g) Power loss: This index can include copper and core losses, drive losses, windage, friction and 

stray losses of a machine.  The maximum permissible power loss influences the operational 

boundary of a motor drive. 
 

(h) Efficiency:  Shaft power divided by input power.  This is a very critical index for many 

applications. 
 

(i) Torque per unit current: A higher value of this index indicates that more torque is being 

produced for a given magnitude of current. 
 

(j) Torque per unit power loss: A higher value of this index indicates that more torque is being 

produced for a given net power losses. 
 

(k) Air gap flux linkages: The net flux linkages crossing the air gap.  The product of this index 

and electrical speed is back emf.  Core losses depend on flux linkages, speed and machine 

parameters.  Flux linkages are also important from the point of view of magnetic saturation.  
 

(l) d-axis current:  d-axis current results in flux linkages along the same path as the magnet's flux 

linkages.  This current must be limited to the maximum value beyond which the magnets get 

partially demagnetized.  Therefore, dI  serves as an index that needs to be monitored and limited. 
 

(m) Base speed: The speed at which the back emf reaches the maximum possible value along the 

maximum torque vs. speed envelop is defined here as base speed.  The base speed is a function 

of motor parameters, maximum voltage available to the phase, and the control strategies used in 

the lower and higher than base speed operating ranges. 
 

(n) Maximum speed:  The maximum speed attainable by a motor drive.  By definition zero torque 

is produced at this maximum speed.  
 

(o) Complexity of implementation: This indicator is used to compare different control strategies 

from the point of view of implementation requirements. 
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 (p) Current and torque ripples:  Current ripple is caused mainly by the drive’s current control 

mechanism, or lack of control over current.  Machine and drive imperfection also result in 

current ripple, but analysis of this type of ripple is beyond the scope of this dissertation.  The 

drive’s current control mechanism usually results in a low percentage of current ripple with 

frequencies in the range of 10 to 30 kHz for common applications.  Lack of control over current 

usually results in higher magnitudes of ripple with frequencies that are proportional to speed.   

Current ripples translate into torque ripples directly. 

  

(q) Cost:  This is the most fundamental criteria in motor drives as well as in any other 

commercial product.  A motor drive must be designed such that the overall cost is minimum 

while it meets or exceeds the requirements of an application.  The overall cost includes cost of 

design, material, manufacturing requirements, warranties and service. 

 

5.3 CONTROL STRATEGIES:  LOWER THAN BASE SPEED OPERATING RANGE 
 

  The most important objective of high performance control strategies is to maintain linear 

control over torque.    Therefore, qi  and di  must be coordinated to satisfy the equation given 

below for a desired torque, eT , 

)ii)LL(i(P75.0T qdqdqafe −+λ=                                        (5.1) 

       

However, it can be seen from (5.1) that a wide range of qi  and di  values yield the same torque.  

Each of the five control strategies discussed in sections 5.3.1 to 5.3.5 utilize the available degree 

of freedom, seen in (5.1), to meet a particular objective.  Equation (5.2) shows the general 

description of the intended relationship between currents, qi  and di , and torque and speed, eT  

and rω , respectively, for a given control strategy, 
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where Λ  and Γ  represent the relationship described by (5.1) in combination with the objective 

of the specific control strategy.  At any given speed the maximum possible torque is limited by 

the maximum possible power loss, lmP .  Therefore, qi  and di  must satisfy the following 

equation while the system is operating at maximum torque,  
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where, qsi  and dsi  are defined as a function of qi  and di  in  (3.1).  In this chapter the maximum 

possible torque at any given speed is studied for different control strategies.  Chapter 8 addresses 

the analytical details of the derivations involved in calculating the maximum torque vs. speed 

profiles.  Generally, the maximum possible torque is a function of speed, maximum possible loss 

and the chosen control strategy, as described below: 
 

)P,(T lmrem ωΥ=                                                       (5.4) 
 

 
where emT  is the maximum possible torque, and the function Υ  depends on the chosen control 

strategy and machine parameters. 

 

  The maximum torque under the maximum efficiency, maximum torque per unit current and 

zero d-axis current control strategies is only limited by the maximum possible power loss for the 

motor.  However, each of the unity power factor and constant mutual flux linkages control 

strategies impose an absolute maximum possible torque, as described in sections 5.3.4 and 5.3.5, 

respectively.  Therefore, for the latter two control strategies, the maximum possible torque is the 

smaller of the respective absolute maximum torque and the maximum torque resulting from the 

power loss limitation. 
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5.3.1 Maximum Efficiency Control Strategy (ME) 
 

  qi  and di  are coordinated to minimize net power loss, lP , at any operating torque and speed.  

The net power loss can be described as given below, 
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where, 
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The optimal set of currents, qi  and di ,  that result in minimization of power loss at a given 

speed and torque can be found using (5,1), (5.5) and (5.6).  This operation can be performed 

using numerical methods.  Alternatively, an analytical solution, that yields (5.2) for this control 

strategy, is given in Chapter 8. 

 

   Equation (5.5) is a simplified representation of the sum of copper and core losses.  In practice a 

more accurate representation of core losses, based on elaborate equations or tables, can be used 

to increase the accuracy of the total loss estimation.  Other types of losses, such as drive losses, 

friction, windage and stray losses, can also be included.  More accurate equations for core losses 

can be found in [13, 14]. 

 

  Minimizing lP  at zero speed results in minimizing copper losses since core losses are zero at 

zero speed.  On the other hand, minimizing copper losses is equivalent to minimizing current.  

Therefore, the maximum efficiency control strategy results in minimum current for a given 

torque at zero speed, which means that the ME and MTPC control strategies result in identical 

performance at zero speed. 
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5.3.2 Zero d-axis Current Control Strategy (ZDAC) 
 

  The torque angle is defined as the angle between the q-axis current and the d-axis in the rotor 

reference frame.  This angle is maintained at 90 degrees in the case of the ZDAC control 

strategy.  The ZDAC control strategy is the most widely utilized control strategy by the industry.  

The d-axis current is effectively maintained at zero in this control strategy.  The main advantage 

of this control strategy is that it simplifies the torque control mechanism by linearizing the 

relationship between torque and current.  This means that a linear current controller results in 

linear control over torque as well.  In dc motors the current and magnet fields are always 

maintained at an angle of 90 degrees.  Therefore, the ZDAC control strategy makes a PMSM 

operate in a similar way to the dc motor.  This makes the ZDAC control strategy very attractive 

for industrial designers who are used to operating dc motor drives.  The following relationships 

hold for the ZDAC control strategy: 
 

safe iP75.0T λ=                                                         (5.7)                                     

 

where si  is the phase current magnitude, and 

sq ii =                                                                 (5.8) 

 0id =                                                                 (5.9)  

The current, si , for a given torque, eT , can be calculated as, 
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The air gap flux linkages can be described as,  
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  The ZDAC control strategy is the only control strategy that enforces zero d-axis current.  This 

is one of the disadvantages of this control strategy as compared to the other four control 

strategies.  A non-zero d-axis current has the advantage of reducing the flux linkages in the d-
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axis by countering the magnet flux linkages.  This serves to generate additional torque for inset 

and interior PMSM, and also reduces the air gap flux linkages.  Lower flux linkages result in 

lower voltage requirements as well.   Therefore, application of the ZDAC control strategy results 

in higher air gap flux linkages and higher back emf as compared to other control strategies.  The 

maximum possible torque under this control strategy is only limited by the maximum possible 

power loss. 

 

5.3.3 Maximum Torque per Unit Current Control Strategy (MTPC) 
 

  The MTPC control strategy is the most widely studied control strategy by the research 

community.  Application of this control strategy results in the production of maximum possible 

torque at any given current.  This control strategy minimizes current for a given torque.  

Consequently, copper losses are minimized in the process.  The additional constraint imposed on 

qi  and di  for motors with magnetic saliency is:  
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+= ,  qd LL ≠                                         (5.12) 

For the types of PMSM that do not exhibit magnetic saliency the MTPC and ZDAC control 

strategies are the same.  The MTPC control strategy results in maximum utilization of the drive 

as far as current if concerned.  This is due to the fact that more torque is delivered for unit 

current as compared to other techniques.   The MTPC and ME control strategies result in 

identical current commands at zero speed.  The maximum possible torque under this control 

strategy is only limited by the maximum possible power loss. 

 

5.3.4 Unity Power Factor Control Strategy (UPF) 
 

  Power factor can be defined as given below if the voltage drop across the phase resistance is 

ignored,  

)EIcos()cos(pf ∠−∠=θ=                                             (5.13) 

 

where I  and E  are the current and back emf phasors, respectively, and “∠ ” denotes the angle 

of the respective phasor.  The angle θ  can be described as, 
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Unity power factor can be achieved by maintaining the following relationship between qi  and 

di ,    

0iiLiL daf
2
qq

2
dd =λ++                                               (5.15) 

 

  This control strategy imposes an absolute maximum possible torque on the system. This 

maximum permissible torque is found by inserting qi  as a function of di  from (5.15) into the 

torque equation (5.1), and differentiating torque with respect to di .  By differentiating this 

equation and equating it to zero the d-axis current, dmI , that yields the maximum possible 

torque, emT , is derived.  The following equation yields dmI , 
 

0II dm
2
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where, 

dqd L)LL(4 −=α                                                                          

dafafqd L2)LL(3 λ+λ−=β                                                         

2
afλ=γ             

                                                                              

Inserting dmI  into (5.15) yields the q-axis current, qmI , at absolute maximum torque.   Inserting 

qmI  and dmI  in  (5.1) yields the absolute maximum torque possible under the UPF control 

strategy.  

  

5.3.5 Constant Mutual Flux Linkages Control Strategy (CMFL) 
 

  By maintaining a constant air gap flux linkages the machine is protected against magnetic 

saturation.  Also, the maximum speed after which flux weakening becomes necessary is 

extended.  The most common choice is to maintain the air gap flux linkages at the magnet’s flux 

linkages value.  In this case equation (5.17) must hold.  
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  This control strategy imposes an absolute maximum torque on the system. This maximum 

permissible torque is found by inserting qi  as a function of di  from (5.17) into the torque 

equation (5.1), and differentiating torque with respect to di .  By differentiating this equation and 

equating it to zero the d-axis current, dmI , that yields the maximum possible torque, emT , is 

derived.  The following equation yields dmI  in this case, 
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where, 
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The smallest real and negative solution of (5.18) is the right choice.  qmI  can then be calculated  

by inserting dmI  into (5.17).   Inserting dmI  and qmI  into (5.1) yields the absolute maximum 

possible torque under the CMFL control strategy.   This maximum torque is usually very high for 

PMSM, and requires excessive current.    

 
5.4 CONTROL STRATEGIES: HIGHER THAN BASE SPEED OPERATING RANGE 
 
 
 
 
  
 
 
 
 
 

  The fundamental component of phase voltage is constant in the higher than base speed, or flux 

weakening, operating range.  Voltage restriction, as well as the requirement for torque linearity, 

limit the number of possible control strategies in the flux weakening range.  The main 

possibilities in this range are the six-step voltage (SSV) and constant back emf (CBE) control 

strategies.  The CBE control strategy limits the back emf to a desired value such that a constant 

voltage margin is preserved throughout the flux weakening range.  This margin allows the 

system to retain instantaneous control over current and torque in the flux weakening range.  In 
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this range back emf and instantaneous torque are controlled by coordinating the current phasor’s 

magnitude and angle with respect to the rotor.  This type of control is only suitable for a limited 

spectrum of high performance applications that require high quality control over torque at higher 

than base speed.  In the SSV control strategy maximum possible voltage is always applied to the 

phases, and only the average torque can be controlled.  The average torque is controlled by 

varying the angle of voltage phasor with respect to the rotor’s magnetic field.   

 

  In this section the CBE and SSV control strategies are analyzed.  The operational envelope, 

current requirements and maximum speed are studied in each case based on the concept of 

constant power loss.  Current and torque ripples are also studied in each case.  The maximum 

torque vs. speed envelope for both control strategies is found by limiting the net power loss of 

the machine to a desired level.  The motor always operates within a safe thermal boundary by 

limiting the net power loss to a desired value.  The most dominant types of power losses, which 

are core and copper losses, are included in this analysis.  Analytical derivations of the maximum 

speed and maximum current requirement in the flux weakening range are derived for each 

control strategy.  The fundamental current ripple for the CBE control strategy is the result the 

enforcement of instantaneous control over current.  The fundamental current ripple for the SSV 

control strategy results from the lack of instantaneous control over current.  A procedure for 

deriving the instantaneous phase current and torque waveforms in steady state under the SSV 

control strategy is given for PMSM.  This procedure is an application of the analysis presented in 

[34]. 
 

  Section 5.4.1 provides the basics of the CBE control strategy. The details of the SSV control 

strategy are presented in section 5.4.2.  

 

5.4.1  Constant Back emf Control Strategy 
 

 The CBE control strategy is discussed here.  The operational envelope and current requirements 

of the system are studied. 
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A.  The Basics 
 

  In this mode the d and q axis currents, qi  and di , respectively, are coordinated to achieve a 

desired constant back emf as well as torque linearity.   qi  and di  need to satisfy equations (5.19) 

and (5.20) in steady state at a given speed, rω , and for a desired back emf, mE , and a desired 

torque, eT .  
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Equation (5.19) ensures that the back emf remains constant at a desired value mE .  Equation 

(5.20) ensures torque linearity.  Note that in the flux weakening range each of the two currents is 

a function of both speed and torque as described below, 
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where Λ  and Γ  represent the relationships as described by (5.19) and (5.20). The 

implementation of these equations can be performed in software or using programmable read-

only memory chips utilized as two dimensional look-up tables in hardware [44]. 

 

B.  Maximum Current in the Flux Weakening Range 
  

  The maximum current in a machine in steady state is determined by the designed maximum 

permissible power loss.  The electrical power losses in a machine are copper and core losses.  

Equation (5.22) provides a simplified estimation of the net power loss for a PMSM. 
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where mλ  is the air gap flux linkages as described below, 
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The second term on the right hand side of (5.22) represents the core losses of the motor. 

 

  The product of speed and air gap flux linkages is equal to the desired constant back emf in the 

flux weakening range.  On the other hand the maximum permissible torque at a given speed 

occurs when the net power loss is equal to the maximum permissible power loss, lmP .  lmP  is 

assumed to be a constant for the full range of operating speed.  Therefore, it can be concluded 

from (5.22) that, 
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where, smI  is the value of current along the operational boundary.  It is noted that the core losses 

are constant in the flux weakening range as the induced emf is kept a constant.  This is seen from 

the part of (5.24).  Therefore, for constant net power loss, the phase current magnitude is also a 

constant and this is inferred from (5.24) as well.  Equation (5.24) defines the current requirement 

in the flux weakening range as a function of maximum permissible power loss and desired back 

emf for the CBE control strategy.  

 

C.  Operational Boundary 
 

  The maximum possible torque at a given speed in the flux weakening range is the torque that 

results in maximum possible power loss.  The current phasor at which maximum torque is 

produced while both back emf and net power loss are at maximum level must satisfy equations 

(5.25) and (5.26) as described below,  
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where the current phasor is the resultant of q and d axis currents, qmI  and dmI , respectively, at 

maximum torque.  Note that it is assumed that the rotor current and phase current are 

approximately equal as discussed in section 3.7.  Inserting qmI  and dmI  into (5.20) gives the 

maximum permissible torque at speed rω .  Therefore, the operational envelope can be described 

as,  
 

)P,(T lmrem ωΦ=                                                         (5.27) 
 
 

where Φ  represents the concurrent solution of (5.25), (5.26) at (5.20) at a given speed.  

 

D. Maximum Speed in the Flux Weakening Range 
 

  At maximum speed torque is zero.  At this operating point maximum possible current is utilized 

to counter the magnet flux linkages, and qI  is zero.  Therefore, it can be concluded from (5.25) 

that the maximum speed is given as, 
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where, rmω  is the maximum speed, and smI  is given in (5.26). 

 

5.4.2.  Six Step Voltage Control Strategy 
 

  An alternative to the CBE control strategy is the six step voltage (SSV) control strategy.  In this 

control strategy full bus voltage is applied to the motor.  In this case the phase voltage is quasi-

sinusoidal with six steps such as the one shown later in Fig. 5.1.  Average torque is controlled by 
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varying the angle of the voltage phasor with respect to the rotor field. The magnitude of the 

voltage phasor is determined by the dc bus voltage. 

 

 A. Fundamental Analysis 
 

  The average torque produced in SSV mode can be calculated from the fundamental component 

of the six step input voltage.  This is based on the fact that only the fundamental components of 

variables contribute to the average torque.  The peak of the fundamental component of voltage, 

mV , available to the motor phase for a 3-phase star-connected motor with a full bridge power 

stage is described as,   
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π

=                                                        (5.29)                               

 

where, dcV  is the bus voltage.  The fundamental components of q-axis and d-axis voltages in the 

rotor reference frame, qsV  and dsV , can be expressed as, 

 

)sin(VV mqs α=                                                       (5.30)                                         

)cos(VV mds α=                                                      (5.31)                                        
 

where α  is the angle of the voltage phasor with reference to the rotor's d-axis.  The voltage drop 

across the stator resistance is negligible since this voltage drop is small relative to phase voltage 

in the flux weakening range.  Therefore, qV  and dV  in steady state can be described as, 
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The axes currents can be derived from (5.30)-(5.33) and inserted in (5.20) resulting in the 

following relationship between torque and the angle of voltage phasor: 
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Equation (5.34) can be used to calculate α  as a two dimensional function of rω  and desired 

torque, eT , as given below, 

),T( re ωΚ=α                                                         (5.35)                                   
 

where the function Κ  is obtained from (5.34).  The implementation of such an equation can be 

performed in software or in hardware using a programmable memory chip [44]. 

 

  As far as the fundamental components of variables are concerned the CBE and SSV control 

strategies can be evaluated using the same basic equations such as (5.19) and (5.20).  The only 

difference is that the peak voltage available to the phase is different in each case.  For the CBE 

control strategy the peak voltage is mE , and for the SSV control strategy the peak voltage is mV  

as given by (5.29).  Therefore, the same arguments made in the last section about maximum 

speed and current for the CBE control strategy are equivalently valid for the fundamental 

analysis of the SSV control strategy.  

 

B. Steady State Current in SSV Mode   
 

 The steady state performance has been calculated so far using the fundamental components of 

the input voltages only.  The steady state performance for the actual input voltages including 

harmonics is necessary to select the rating of the converter-inverter switches and computation of 

losses, and for derating of the PMSM.  The steady state then is calculated by either using steady 

state harmonic equivalent circuits and summing the responses or directly by matching the 

boundary conditions.  The harmonic equivalent circuit approach has the conceptual advantage of 

simplicity but carries the disadvantage of accuracy being limited by the number of harmonics 

considered in the input voltages.  The direct steady state evaluation overcomes this disadvantage 

but is limited due to the requirement of a computer for solution.  This method is derived and 

discussed here.   

   

  The direct method exploits the periodicity of input voltages and currents in steady state.  As 

these variables are periodic over a given interval their boundaries are matched to extract an 

elegant solution [46].  In the SSV mode the instantaneous phase voltages, av , bv  and cv , are 
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balanced six step voltages in steady state.  The instantaneous q and d axis voltages, qv  and dv , 

respectively, are periodic with a period of 3/π  electrical radians in steady state.  Accordingly, 

the q and d axis currents are also periodic with the same period.  qi  and di  are both continuous 

variables.  However, qv  and dv  are not necessarily continuous variables.  The complete 

procedure is described in section 5.7.  Fig. 5.1 shows the normalized variables qsv , dsv , qi , di , 

eT , ai , and av , respectively, for the PMSM in SSV mode with parameters given in Appendix I.  

The subscript “n” denotes that the respective variable is normalized using rated values.  In this 

simulation the voltage phasor angle α  is chosen to be 116 o and speed is 1635 RPM with a bus 

voltage of 65 V. 

 

 C.  Operational Boundary for the SSV Control Strategy  
 

  The maximum torque at a given speed under the SSV control strategy can be found by 

observing the fundamental components of phase voltages and currents.  The procedure for 

finding the operational boundary for the SSV control strategy is similar to the procedure used in 

section 5.4.1 for the CBE control strategy.  The only difference is that the maximum desired back 

emf, mE , is replaced by mV  as defined in (5.29).  Therefore, the fundamental value of current 

under the SSV control strategy is, 
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  The maximum permissible torque at a given speed can be found by solving (5.25) and (5.36) to 

find the q and d axis currents, and then inserting these currents in (5.20).   It is noted that the 

actual net power loss is slightly higher than that calculated based on the fundamental component 

of current due to the additional losses caused by current harmonics. 
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Fig. 5.1.  Normalized motor variables in steady state for a six step voltage input vs. rotor angle in 

electrical degrees at 1635 RPM, dc bus voltage of 65 Volts and voltage phasor angle of 116 
degrees. 

 
 
 

D. Maximum speed, fundamental current and peak current 

 
    The maximum speed for the SSV control strategy can be calculated using (5.28) by 

substituting mV  for mE .  The fundamental current for the SSV control strategy can be 
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calculated using (5.36) by substituting mV  for mE .  The peak current can be calculated using 

the procedure outlined later in section 5.7. 

 

5.5  COMPARISON OF CONTROL STRATEGIES BASED ON THE CPL CONCEPT 
 
 

  Any of the five control strategies discussed in section 5.3 can be used in the lower than base 

speed operating range.  In the higher than base speed operating range either the CBE or SSV 

control strategy can be implemented.   Therefore, ten different combinations are possible to 

cover the full range of operating speed.  Each combination results in a unique operational 

envelope.  The performance of the system along each envelope is studied in this section.   The 

procedure for comparing the performance of the system under each combination is presented 

here using the parameters of the PMSM motor drive prototype described in Appendix I.  The 

same procedure can be applied to any motor drive.   

 

  The five control strategies for the lower than base speed operating range each result in unique 

performances.  However, the SSV and CBE control strategies are very similar from a 

fundamental point of view as discussed in section 5.4.  

 

  Section 5.5.1 compares the performance of a motor drive for the full range of speed with the 

emphasis being placed on the lower than base speed control strategies.  The back emf is limited 

to 1.1 p.u. for the flux weakening range.  A comparison between the CBE and SSV control 

strategies is presented in section 5.5.2.   

  

5.5.1  Lower than Base Speed Operating Range 
 

   Several key performance indices are evaluated here vs. speed for each of the five control 

strategies discussed in section 5.3.  Maximum torque, current, power, torque per current, back 

emf and power factor are chosen for this purpose.  The maximum torque vs. speed envelope 

determines if a motor drive can meet the torque requirements of a particular application.  The 

current vs. speed envelope determines part of the requirements imposed on the drive.  Higher 

current requirements translate into a more expensive power stage in the drive.  The torque per 

unit current index is one of the most common performance indices used by researchers.  
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Therefore, the torque per unit current index vs. speed is also studied here for each control 

strategy.  Power vs. speed shows the maximum possible real power at any given speed for a 

particular control strategy.   The power factor vs. speed figure shows how well a particular 

control strategy utilizes the apparent power. 

 

  Figure 5.2 shows normalized maximum torque, current, power and power loss vs. speed for 

each of the five control strategies discussed earlier.  The net power loss is maintained at rated 

level.  The CBE control strategy, with mE  of 1.1 p.u., is chosen for the flux weakening range.  

Figure 5.3 shows torque per current, back emf, power factor and net loss vs. speed trajectories at 

rated power loss.  The motor drive parameters are given in Appendix I.  All variables have been 

normalized using rated torque, current and speed.   All operational envelopes are calculated using 

assumption (3.3) as discussed in Chapter 3.  The slight deviation of the power loss vs. speed 

figures from 1 p.u. is due to this assumption.  The performances of the five control strategies are 

compared below based on  Figures 5.2 and 5.3.  

 

A.   Torque vs. Speed Envelope 
 

  The ME control strategy provides more torque at any speed than any other control strategy.  

The MTPC control strategy provides only slightly less torque.  However, the maximum torque 

for the MTPC control strategy drops at a faster rate as speed increases.  The ZDAC control 

strategy provides the least torque at any given speed.  This is mostly due to the fact that the 

ZDAC control strategy does not utilize the machine’s reluctance torque in the case of this 

example.   The maximum torque vs. speed envelope for the UPF and CMFL control strategies 

fall in between the ZDAC and ME control strategies.  The UPF control strategy produces slightly 

more torque than the CMFL control strategy at all speeds.  Note that while the ME control 

strategy generates more torque than the MTPC control strategy it also requires more current at 

any given speed.  
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Fig. 5.2.  Maximum torque, current, power and net loss vs. speed at rated power loss for lower 

than base speed control strategies, and 1.1Em =  p.u. for the flux weakening range. 
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Fig. 5.3. Torque per current, back emf, power factor and net loss vs. speed at rated power loss for 

lower than base speed control strategies, and 1.1Em =  p.u. for the flux weakening range. 
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The maximum torque for the ZDAC control strategy actually rises between the speeds of 0.7 and 

0.9 p.u. speed.  This is due to the introduction of non-zero d-axis current in the flux weakening 

range, which produces reluctance torque.  

  

B. Current vs. Speed 
 

   All control strategies require the same current at zero speed under the constant power loss 

criteria.  This is due to the fact that core losses are zero at zero speed.  Therefore, constant net 

power loss implies constant copper losses at zero speed.  And, constant copper losses result in 

identical current magnitude for all control strategies at zero speed.  As speed increases the 

current requirements of the five control strategies diverge significantly.  The CMFL control 

strategy has the highest current requirement.  The rate of drop of current increases successively 

for each of the UPF, ME, MTPC and ZDAC control strategies. 

  

C.  Power vs. Speed  
 

  The ME control strategy produces more power at any given speed than any other control 

strategy.  The power levels drops successively for each of the MTPC, UPF, CMFL and ZDAC 

controls strategies.   

 

D.  Torque per Current vs. Speed 
 

  The ME and MTPC control strategies produce almost the same torque per current vs. speed 

envelope.  The ZDAC and CMFL control strategies result in roughly 1 p.u. torque per current for 

the full range of speed.  The toque per current envelope for the UPF control strategy is only 

slightly higher than that of the CMFL control strategy. 

 

E. Back EMF vs. Speed 
 

  The ZDAC control strategy results in the highest back emf among the five control strategies.  

This, in turn, significantly limits the speed range before flux weakening for the ZDAC control 

strategy.  The UPF and CMFL control strategies result in the least back emf among the five 

control strategies, and lower back emf requirements leads to increased speed range before flux 



Chapter 5              Performance Evaluation and Comparison of Control Strategies   

   

79

 

weakening for these two control strategies.  The ME and MTPC control strategies also have 

similar back emf requirements, and their back emf requirements are significantly higher than that 

of UPF and CMFL control strategies.  

 

F.  Air gap Flux Linkages vs. Speed 
 

    Higher back emf at a given speed indicates higher mutual flux linkages as well.  Therefore, 

mutual flux linkages requirements can be studied using back emf vs. speed figures.  The ZDAC 

control strategy requires by far the highest air gap flux linkages of all control strategies at any 

speed.  This may raise concerns regarding saturation of the core for some machines.  The ME 

and MTPC control strategies both require roughly the same air gap flux linkages.  The CMFL 

and UPF control strategies require the least mutual flux linkages among all control strategies.  

The CMFL and UPF control strategies both require roughly the same back emf.   Therefore, the 

flux linkages of the UPF control strategy is roughly 1 p.u., i.e. almost the same as that of the 

CMFL control strategy. 

  

G.  Power Factor vs. Speed 
 

  The UPF control strategy results in the highest possible power factor of 1 for the full range of 

speed.  The CMFL control strategy results in a nearly unity power factor as well.  The ZDAC 

control strategy results in the worst power factor of all five control strategies.  The power factor 

is roughly 0.65 on the average in this case.  The ME and MTPC control strategies both result in 

reasonable power factors ranging from 0.85 at lower speeds to 0.95 at higher speeds.  Power 

factor increases for both of these control strategies as speed increases. 

 

H.  Speed Range Before Flux Weakening 
 

  The CMFL control strategy results in the widest speed range before flux weakening among the 

five control strategies.   The UPF control strategy stands with a slightly lower speed range.  The 

ZDAC control strategy yields the narrowest speed range.  This is mainly due to the relatively 

large air gap flux linkages for this control strategy.  Note that the ZDAC control strategy is the 

only control strategy where the magnet flux linkages is never opposed by a countering field in  

the rotor’s d-axis.  The speed ranges for the ME and MTPC control strategies fall in between that 
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of the ZDAC and UPF control strategies.   The ME control strategy results in a slightly higher 

speed range than the MTPC control strategy. 

 

I.  Base Speed 
 

  The speed at which the back emf reaches the maximum possible value along the maximum 

torque vs. speed envelop is defined here as base speed.  The base speed is a function of 

maximum permissible power loss, maximum voltage available to the phase, and the choice of 

control strategies.  The specific objective of a control strategy in the lower than base speed 

operating range cannot be met beyond the base speed along the operational envelope of the 

system.  It is seen that the CMFL control strategy provides the largest base speed among the five 

control strategies. The base speed reduces successively for each of the UPF, MTPC, ME and 

ZDAC control strategies. 

 

J. Complexity of Implementation 
 

  The ZADC control strategy is the simplest as far as implementation is concerned.  dI  is simply 

maintained at zero which makes the torque proportional to the phase current.    The MTPC, 

CMFL and UPF control strategies all require the implementation of separate functions for each 

of the d and q axis currents.  These currents are functions of torque only.   Therefore, 

implementation of the MTPC, CMFL and UPF control strategies involves the same level of 

complexity.  However, in the case of the ME control strategy the currents, qi  and di , are 

functions of both torque and speed.  The necessary equations, in all cases, can be implemented 

on-line, or by implementing look-up tables [44].    

 

5.5.2 Higher than Base Speed Operating Range 
 

  In this section the two control strategies for the flux weakening range are compared in terms of 

maximum torque vs. speed envelope, current requirements, base speed, maximum speed, current 

and torque ripples, large signal torque response, and implementation complexity.  The SSV 

control strategy is shown to provide a significantly larger maximum torque vs. speed envelope 

for operation under constant power loss.  A larger operational envelope translates into a wider 
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speed range as well.  The fundamental component of current in the case of SSV control strategy 

is shown to be lower in magnitude than that of the CBE control strategy.  It is also shown that the 

application of the SSV control strategy results in a wider speed range below base speed before 

flux weakening needs to be initiated.  It is shown that the magnitude of the six-step current and 

torque ripples are relatively low.  The relatively low magnitude of ripple can be attributed to the 

fact that in PMSM the phase self inductance limits the current ripple.  It is shown that the SSV 

control strategy is simpler to implement as it requires only position information contrary to the 

CBE control strategy requiring in addition information on two phase currents.  This increases the 

sensor requirements for CBE control strategy compared to the SSV strategy. 

 

A.  Operational Boundary 
 

  Fig. 5.4 shows the operational boundary for the CBE control strategy with mE = 0.8 p.u., bus 

voltage of 1.72 p.u., and rated total power loss for the motor drive as described in Appendix I.  

The operational boundary for the SSV control strategy is also shown under the same conditions.  

The voltage drop across the stator resistance is assumed to be negligible in this simulation.  But, 

stator resistance is taken into account in calculating power losses.  It is seen that the operational 

boundary for the SSV control strategy is significantly larger than that of the CBE control 

strategy.  

 

B.  Base Speed   
 

  The starting point for the operational boundary for each control strategy in Fig. 5.4 is the base 

speed for that control strategy.  It is seen that the SSV control strategy provides a higher base 

speed than that provided by the CBE control strategy.  Therefore, the SSV control strategy 

allows for a wider range of operation before flux weakening is initiated.  

 

C.  Maximum Speed in the Flux Weakening Range 
 

   As the maximum available voltage to the phase increases the maximum possible speed also 

increases.  The maximum speeds for the SSV and CBE control strategies are 4877 and 6374 

RPM, respectively, as calculated from (5.28) for the example of Fig. 5.4. 

 



Chapter 5              Performance Evaluation and Comparison of Control Strategies   

   

82

 

 

p.u. ,Ten

p.u. ,Isn

p.u. ,Pln

SSV control strategy

SSV control strategy

100x
 torqueaverage
ripple torque

%

 ripple torque
.u.p

enω

p.u. 8.0Em =

SSV control strategy

CBE control strategy

 
Fig. 5.4.  Maximum torque, peak current, net power loss, torque ripple as a percentage of average 

torque, and peak to peak torque ripple for SSV (solid lines) and CBE (dashed lines, mE =0.8 

p.u.) control strategies. 
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D.   Maximum Current Requirements 
 

    It is shown in section 5.4.1 that the fundamental component of current is constant along the 

operational boundary in the flux weakening range for both control strategies.  The fundamental 

voltage available to the phase is always higher in the case of the SSV control strategy.  

Therefore, it can be concluded from (5.36) that the fundamental component of current is always 

lower in the case of the SSV control strategy.  Maintaining the back emf at a lower value than 

mV  requires a significant d-axis current to oppose the magnet flux linkages.  This results in a 

higher stator current for the CBE control strategy.  This additional current does not contribute 

proportionally to torque development. 

     

  The drive must be able to provide the peak current for any control strategy.  The peak current 

for the SSV control strategy is different from the fundamental component of current.  This is due 

to presence of significant current ripple.  Fig. 5.4 shows the peak current along the operational 

boundary for the SSV control strategy.  It is seen that in the worst case the peak value is about 

10% higher than the fundamental value of 1.1 p.u.  This brings the peak current requirement of 

the SSV control strategy to approximately 1.2 p.u. for the given example.  A realistic comparison 

on the basis of current requirements must compare the peak current in the case of SSV control 

strategy to the fundamental current for the CBE control strategy.  Fig. 5.4 shows that the 

fundamental component of current under the CBE control strategy is slightly over 1.2 p.u. for a 

desired back emf of 0.8 p.u.    It is seen that in this example the current requirements of both 

control strategies are in the same order.  However, if the desired back emf can be increased 

above 0.8 p.u., then the current in the CBE control strategy drops below the peak current in the 

SSV control strategy. 

 

E.  Torque Ripple  
  

  The torque ripple, resulting from the application of the CBE control strategy, is caused by the 

PWM or hysteresis current control system.  The impact of this torque ripple on system 

performance is negligible as compared to the torque ripple inherent to the SSV control strategy.  
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  Fig. 5.4 shows the peak to peak torque pulsation as a percentage of average torque along the 

maximum torque vs. speed envelope for the SSV control strategy.  It is seen that the peak to peak 

torque pulsation remains within 7 to 20 percent of the average torque along the operational 

boundary.   But, it is noted that in absolute normalized unit, the torque pulsation is less than 0.1 

p.u. at all speeds. 

 

F. Large Signal Torque Response 
 

   The CBE control strategy provides a faster torque response as compared to the SSV control 

strategy.  This is due to the availability of a voltage margin in the CBE control strategy.  

Simulation results for the motor drive described in Appendix I show that the CBE control 

strategy with a 10 volts margin at a DC bus voltage of 57 V at 1500 RPM results in a time 

response of 8 ms for a  –1 to 1 N.m. step torque command.  The SSV control strategy results in a 

20 ms time response for the same transition.  

 

G. Complexity of Implementation   
 

  The SSV control strategy is easier to implement than the CBE control strategy.  Only one 

lookup table is required to provide the angle of voltage phasor as a function of torque command 

and speed.  However, in the case of the CBE control strategy, one look-up table is required for 

each of q and d-axis current commands as a function of torque command and speed.  Also, the 

CBE control strategy requires current feedbacks in addition to rotor position feedback.  

However, the SSV control strategy only requires rotor position feedback.  The switching losses 

of the drive under the SSV control strategy are much less than that resulting from the CBE 

control strategy.  This is due to the fact that the switching frequency for the SSV control strategy 

is much lower than that of the CBE control strategy.  

 

5.6 PERFORMANCE COMPARISON INSIDE THE OPERATIONAL ENVELOPE   
 

  In the last section the performances of different control strategies along their respective 

operational envelope are studied.  However, for a given control strategy, and at a given speed, 

the torque command may be anywhere between zero and maximum possible torque at that speed.    

In this section the performance of different control strategies are compared as a function of 
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torque.  Current, air gap flux linkages, power factor and d-axis current vs. torque are studied for 

the ZDAC, MTPC, UPF and CMFL control strategies.  This comparison provides insight into the 

performances of different control strategies inside their respective operational boundaries. The 

ME control strategy is omitted from this study as its performance depends on speed as well as 

torque.  Note that for very low speeds the performance of the ME and MTPC control strategies 

are very similar.   Figure 5.5 shows normalized current, air gap flux linkages, power factor and 

d-axis current vs. torque for the four control strategies named above for the motor drive with 

parameters given in Appendix I.  The performance evaluation and comparison is given below in 

several categories: 

 

5.6.1 Current vs. Torque 
 

  The MTPC control strategy results in lower current requirements at any given torque compared 

to the other three control strategies.  The ZDAC and CMFL control strategies have similar 

current requirements for the full range of torque.  The UPF control strategy also has similar 

current requirements to the ZDAC control strategy up to a torque value of 0.6 p.u.  However, the 

current requirements for this control strategy increase significantly for torque levels higher than 

0.6 p.u.   
 

5.6.2  Air Gap Flux Linkages vs. Torque 
 

  The flux linkages requirements for the UPF control strategy is roughly 1 p.u. up to a torque 

level of 1.2 p.u.  However, the flux linkages requirement of the UPF control strategy actually 

drop for the higher than 1.2 p.u. torque range.  The CMFL control strategy enforces unity mutual 

flux linkages requirement by definition.  The ZDAC control strategy has the highest flux 

linkages at any given torque.  The MTPC control strategy’s mutual flux linkages is lower than 

that of the ZDAC control strategy, but higher than the mutual flux linkages of the UPF and 

CMFL control strategies.  The high flux linkages requirements for the ZDAC and MTPC control 

strategies may result in core saturation at higher torque levels.   
 

5.6.3 Power Factor vs. Torque 
 

   The CMFL and UPF control strategies yield nearly unity power factor for the full range of 

torque.   The power factor  for  the  MTPC  control strategy consistently falls as torque increases.   
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Fig. 5.5.  Current, air gap flux linkages, power factor and d-axis current vs. torque for different 

control strategies. 
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However, its power factor remains above the reasonable value of 0.8 for the full range of torque. 

The power factor for the ZDAC control strategy falls significantly as torque command increases.   

 

5.6.4  D-axis Current vs. Torque 
 

   The ZDAC control strategy enforces zero d-axis current on the motor.  All the other control 

strategies require an increasing magnitude of negative d-axis current as torque increases.  The d-

axis current requirement of the UPF and CMFL control strategies are similar and relatively 

significant.  The MTPC control strategy requires reasonable d-axis current for the full range of 

torque.   High levels of d-axis current can demagnetize the magnets. 

 

5.6.5  Torque Range 
 

  The UPF control strategy has the smallest torque range among the four control strategies.  This 

is due to the fact that beyond a certain torque the power factor cannot be maintained at 1 as 

discussed in section 5.3.4.  The other control strategies do not have any absolute torque limit 

within the shown range.  However, both air gap flux and d-axis current limitations can impose 

torque limits on these control strategies depending on the structure of the motor.  The air gap flux 

linkages is limited primarily by magnetic saturation.  Therefore, application of the ZDAC control 

strategy may result in a torque limit because of its relatively high air gap flux linkages 

requirements.   Similarly, the maximum possible d-axis current imposes torque limitations on the 

UPF and CMFL control strategies due to their relatively high d-axis current requirements.  

 

5.7 DIRECT STEADY STATE EVALUATION IN SSV MODE 
 

  In this section the boundary matching technique is utilized in finding the instantaneous q and d 

axis current waveforms in steady state for a PMSM operating in the SSV mode. 

 

  Assuming that the angle of the voltage phasor with reference to the rotor’s d-axis is α  then the 

q and d-axis voltages can be described in rotor reference frame as, 
 

)3/tcos(V
3
2

)t(v rdcqs α−π+ω=        3/t0 r π<ω≤                         (5.37)                
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)3/tsin(V
3
2

)t(v rdcds α−π+ω=        3/t0 r π<ω≤                         (5.38)                  

 

The same pattern repeats in the 3/2t3 r π<ω≤π  period as well as other periods.  Note that α  is 

the independent control variable that can be used to control average torque.  The fundamental 

components of (5.37) and (5.38) are the same as the values given by (5.30) and (5.31), 

respectively, for a given α .  The periodic voltage inputs, as described by (5.37) and (5.38), result 

in periodic q and d axis currents.  The periodicity and continuity of the currents are exploited 

here to derive the waveforms of qi  and di  for one period of 3/π  radians.  The PMSM equations 

in rotor reference frame are written in state variable form as, 
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Equations (5.37) and (5.38) can be described in differential format as given below,  
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where the dot on top of the variables denotes differentiation with respect to time.  Considering 

only the part without rotor flux induced emf in the q axis, equations (5.39) and (5.40) are 

combined to yield, 
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The solution of (5.41) is written as, 
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The initial condition vector is given below, 
 

t
dsqsdq )]0(  v)0(  v)0(i  )0(i[)0(X =                                    (5.43)                      

 

where )0(X  is to be evaluated to compute X(t).  X(0) is found using the fact that the state vector 

has periodic symmetry and hence, 
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where 1S  is evaluated later.  The boundary condition for the currents are, 
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The boundary matching condition for the voltage vector is obtained by expanding (5.37) and 

(5.38).  
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Similarly, 
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Substituting equation (5.45) and (5.48) into (5.42), 
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where I is a 2x2 identity matrix.  Hence, 
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where 1W , 2W , 3W  and 4W  are 22 ×  matrices.  Expanding the upper row in (5.50), gives the 

following relationship, 

0)0(XW)0(XW 2211 =+                                               (5.52) 

                                         

from which the steady state current vector )0(X1  is obtained as, 

)0(XWW)0(X 22
1

11
−−=                                              (5.53)                     

                                                                    
Having evaluated the initial current vector, it could be used to evaluate currents for one full cycle 

and the electromagnetic torque.  Now using (5.42) the exact current vector as a function of angle 

can be derived for one period, starting at t = 0, as, 
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where t
dq ]I   I[  is the steady state response due to the induced emf by the rotor flux linkages.  

As the induced emf is a constant at a given speed, its response in the machine has to also be a 

constant in steady state.  Hence the d and q axes current derivatives are zero.  With that the 

steady state currents are, 
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5.8 SIMULATION AND EXPERIMENTAL VERIFICATION 
 

  Experimental correlation is provided using a prototype motor drive utilizing an interior PMSM 

with parameters given in Appendix I.  The experimental PMSM motor drive is set up as a torque 

controller for the higher than base speed operating range.  An 8 kByte EEPROM is utilized as a 

lookup table with torque command and measured speed as its inputs in order to implement the 

SSV control strategy.  The output of this EEPROM is the angle of voltage phasor.  One 8 kByte 

EEPROM lookup table is utilized for each of the q and d axis current commands in order to 

implement the CBE control strategy.  Both q and d-axis current commands are functions of 

measured speed and torque commands for the CBE control strategy.  Fig. 5.6 shows the 

estimated and measured maximum possible torque vs. speed for the CBE and SSV control 

strategies.  The maximum power loss is set at 30 W in both cases, and the bus voltage is 65 V.  

The constant back emf is 33 V for the CBE control strategy leaving a margin of 8 V between the 

back emf and the peak of the fundamental voltage available to each phase.   The stator voltage 

phasor required to maintain the back emf at 33 V is enforced using the SSV control setup by pre-

calculating the required stator voltage phasor on a point by point basis.  It is clearly seen that at 

any speed the maximum possible torque is much higher for the SSV control strategy.  The 

measured maximum speeds for the SSV and CBE control strategies are approximately 1900 

RPM and 1650 RPM, respectively. These speed limits correlate closely to the calculated values 

of 2000 RPM and 1634 RPM, respectively, using (5.28).  
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Fig. 5.6.  Estimated (dashed lines) and measured (solid lines) maximum torque vs. speed 

trajectory for the SSV and CBE control strategies with maximum power loss of 30 W 

and .V65Vdc =  
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Fig. 5.7. Measured phase voltage and current for the SSV control strategy at 1635 RPM, 116=α  

degrees and =dcV 65 V. 
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Fig. 5.8. Simulated phase voltage and current for the SSV control strategy at 1635 RPM, 

116=α  degrees and =dcV 65 V. 

 

It is seen in Fig. 5.6 that at lower speeds the measured and estimated maximum torque vs. speed 

trajectories diverge.  This can be attributed to the fact that at higher torque and current levels the 

q-axis inductance reduces due to saturation of the core.  Therefore, higher magnitudes of currents 

become possible which result in higher torque.  Fig. 5.7 shows the measured phase voltage and 

current at 1635 RPM, 116=α  degrees and =dcV 65 V.  It is seen that the actual phase voltage 

and current correlate closely to the simulation result provided in Fig. 5.8.  The slight differences 

in estimated and measured voltages and currents are due to motor drive control imbalance, the 

assumption that qL  is constant while qL  is a function of qI , and the dc bus voltage not being 

perfectly steady. 

 

5.9  CONCLUSIONS 
 

  A detailed comparison of different control strategies for high performance control of PMSM is 

given in this chapter.  The equations governing each control strategy are studied.  The necessary 

foundation for evaluating the performance of each control strategy along the constant power loss 
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operating envelope is laid out.  All control strategies are compared based on their performances 

along the constant power loss operational envelope as well as their performances inside the 

envelope.  The procedures provided in this study can be used to choose the control strategy that 

optimizes the motor drive system based on the requirements of a particular application.  

 

  The contributions of this chapter are summarized below: 
 

• Performance analysis of different control strategies for PMSM along the constant power loss 

operational envelope  

• Comparison of control strategies along the constant power loss operating envelope 

• Comparison of control strategies inside the operating envelope 

• Derivation of absolute maximum torque for the unity power factor and constant mutual flux 

linkages control strategies 

• Derivation of maximum speed, current and torque in the flux weakening range as a function 

of maximum power loss and machine parameters. 

• Experimental verification of key results 
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CHAPTER 6

Analysis and Implementation of Concurrent Mutual

Flux Weakening and Torque Control for PMSM

6.1 INTRODUCTION

Concurrent mutual flux linkages and torque control is necessary for the high performance

control of PMSM in the higher than base speed operating range. Implementing such a system

involves the solution of a fourth order polynomial. The parameters of this polynomial depend on

rotor speed, commanded mutual flux linkages and torque as well as machine parameters.

Implementing a fourth order polynomial equation solver is a difficult task, and requires

expensive processors. Two practical implementation strategies are discussed in this chapter.

The first one is based on a lookup table approach. The two-dimensional lookup tables are

prepared offline, and then implemented within a high performance motor drive. It is shown that

the implementation of the lookup tables is relatively straightforward. Dynamic simulation shows

that the lookup table approach results in very high accuracy of control. However,

implementation of the lookup tables requires a significant amount of programmable memory.

An alternative implementation strategy is to replace the lookup tables with polynomials fits.

This approach results in far less memory requirements, but introduces more error and results in a

slower system. A procedure for replacing the polynomials with artificial neural networks is

suggested later in Chapter 7. The maximum possible torque as a function of the desired mutual

flux linkages is studied in this chapter.

The contributions of this chapter are summarized below:

• Introduction of two practical implementation schemes, based on lookup tables or

equations, for the concurrent flux linkages weakening and torque control for PMSM

• Comparison of the two implementation schemes
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• Analysis of the maximum possible torque as a function of the desired mutual flux

linkages

The mutual flux linkages weakening strategy and torque control issues are discussed in section

6.2. An analysis of the maximum permissible torque command as a function of the desired

mutual flux linkages is presented in section 6.3. The control system block diagram is discussed

in section 6.4. Two implementation strategies, along with pertinent simulation results, are

presented in section 6.5. Section 6.6 is devoted to the comparison of the implementation

strategies discussed in this chapter. The conclusions are summarized in section 6.7.

6.2 MUTUAL FLUX LINKAGES WEAKENING STRATEGY AND CONTROL

In this section the mutual flux linkages control strategy is discussed, and the basic equations

governing the motor’s mutual flux linkages and torque are presented. These equations are

utilized in enforcing the desired mutual flux linkages and torque commands on a PMSM.

6.2.1 The Mutual Flux Linkages Weakening Strategy

The following equation provides the relationship between the desired back emf, speed and

mutual flux linkages of a PMSM,

mrmE λω= (6.1)

Therefore, the flux linkages command, *
mλ , in the flux weakening range is calculated as given

below,

r

m*
m

E
ω

=λ (6.2)

If the required flux linkages for a given control strategy is less than that defined in (6.2) then flux

weakening is not necessary.

6.2.2 Mutual Flux Linkages and Torque Control

The q and d axis current commands, *
qi and *

di , in the flux weakening range must satisfy the

following two equations:
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)ii)LL(i(P75.0T *
d

*
qqd

*
qaf

*
e −+λ= (6.3)

2*
qq

2
af

*
dd

2*
m )iL()iL( +λ+=λ (6.4)

where *
mλ and *

eT are the mutual flux linkages and torque commands, respectively. Equation

(6.3) yields,

)i)LL((P75.0

T
i

af
*
dqd

*
e*

q
λ+−

= (6.5)

Inserting (6.5) into (6.4) yields,

2

af
*
dqd

*
eq2

af
*
dd

2*
m )

)i)LL((P75.0

TL
()iL(

λ+−
+λ+=λ (6.6)

Equation (6.6) can be used to compute *
di from the command pair { *

m
*
e ,T λ }. *

qi can then be

computed by inserting *
di into (6.5). It is evident that solving equation (6.6) for *

di involves the

solution of a fourth order polynomial of *
di . The coefficients of this polynomial depend on the

variables *
eT and *

mλ . The maximum possible torque for a given mutual flux linkages command

is studied next.

6.3 MAXIMUM TORQUE FOR A GIVEN MUTUAL FLUX LINKAGES

The mutual flux linkages weakening system described in section 6.2 imposes a limit on the

commanded torque. This maximum permissible torque command, *
emT , decreases nonlinearly as

the mutual flux linkages command decreases. The following two equations provide the

maximum permissible torque command for a desired mutual flux linkages command value,

x0xx2 afp
2*

mpaf
2
p λ≤=λ−γλ− (6.7)

]x.[]x[
L

P75.0
T afp

2

1
2
p

2*
m

q

*
em γλ+−−λα= (6.8)
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d

dq

L

LL −
=α (6.9)

dq

q

LL

L

−
=γ (6.10)

In brief, (6.7) provides the intermediate variable px , which is then used in (6.8) to yield the

maximum permissible torque command for a given mutual flux linkages. The derivation of the

procedure described above is given in Chapter 8. Fig. 6.1 shows such a relationship for a PMSM

with parameters given below: dnL =.434 p.u., qnL =.699 p.u. and snR =.1729 p.u. The subscript

n denotes that the respective variable is normalized. The base values are bV = 97.138 V, bI =

12 A, bL = 0.0129 H and bω = 628.6 rad/s. It can be seen that the )(T *
mn

*
emn λ relationship is

nearly linear for this example. This means that a first or second order polynomial can be used to

implement this relationship in practice. In general, the function )(T *
mn

*
emn λ can be computed off

line for the appropriate range of *
mnλ , and subsequently incorporated into the system as a simple

lookup table.

6.4 CONTROLLER BLOCK DIAGRAM

The controller block diagram for the flux weakening range is shown in Fig. 6.2. *
qI and *

dI are

each functions of the mutual flux linkages and torque commands. The mutual flux linkages

command is calculated as discussed in section 6.2.

p.u.,T*
emn

p.u.,*
mnλ

Fig. 6.1. Maximum permissible torque command as a function of mutual flux linkages command.
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*
eT Lookup tables

or
equations

r

mE

ω *
mλ

rω

*
qsiConversion

matrix *
dsi

*
qi

rω
*
di

Fig. 6.2. Controller block diagram for the flux weakening range.

The torque command and measured speed are the inputs to this system. The torque command,

*
eT , may be an independent variable, or it may be the output of a proportional-integrator

controller acting on the difference between the commanded and measured speeds. The mutual

flux linkages command is calculated as discussed in section 6.2. Either lookup tables or

equations can be used to calculate the d and q axis current commands as a function of the mutual

flux linkages and torque commands. The stator current commands, *
dsi and *

qsi , are calculated as

a function of *
qi , *

di and rω as shown in the conversion matrix (6.11). This conversion matrix

increases the control accuracy by taking core losses into account. Implementation of (6.11) is

highly recommended at higher speeds. The stator current commands are enforced on the motor

using an appropriate current controller.
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The controller block diagram for the lower than base speed operating range is shown in Fig.

6.3.

*
eT Lookup tables

or
equationsrω

*
qsiConversion

matrix *
dsi

*
qi

rω
*
di

Fig. 6.3. Controller block diagram for the lower than base speed operating range.
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The lower than base speed operating range is initiated only if,

r

m
m

E

ω
<λ (6.12)

where mλ is the required flux linkages. *
qi and *

di are each functions of the torque command

and speed in the most general case. Any of the control strategies discussed in section 3 of

Chapter 5 can be implemented as lookup tables or equations in this case. *
qsi and *

dsi are

calculated as a function of *
qi , *

di and rω as shown in (6.11).

6.5 IMPLEMENTATION STRATEGIES

Two alternative implementation strategies for the concurrent control of mutual flux linkages

and torque are presented in this section. Implementation of either of the two is simpler than the

on-line solution of a fourth order equation described in section 6.2.

6.5.1 Lookup Table Approach

In this section the lookup table implementation strategy for the on-line computation of { *
q

*
d i,i }

from { *
m

*
e ,T λ } is discussed. All implementation strategies follow the following general format,

Ω=*
di ),T( *

m
*

e λ (6.13)

Λ=i*q ),T( *
m

*
e λ (6.14)

where Ω and Λ represent the relationships described in (6.3) and (6.4). The lookup table

approach is illustrated here through an example using the parameters of a PMSM described in

section 6.3.

Equations (6.13) and (6.14) can be realized using separate two-dimensional lookup tables.

These lookup tables are generated off line by numerically solving equations (6.3) and (6.4). The

two independent axes of each table are assigned to *
eT and *

mλ , respectively. The respective
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values of *
di or *

qi is read inside each table. Note that the tables need only provide the data for

positive torque commands. For negative torque commands the q-axis current command from the

table must be applied with negative sign. *
mλ is limited to values between 0 and base value

since the only interest is in weakening the mutual flux linkages. The numerical solution to

equations (6.3) and (6.4) for the motor parameters given in section 6.3, and for the following

range of normalized mutual flux linkages command,

12.0 *
mn ≤λ≤ , p.u. (6.15)

yields the operating ranges for the other three variables as

44.2T0 *
en ≤≤ , p.u. (6.16)

3.3i0 *
dn ≤≤ , p.u. (6.17)

3.3i0 *
qn ≤≤ , p.u. (6.18)

Figures 6.4 and 6.5 show the two-dimensional tables for this system. In practice the variables

are digitized under the following constraints in order to reduce storage requirements,

:T*
en 9 bits (6.19)

:*
mnλ 7 bits (6.20)

*
dni and *

qni : 8 bits each (6.21)

Once the torque command reaches its maximum permissible value, the current commands are

frozen. The fact that each graph has two distinct areas is due to this restriction. In each graph,

the border between these two surfaces appears to be a straight line, which can be attributed to the

fact that the )(T *
mn

*
emn λ relationship is nearly linear for this example. The )(T *

mn
*
emn λ

relationship, shown in Fig. 6.1, suggests that for the given parameters, the relationship can be

adequately approximated with a first or second order polynomial. Thus, any of the following

two polynomials can be used for the on line calculation of *
emnT from *

mnλ in this example. The

polynomials are both derived using the least squares fit method.
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p.u.,*
mnλ

p.u.,T*
en

p.u.,i*qn

Fig. 6.4. *
qni as a function of normalized mutual flux linkages and torque commands.

p.u.,*
mnλ

p.u.,T*
en

p.u.,i*dn

Fig. 6.5. *
dni as a function of normalized mutual flux linkages and torque commands.

0059.23.221.0T *
mn

2*
mn

*
emn +λ+λ= (6.22)

or simply,

*
mn

*
emn 44.2T λ= (6.23)

Utilization of these tables results in accurate enforcement of the commanded torque and the

commanded mutual flux linkages. Fig. 6.6 shows simulation results for a speed control system

that utilizes the two tables shown above for a speed controlled operation with +3 p.u. and -3 p.u.
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speed commands. The mutual flux linkages is maintained at rated value until the phase voltage

requirement reaches 0.53 p.u. at which point flux weakening is initiated. The stator resistance is

taken into account in the simulation, and this is why the mutual flux weakening is initiated at a

speed of 0.53 p.u. instead of 1 p.u. The torque command is the difference between the

commanded and actual speeds multiplied by a factor of 100. The dotted lines represent

commanded values and solid lines represent actual values. The PWM is operating at 20 kHz and

the current error is amplified by a factor of 200. Due to the limited bandwidth of the current

controller, the ability of the system to enforce the desired currents decreases as speed increases.

As a consequence the mutual flux linkages error increases with speed. It is seen from Fig. 6.6

that the mutual flux linkages and torque commands are enforced accurately. Figure 6 in Chapter

7 is similar to Fig. 6.6, but it also provides the phase voltage and actual and commanded q and d-

axis currents. Note that memory chips are required to store the relatively large look-up tables.

Each table has 162 entries, and each entry is digitized using 8 bits. Therefore, each table

requires 64 kilobytes of storage capacity. This can be considered as a tradeoff for achieving

accurate control over the machine’s mutual flux linkages and torque.

6.5.2 Two-Dimensional Polynomials Approach

An alternative to the lookup table approach is to approximate the tables using two-dimensional

polynomials. In this case equations (6.13) and (6.14) are implemented as,

)(a+...T).(ai *
mn0

r*
en

*
mnr

*
dn λ+λ= (6.24)

)(b+...T).(bi *
mn0

r*
en

*
mnr

*
qn λ+λ= (6.25)

where,

i0
s*

mnsi
*
mni x+....x)(a +λ=λ (6.26)

i0
s*

mnsi
*
mni y+....y)(b +λ=λ (6.27)

and r is the order of the polynomials that are used to compute *
dni and *

qni using equations (6.24)

and (6.25), and s is the order of the polynomials that are used to compute the coefficients of

(6.26) and (6.27).
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Time, s

p.u.,*
mnλ

p.u.,mnλ

p.u.,T*
en

p.u.,T*
en

p.u.,*
rnω

p.u.,rnω

Fig. 6.6. Normalized speed, torque, mutual flux linkages for a ± 3 p.u. step speed command.

The appropriate order for each polynomial must be chosen on a case by case basis. Obviously,

higher order polynomials provide a better fit at the expense of increased implementation

complexity. The unknown coefficients can be identified for a given PMSM using least squares

fits. The two-dimensional polynomial approach does not have any significant memory storage

requirements. However, the advantage of not having to store large tables comes at a tradeoff for

mutual flux linkages and torque enforcement accuracy. Fig. 6.7 shows the achieved and

commanded mutual flux linkages for various mutual flux linkages and torque command values

for the motor parameters presented earlier. Polynomials of 3rd and 5th order are used for the

main and coefficient equations, respectively. It can be seen that in the worst case the mutual flux

linkages error goes up to ten percent.
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p.u.,T*
en

p.u.,*
mnλ

p.u.,mnλ

Fig. 6.7. Commanded and achieved mutual flux linkages vs. commanded torque for the

polynomial implementation approach.

The digitized values of the mutual flux linkages and torque commands can be used in the

implementation of equations (6.24) to (6.27). The higher than 1 powers of these variables, in

digital values, can be computed off line and stored in tables. These tables can later be utilized, at

the implementation level, to readily provide the higher powers of the variables instead of

performing time consuming multiplications. Assuming that *
enT and *

mnλ are digitized using 8

bits, storing the higher powers of each variable requires 256x(2+3+...+ η ) bytes, where η is the

highest order of the respective variable. For the example provided in this section, η is equal to 3

for the main equations and 5 for the coefficient equations. Therefore, the memory required to

store the two tables is approximately 5 kilobytes. On the other hand, 16 multiplications and 16

additions are required to implement equations (6.24) to (6.27) for the case given in this example.

6.6 COMPARISON OF THE TWO APPROACHES

The lookup table approach provides a high level of accuracy in terms of enforcing the mutual

flux linkages and torque commands as compared to the two-dimensional polynomial approach.

Therefore, utilizing lookup tables results in meeting the specified voltage requirements of the

drive system, which is one of the key factors in the drive’s performance. The system is also

relatively fast since implementing it mainly involves reading data from a memory chip, and the

performance of minimal calculations. However, implementing this system requires a
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considerable amount of digital memory capacity. For the example provided in this section 128

kilobytes of ROM is required to store the tables. The two-dimensional polynomial fit approach

provides an alternative to the former approach. It resolves the problem of large memory

requirements. Roughly 5 kilobytes of memory is required for the implementation scheme

presented in section 6.5. However, this system introduces a significant amount of error in terms

of enforcing the desired mutual flux linkages and torque. The error is more pronounced at higher

levels of mutual flux linkages and torque commands as seen from Fig. 6.7. The system is also

inherently more complicated to implement than the lookup table approach since it requires the

implementation of variable coefficient polynomials. Moreover, the computation of the command

values using two-dimensional polynomials slows down the system due to the numerous

multiplications that have to be performed. Other sources of error that are common to both

approaches are the digitization of the variables, limited bandwidth of the current controller, and

parameter variations.

6.7 CONCLUSIONS

Two practical implementation schemes are formulated, analyzed and verified by dynamic

simulation for the concurrent mutual flux linkages weakening and torque control of a PMSM.

The most straight forward scheme is to use lookup tables, which provides a high level of

accuracy. As a tradeoff, the method requires additional memory chips to be present on board to

store the tables. In another approach these lookup tables are approximated using two-

dimensional polynomials. The two-dimensional polynomial approximation method introduces

error in terms of achieving the desired mutual flux linkages and torque. The maximum

permissible torque command as a function of the mutual flux linkages command is studied, and

methods for taking this restriction into account are discussed. The maximum permissible torque

command decreases nonlinearly as the mutual flux linkages is weakened.

The contributions of this chapter are summarized below:

• Introduction of practical implementation schemes, based on lookup tables or equations,

for the concurrent mutual flux linkages weakening and torque control for PMSM

• Comparison of the two implementation schemes

• Analysis of the maximum possible torque as a function of mutual flux linkages
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CHAPTER 7

Concurrent Mutual Flux Weakening and Torque

Control in the Presence of Parameter Variations

7.1 INTRODUCTION

It is shown in Chapter 6 that the q and d axis current commands can be implemented using two-

dimensional lookup tables or equations in order to enforce a desired mutual flux linkages and

torque command on a PMSM. The two-dimensional tables are prepared off-line using the

nominal parameters of the machine. However, some of the machine parameters deviate from

their nominal values during normal operation of the machine. These variations are due to

changes in temperature as well as magnetic saturation of the core, and result in mutual flux

linkages and torque enforcement error. The mutual flux linkages error may directly translate into

higher voltage requirements. The torque error results in a nonlinear torque response of the

system. The computation of the correct current commands involves the on-line solution of a

fourth order polynomial equation as discussed in Chapter 6. The coefficients of this polynomial

depend on machine parameters as well as the commanded values for mutual flux linkages and

torque. Theoretically, this fourth order polynomial can be solved on-line while its parameters are

calculated based on estimated values of machine parameters. However, this method is not

feasible for practical applications due to its intensive computational requirements. It is shown in

this chapter that lookup tables can be prepared offline to yield an offset for the current commands

in response to the variation of a desired parameter. Each of the final current commands in this

case is the sum of a nominal value and an offset. The nominal value is calculated based on the

nominal values of machine parameters. The offset is function of the estimated value of a specific

parameter as well as the mutual flux linkages and torque commands. The application of the

nominal current vector, along with the computed offset, results in greatly reduced errors in

mutual flux linkages and torque command enforcement. This is true for the full range of mutual
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flux linkages control, and hence, for a wide range of operating speed. A large number of lookup

tables are required in order to accurately cover the full range of the varying parameter. An

alternative approach is to train neural networks to replace the tables. Simulation results show

that neural networks are well suited for this purpose. A comparison between the two approaches

is made in this chapter. The magnet flux linkages is the most critical parameter to be

compensated for in PMSM drives, and, therefore, it is used in most of this chapter's examples.

Other parameters can be treated in a similar way.

The contributions of this chapter are summarized below:

• Procedure for computing the current vector compensation offset using lookup tables

• Procedure for computing the current vector compensation offset using neural networks

• Comparison of the two approaches

The nature of the variations of different PMSM parameters is discussed in section 7.2. The

impact of parameter variations on mutual flux linkages and torque enforcement is studied in

section 7.3. The parameter compensation scheme, along with two implementation strategies, are

discussed in section 7.4. A comparison of the two implementation strategies is given in section

7.5. Dynamic simulation of a neural network based compensator is presented in section 7.6. The

procedures for estimating the q-axis inductance and rotor flux linkages are discussed in section

7.7. The conclusions are summarized in section 7.8.

7.2 THE VARIATION OF PARAMETERS IN PMSM

The stator resistance, rotor flux linkages and q-axis inductance are the only parameters of a

PMSM that vary significantly. The variation of the stator resistance does not have any material

impact on the operation of high performance PMSM drives. This is due to the fact that high

performance PMSM drives predominantly use current controllers that enforce a desired current

on the motor regardless of the value of stator resistance. The torque of a PMSM depends on the

q and d-axis inductances and currents as well as the rotor flux linkages. Also note that the

voltage drop across the phase resistance is generally small compared to the back emf in the flux
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weakening range for most PMSM. The rotor flux linkages may decrease by as much as 20%

while the motor is running under normal operating conditions depending on the magnets used.

The residual rotor flux linkages declines as the temperature of the magnets rise. The q-axis

inductance decreases as the q-axis current increases. The q-axis path of some types of PMSM has

a relatively low reluctance which results in saturation of the path as q-axis current increases.

This is especially true for inset and interior PMSM which have low reluctance along their q-axis

paths. The saturation of the q-axis path results in declining q-axis inductance. The q-axis

inductance of such motors may vary by as much as 20% of its nominal value. The surface mount

PMSM is effectively immune to inductance variations due to the large effective air gap which

results in relatively high reluctance along both d and q axes.

7.3 THE IMPACT OF PARAMETER VARIATIONS

The mutual flux linkages and torque controller system is shown in Fig. 7.1.

Lookup Tables
or

Equations

PMSM

Drive System
Motor

*
eT

*
mλ

*
qi

*
di

rθ

c,b,ai eT

mλ

Fig. 7.1. The mutual flux linkages and torque control system.

*
mλ and *

eT are the mutual flux linkages and torque commands, respectively. *
eT can be an

independent command value, or it may be the output of a controller acting on the difference

between the commanded and measured values of speed. *
qi and *

di are the q and d-axis current

commands, respectively. The difference between stator and rotor current commands, which is

due to core losses, is ignored here; but this difference can be accounted for by utilizing the

conversion matrix given in (6.11). The current commands are calculated using lookup tables or

equations that are prepared offline using nominal parameters of the specific PMSM. The
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measured values of the a, b and c phase currents, c,b,ai , are used by the PMSM drive system to

control current. The rotor angle, rθ , is used by the drive system to implement vector control.

mλ and eT are the actual mutual flux linkages and torque, respectively. The mutual flux

linkages and torque commands are achieved accurately as long as the actual and nominal

parameters of the machine match. The sources of error in this case are mainly digitization error

and current enforcement error due to the limited bandwidth of the current controller. In practice,

motor parameters vary depending on the operating conditions of the machine. These variations

cause a mismatch between the actual and commanded values of mutual flux linkages and torque.

The mutual flux linkages and torque errors, mλ∆ and eT∆ , respectively, are defined as,

m
*
mm λ−λ=λ∆ (7.1)

e
*
ee TTT −=∆ (7.2)

The variations of both afλ and qL have a direct impact on the system as described in Fig. 7.1,

and can cause significant errors in mutual flux linkages and torque. The equations relating the

mutual flux linkages and torque to the q and d-axis currents are given below,

2
qq

2
afdd

2
m )iL()iL( +λ+=λ (7.3)

)ii)LL(i(P75.0T dqqdqafe −+λ= (7.4)

Figures 7.2 and 7.3 show the normalized values of mλ∆ and eT∆ as a function of the mutual

flux linkages and torque commands for a 20% drop in the rotor flux linkages for the system

shown in Fig. 7.1. The parameters of the PMSM used in this study are given in section 3 of

Chapter 6. It can be seen that the mutual flux linkages and torque errors are as much as 0.2 and

0.3 p.u., respectively. For the case where the actual and nominal parameters are identical, the

mutual flux linkages and torque errors are negligible due to the accuracy of the nominal tables.

The rotor flux linkages and q-axis compensation procedures are discussed in the next section.
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p.u.,*
mnλ

p.u.,T*
en

p.u.,Ten∆

Fig. 7.2. Normalized torque error when p.u.8.0af =λ

p.u.,*
mnλ

p.u.,T*
en

p.u.,mnλ∆

Fig. 7.3. Mutual flux linkages error when p.u.8.0af =λ

7.4 PARAMETER COMPENSATION SCHEME

The direct calculation of the current commands from (7.3) and (7.4) involves the on-line

solution of a fourth order polynomial of di as explained in Chapter 6. The parameters of this

polynomial depend on the commanded values and machine parameters, and must also be

estimated on-line. The on-line solution of this polynomial results in a theoretically perfect

system assuming that accurate estimations of the respective parameters are utilized. However,

the method is not feasible for practical applications due to its intensive computational

requirements. A feasible alternative is to compute parameter-dependent offsets to be added to

the nominal current commands. The command offsets, which are computed on-line, compensate

for the effects of parameter variations. Fig. 7.4 gives a block diagram of this system.
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Lookup Tables

or

Neural Networks

PMSM

Drive System
Motor

Offset
Generator

*
eT

*
mλ

*
qi

*
di

*
qi

*
di

+
+

+
+

Parameter

Estimator

eT

mλ
rθ

*
qi∆
*
di∆

c,b,ai

Fig. 7.4. The mutual flux linkages and torque controller with compensation for a varying
parameter.

*
di and

*
qi are the nominal current commands. These current commands are calculated as

functions of the mutual flux linkages and torque commands for the nominal values of all

parameters as discussed in Chapter 6. The offset generator takes the mutual flux linkages and

torque commands, along with the estimated value of the varying parameter, as its inputs. Its

outputs are the offsets *
qi∆ and *

di∆ which are to be added to the nominal current commands,
*
qi

and
*
di , respectively. A requirement of this system is that the varying parameter be estimated on-

line. Estimation procedures for rotor flux linkages and q-axis inductance are discussed later in

section 7.7. The offset generator can be implemented using lookup tables or neural networks as

discussed next in sections 7.4.1 and 7.4.2. Both implementation strategies are presented using

the rotor flux linkages as the varying parameter. The procedure for compensating for the q-axis

inductance is the same.

7.4.1 Lookup Table Approach

The lookup table approach for the implementation of *
qi∆ as a function of *

eT , *
mλ and the

estimated rotor flux linkages, afeλ , is discussed here. The same approach can be applied to *
di∆ .

A lookup table providing
*
qi as a function of *

eT and *
mλ can be prepared offline by solving

(7.3) and (7.4) for the nominal value of rotor flux linkages, afλ . Assuming that the actual and

nominal values of afλ are the same, then *
qi and

*
qi are the same and the required offset is zero.
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Similar tables can be calculated for *
qi as a function of *

eT , *
mλ and every possible value of afλ .

In practice preparing lookup tables for 10 to 20 different values of afλ provides sufficient

control accuracy. The lookup table that provides *
qi∆ as a function of *

eT and *
mλ for a given

afλ can then be calculated by simply subtracting the table prepared for afλ from the table

prepared for the given afλ on an element by element basis. afeλ must be digitized in order to

implement this system. For each digitized value of afeλ the corresponding table that yields *
qi∆

is selected. An identical approach is necessary for the implementation of *
di∆ as a function of

*
eT and *

mλ for the full range of afλ .

7.4.2 Artificial Neural Network Approach

Artificial neural networks (ANN) are very suitable for generating the type of compensation

offset discussed above. An implementation scheme for this task is presented and verified by

simulation in this section. The offset generator consists of two ANNs that are used to calculate

the *
qi∆ and *

di∆ , independently. Fig. 7.5 shows the structure of a suitable ANN for generating

the required offsets. The inputs, *
eT and *

mλ , are passed through a preprocessor before being

applied to the ANNs. The output of the preprocessor contains 5 quantities, *
eT , *

mλ , *
m

*
eT λ , 2*

eT

and 2*
mλ . Increasing the dimension of the input space to the ANN facilitates the training process

and results in a more accurate system. The five outputs of the preprocessor along with afeλ

constitute the inputs to the ANN. Each ANN has 9 hidden layer neurons and 1 output layer

neuron. The 2-layer feedforward ANN is trained using the back propagation algorithm. Several

two-dimensional tables, which provide the correct current vector offset commands for different

values of afeλ (in the range of .8 to 1 p.u.), are used to train each ANN.



Chapter 7 Concurrent Flux Weakening and Torque Control With Parameter Variations 114

Preprocessor

9 Neuron Hidden Layer

Single neuron
output layer

Two-layer
Feedforward
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or

afeλ *
eT *

mλ

*
di∆ *

qi∆

Fig. 7.5. The ANN based offset generator structure.

7.5 COMPARISON OF THE TWO APPROACHES

It is important to notice that the lookup table approach results in the most accurate

implementation scheme for the offset generators. The lookup tables represent accurate solutions

to the equations discussed earlier. On the other hand, neural networks are trained to mimic the

behavior of the tables, and therefore, cannot represent the tables accurately. However, as is

shown later in section 7.6, neural networks exhibit a sufficient capacity in replacing the lookup

tables in high performance motor drive applications. The lookup table approach provides an

inherently faster system as compared to the neural network approach. No multiplications are

required with lookup tables. However, 108 multiplications are required just to implement the

weights in two separate ANNs as shown in Fig. 7.5. Therefore, the timing requirements become

more stringent due to the increased demand on sequential software operations. Also, the

nonlinear activation functions must be implemented using additional lookup tables or using

dedicated integrated circuits. The main disadvantage of using lookup tables is the relatively

large amount of programmable memory required by the system. Two tables are required for each

digitized value of afeλ . Therefore, 128 Kb of memory is required to implement the offset tables

required for each digitized value of afeλ . This is based on 9 bit digitization for torque, and 7 bit
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digitization for mutual flux linkages. Therefore, 4 bit digitization of afeλ necessitates 2

megabytes of programmable memory in addition to the 128 kb memory requirements of the

nominal command tables.

7.6 DYNAMIC SIMULATION

Fig. 7.6 shows simulation results for a speed control system that utilizes the neural network

approach discussed in section 7.4.2 for the concurrent control of mutual flux linkages and torque.

The torque command is the difference between the commanded and actual speeds multiplied by a

factor of 100. The mutual flux linkages is maintained at rated value until the phase voltage

requirement reaches 1 p.u. at which point flux weakening is initiated. The dotted lines in Fig. 7.6

represent command values and solid lines represent actual values. The speed commands are ± 3

p.u. The rotor flux linkages is assumed to have dropped 20 percent below its nominal value.

Mutual flux linkages weakening is initiated at a speed of 0.6 p.u. Neural networks are used to

provide both the nominal q and d-axis current commands and their respective offsets. The phase

current commands are enforced using a PWM system operating at 20 kHz with a gain of 300. It

can be seen that the mutual flux linkages and torque commands are enforced with high accuracy

for the full range of speed while the voltage requirements never exceed 1 p.u. This simulation

shows that artificial neural networks can be effectively utilized in implementing parameter

insensitive controllers for PMSM. In an independent set of simulations, the ANNs are trained to

compensate for the q-axis self inductance variations. Fig. 7.7 shows the respective simulation

results for the case where qL is 20% lower than its nominal value.
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Fig. 7.6. Commanded and actual values for speed, torque, mutual flux linkages, q and d-axis
currents and phase voltage for a ± 3 p.u. speed command in the presence of 20 percent reduction

in rotor flux linkages.

.
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Fig. 7.7. Commanded and actual values for mutual flux linkages and torque for a ± 3 p.u. speed

command in the presence of a 20 percent reduction in q-axis inductance.

7.7 ESTIMATION OF MACHINE PARAMETERS

The key parameters of a PMSM that need to be estimated are the q-axis inductance and the rotor

flux linkages. The q-axis inductance can be estimated as a function of the q-axis current. This

estimation can be performed offline and stored as a lookup table or a polynomial fit. A high

performance torque controller can then use the online estimation of the q-axis inductance in

calculating the appropriate offsets for the q and d-axis current commands. Reference [40]

demonstrates and verifies this procedure. Estimation of the rotor flux linkages is more involved

than the estimation of the q-axis inductance. One method for estimating the rotor flux linkages is

to first derive the relationship between rotor temperature and magnet flux linkages. An

estimation of rotor temperature can then be used to estimate the rotor flux linkages. However, an

accurate and reliable estimation of rotor temperature is required in this case. Measuring rotor

temperature is not a trivial matter as the rotor is not stationary. The rotor temperature can be

measured using infrared sensors, or using a thermal probe and a slip ring, or using a dynamic

thermal model of the machine [39]. All of these methods are expensive to implement, and are

not viable for low cost high volume motor drives. Reference [43] provides an innovative

procedure for estimating the rotor flux linkages for PMSM drives. It is shown that the change in
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the rotor flux linkages is equal to the change in reactive power divided by speed and d-axis

current. The reactive power can be estimated using the d and q-axis currents and voltages. The

strength of this procedure is that the variations in stator resistance do not affect the estimation of

the rotor flux linkages. This procedure can only be applied to PMSM drives that utilize non-zero

d-axis current in their torque control strategy.

7.8 CONCLUSIONS

A procedure for the concurrent mutual flux weakening and torque control of PMSM in the

presence of parameter variations is introduced in this chapter. The procedure is based on an

offset generator for the q and d-axis current commands. The required offsets are calculated as a

function of mutual flux linkages and torque commands as well as an on-line estimation of a

varying PMSM parameter. Two implementation strategies based on lookup tables and neural

networks are presented and compared based on their respective implementation requirements. It

is shown that the lookup table approach results in a fast and accurate system, but requires a

significant amount of programmable memory. The neural network approach is shown to result in

a high level of accuracy without requiring much programmable memory. However, the neural

network approach results in an inherently slower system due to the large number of calculations

that need to be performed on-line. The results are verified by simulations of the systems.

In general, it can be concluded that artificial neural networks exhibit a sufficient capacity in

replacing the lookup tables in high performance motor drive applications.

The contributions of this chapter are summarized below:

• Procedure for computing the current vector compensation offset using lookup tables

• Procedure for computing the current vector compensation offset using neural networks

• Comparison of the two approaches
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CHAPTER 8

Applications of a New Normalization Technique

8.1 INTRODUCTION

A new normalization technique is introduced in this chapter. This normalization technique is

particularly useful in the analysis and simulation of PMSM motor drives. The magnet flux

linkages and d-axis inductance are used as normalization bases. Therefore, these parameters, as

well as number of poles, are eliminated from all equations. This greatly simplifies the analysis

and simulation of PMSM motor drive performance. The standard normalization technique uses

the rated values of variables as its bases. Another innovative normalization technique, which

also results is simplified equations, has been introduced in [31]. A comparison of the new

normalization technique with the other two techniques shows the superiority of the former.

Several key derivations are presented in this chapter using the new normalization technique. It is

clearly seen that the elimination of two parameters from all equations results in analytical terms

that are easier to deduce, comprehend and simulate. However, the non-normalized form is the

preferred choice for demonstration purposes as it facilitates the understanding of the impact of

each parameter on system performance. Also, it is preferred to normalize the variables in all

plots using rated values of variables in order to make the plots easier to understand and study.

One of the applications of the new normalization technique is in the preparation of generalized

application characteristics. For example current and power factor vs. torque characteristics for

different control strategies depend only on the saliency ratio when these characteristics are

normalized using the new normalization technique.

The contributions of this chapter are summarized below:

• Introduction of a new normalization technique

• Derivation of the maximum torque vs. speed envelopes for the ME, MTPC, ZDAC, CMFL,

UPF, CBE control strategies operating with constant power loss
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• Derivation of the maximum continuous current requirement of a PMSM drive operating with

constant power loss

• Derivation of the maximum possible torque for a given mutual flux linkages

• Introduction of generalized application characteristics for PMSM drives

Section 8.2 describes the details of the new normalization technique. This technique is

compared to two other normalization techniques in section 8.3. The maximum torque vs. speed

envelope for six different control strategies is derived in section 8.4. The maximum current

requirement of the drive is derived in section 8.5. The maximum possible torque for a given

mutual flux linkages is calculated in section 8.6. Section 8.7 introduces generalized application

characteristics for PMSM using the new normalization technique. The conclusions are presented

in section 8.8.

8.2 THE NEW NORMALIZATION TECHNIQUE

The base values for this normalization technique are given below:

db LL = (8.1)

afb λ=λ (8.2)

rrb ω=ω (8.3)

where bL , bλ and bω are the base values for the d-axis inductance, magnet flux linkages and

electrical speed, respectively, and rrω is the rated value for the rotor's electrical speed. The base

values chosen in (8.1) and (8.2) are chosen to eliminate dL and afλ from all equations. This

results in significant simplification of all equations as is demonstrated below. The rated values

for torque and current are not 1 p.u. in this normalization technique, but rated speed is always 1

p.u. The base values for key variables of a PMSM can be calculated from (8.1) to (8.3) as,

d

af
b L

I
λ

= (8.4)

afrbV λω= (8.5)
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bafeb IP75.0T λ= (8.6)

bbb VI5.1P = (8.7)

where bI , bV , ebT and bP are the base values for current, voltage, torque and power,

respectively. Normalized entities are hereafter denoted with the subscript n. The normalized q-

axis and d-axis inductances, as well as the normalized magnet flux linkages, are calculated

below:

ρ==
d

q
qn L

L
L (8.8)

1
L

L
L

d

d
dn == (8.9)

1afn =λ (8.10)

where ρ can be recognized as the saliency ratio of a PMSM. The key electrical equations of a

PMSM are described below in normalized format:
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The normalized torque, enT , as a function of qnI and dnI is given below,

qndnqnen II)1(IT ρ−+= (8.13)

The net power loss equation for a PMSM can be described as,
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])I1()I[(
R

1
)II(RP 2

dn
2

qn
2
rn

cn

2
dsn

2
qsnsnlmn ++ρω++= (8.14)

8.3 COMPARISON TO OTHER NORMALIZATION TECHNIQUES

The standard normalization technique is to divide every variable by its rated value. This

technique is widely used in many engineering fields, and has the advantage of making the rated

value of every variable appear as 1 p.u. The standard normalization technique has special appeal

in plotting of variables as it simplifies the understanding of plots, and helps generalize the

conclusions made from a system analysis or a plot. None of the motor drive parameters, other

than the number of poles, P, are eliminated using this technique, and therefore, it does not have

any special advantage when applied to PMSM drives. Note that all of the three normalization

techniques discussed in this section eliminate the number of poles from all equations. Another

innovative normalization technique is introduced in [31]. This technique is specifically geared

towards simplifying PMSM analysis. The base values for torque and current in this

normalization technique are:

dq

af
b LL

I
−

λ= (8.15)

bafeb IP75.0T λ= (8.16)

The base values for inductance and flux, bL and bλ , respectively, can be derived as:

)LL(P75.0L dqb −= (8.17)

afb P75.0 λ=λ (8.18)

Therefore, the torque equation, in this case, is reduced to:

dnqnqnen IIIT −= (8.19)

This normalization technique has the advantage of eliminating all parameters from the torque vs.

current equation as is seen in (8.19). However, only the rotor flux linkages and number of poles
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are eliminated from all other equations. This technique fails for PMSM with saliency ratio of 1,

i.e. qd LL = , as the base value for current is infinity for such machines. This means that the

performance of the surface mount PMSM cannot be studied using this normalization technique.

The surface mount PMSM is used in the majority of high performance applications that utilize

PMSM. However, the new normalization technique presented in this chapter applies to all types

of PMSM, and it results in simplified derivations and simulations. One drawback of the new

normalization technique is that the rated values of variables are not 1 p.u. as is the case with the

standard normalization technique. This is further clarified in section 8.7.

8.4 DERIVATION OF MAXIMUM TORQUE VS. SPEED ENVELOPES

The maximum torque as a function of speed for a desired maximum power loss for each of the

ME, MTPC, ZDAC, CMFL, UPF and CBE control strategies is derived in this section. All

derivations are based on assumption (3.7) which simplifies the power loss equation as given

below:

])I1()I[(
R

1
)II(RP 2

dn
2

qn
2
rn

cn

2
dn

2
qnsnlmn ++ρω++= (8.20)

The maximum torque vs. speed envelopes shown in simulation results given in Chapter 5 are all

prepared based on the analysis described in this section. It is shown that the normalization

technique used here significantly simplifies the derivations and simulations that would have

otherwise involved a much higher level of complexity due to the addition of two more

parameters. The normalized q and d axis currents that yield maximum possible torque at a given

speed and power loss are referred to here as qmnI and dmnI , respectively.

8.4.1 The Maximum Efficiency Control Strategy

The problem here is to find the maximum possible torque for a given lmP at a given speed. The

procedure is described below. It can be concluded from (8.13) that,
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dn

en
qn I)1(1

T
I

ρ−+
= (8.21)

By inserting (8.21) into (8.20), the equation describing torque as a function of dnI is derived as,

)EI.DI.CI.BI.A(
Q

1
T dn

2
dn

3
dn

4
dn

2
en ++++−= (8.22)

where,
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+ρ−−=

lpn
cn

2
rn P

R
E −

ω
=

The derivative of 2
enT with respect to dnI in (8.22) is calculated and equaled to zero in order to

find the dnI that results in maximum torque. Taking the described derivative with respect to dnI

and equating it to zero results in the following polynomial equation,

0DI.C2I.B3I.A4 dn
2
dn

3
dn =+++ (8.23)

The negative real root of equation (8.23), with smallest magnitude, is dmnI . By inserting dmnI

into (8.22) the maximum possible torque for a given speed and lmnP can be found.
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8.4.2 The Maximum Torque per Unit Current Control Strategy

It can be concluded from (5.12) that the following relationship is valid for the MTPC control

strategy:

)
1

1
I(II dndn

2
qn ρ−

+= (8.24)

By substituting (8.24) into (8.20) a second order polynomial equation of dnI that yields the d-

axis current magnitude for a given lmP can be found. This polynomial equation is given below:

0CI.BI.A dmn
2
dmn =++ (8.25)

where A, B and C are defined below:
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B ω
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cn

2
rn P

R
C −ω=

The solution to (8.25) can be inserted into (8.24) to calculate qmnI . The maximum possible

torque at a given speed can then be calculated by inserting dmnI and qmnI into the torque

equation (8.13).

8.4.3 The Zero D-Axis Current Control Strategy

In this case dnI is always zero. Therefore, the q-axis current at maximum power loss can be

calculated from (8.20) as:

22
rncnsn

2
rncnlmn

qmn
RR

RP
I

ρω+
ω−= (8.26)



Chapter 8 Applications of a New Normalization Technique 126

The maximum torque at a given speed and lmnP can then be found by inserting qnmI into the

torque equation (8.13).

8.4.4 The Unity Power Factor Control Strategy

In can be concluded from (5.15) that the following equation is true in the case of the UPF

control strategy:

ρ
+−= )1I(I

I dndn2
qn (8.27)

By substituting (8.27) into (8.20) a second order polynomial equation of dnI that yields the d-

axis current magnitude for a given lmP for the UPF control strategy can be found. This

polynomial equation is given below:

0CI.BI.A dmn
2
dmn =++ (8.28)

where A, B and C are defined as:

)1(
R

R
RA

cn

2
rnsn

sn ρ−ω+
ρ
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cn

2
rn

R
)2(

B
ωρ−=

lmn
cn

2
rn P

R
C −ω=

The solution to (8.28) can be inserted into (8.27) to calculate qmnI . The maximum possible

torque at a given speed can then be calculated by inserting dmnI and qmnI into the torque

equation (8.13).

8.4.5 The Constant Mutual Flux Linkages Control Strategy

In can be concluded from (5.17) that the following equation is true in the case of the CMFL

control strategy:
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2

2
dn2

qn
)I1(1

I
ρ
+−= (8.29)

By substituting (8.29) into (8.20) a second order polynomial equation of dnI that yields the d-

axis current magnitude for a given lmP for the CMFL control strategy can be found. This

polynomial equation is given below:

0CI.BI.A dmn
2
dmn =++ (8.30)

where A, B and C are defined below:

)1(RA 2
sn −ρ=

snR2B −=

)P
R

(C lmn
cn

2
rn2 −ωρ=

The solution to (8.30) can be inserted into (8.29) to calculate qmnI . The maximum possible

torque at a given speed can be calculated by inserting dmnI and qmnI into the torque equation

(8.13).

8.4.6 The Constant Back EMF Control Strategy

The following relationship holds in the flux weakening region,

))I()I1((E 2
qn

2
dn

2
rn

2
mn ρ++ω= (8.31)

where mnE is the normalized desired back emf. On the other hand (5.26) can be cast in

normalized format as given below,

cnsn

2
mn

sn

lmn2
dsn

2
qsn RR

E
R

P
II −=+ (8.32)

Solving (8.31) and (8.32) results in the following polynomial equation that yields the d-axis

current at maximum voltage for a given maximum power loss,
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0CI.BI.A dpn
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dpn =++ (8.33)

where,
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The negative zero of this polynomial is dmnI . qmnI can be derived by inserting dmnI into (8.32).

The maximum possible torque at a given speed can then be found by inserting dmnI and qmnI

into the torque equation (8.13). The fundamental value of the maximum possible torque under

the SSV control strategy can be found by replacing mnE in the above derivations with the

normalized fundamental component of phase voltage.

8.5 DERIVATION OF MAXIMUM CURRENT REQUIREMENT WITH CPL

In this section the maximum continuous current requirement of a drive operating with constant

power loss is derived as a function of rated current. At rated speed the normalized value of speed

is 1 p.u. The d-axis current is zero by definition of rated torque for PMSM. Therefore, the total

power loss at rated speed and torque can be described as,

)I1(
R

1
IRP 2

srn
2

cn

2
srnsnlrn ρ++= (8.34)

where the subscript r denotes that the respective variable is at rated value. It is assumed here that

the maximum possible power loss at any speed is the rated power loss, lrnP . It is seen from Fig.

5.2 that the maximum current requirement happens at zero speed for a motor drive operating

with constant power loss. Core losses are zero at zero speed. Therefore, at zero speed,

2
smnsnlrn IRP = (8.35)

where smnI is the maximum possible current. It can be concluded from (8.34) and (8.35) that,
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smnsn ρ++= (8.36)

The maximum current can be calculated from (8.36) as:

5.0

cnsn

2
srn

cnsn

2

smn )
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RR

1((I +ρ+= (8.37)

The ratio of maximum current to rated current can be written as given below using (8.37),

5.0

srn

smn )1(
I

I α+= (8.38)

where,

cnsn
2
srncnsn

2

RRI

1

RR
+ρ=α (8.39)

The ratio of maximum current to rated current for the prototype PMSM drive described in

Appendix I is 1.35 as calculated from equation (8.38). Therefore, the maximum possible current

for the prototype machine is 35% above rated torque for operation at a load duty cycle of 1 at

zero speed. This maximum current requirement remains valid at very low speeds as well. This

is due to the fact that maximum current vs. speed profile of a machine does not drop off

significantly at very low speeds. This can be seen from Fig. 3.2.

8.6 MAXIMUM POSSIBLE TORQUE AS A FUNCTION OF FLUX LINKAGES

The mutual flux linkages control strategy, described in section 2 of Chapter 6, imposes a

maximum permissible torque emnT on the system. This maximum torque is dependent on the

mutual flux linkages, mnλ , and decreases nonlinearly as the mutual flux linkages decreases. In

this section emnT is computed as a function of mnλ and ρ . The following three characteristics

of the system have been implicitly utilized in the derivations,
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1>ρ (8.40)

0Idn < (8.41)

10 mn ≤λ≤ ,p.u. (8.42)

The basic equations for computing the current pair }I,I{ qndn from },T{ mnen λ are,

dnqnqnen II)1(IT ρ−+= (8.43)
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mn )I()1I( ρ++=λ (8.44)

Equation (8.43) yields,
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+ρ−
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Inserting (8.45) into (8.44), and rearranging the result, yields,

2
dn

2
dn

2
mn

2
en ]1I)1][()I1([)T( +ρ−+−λ=ρ (8.46)

The following variable changes simplify the derivations,

xI1 dn =+ (8.47)

yTen =ρ (8.48)

Substituting (8.47) and (8.48) into (8.46) yields,

222
mn

2 ]1)1x)(1].[(x[y +−ρ−−λ= (8.49)

The final form of (8.49) can be expressed as,

222
mn

2 ]1x].[x[y α++α−−λ= (8.50)

where α is given by,

1−ρ=α (8.51)
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The mutual flux linkages and α can be dealt with as constants, and x can be considered the

independent variable of equation (8.50). Differentiating 2y with respect to x, and equating it to

zero, yields the px for which 2y is at an extremum. The extremum of enT can then be

computed from that of 2y . The differential of equation (8.50) has two zeros of which only one

yields a positive value for 2y . Solution of the problem yields the following equation from

which px can be computed.

1x0xx2 p
2
mnp

2
p ≤=λ+β+− (8.52)

where,

1−ρ
ρ=β (8.53)

Finally, the following equation provides the maximum permissible torque, emnT , as a function of

the mutual flux linkages, motor parameters and px .

]1
x

.[]x[T p2

1
2
p

2
mnemn +

β
−−λ= (8.54)

In brief, equation (8.52) provides px , from which equation (8.54) yields the maximum torque for

a given mutual flux linkages. Figure 6.1 is prepared using the procedure described above, but

the variables are plotted using the rated values of each variable as base value.

8.7 GENERALIZED PERFORMANCE CHARACTERISTICS

One of the applications of the new normalization techniques is in generating performance

characteristics that are applicable to a wide range of PMSM drives. For example the current vs.

torque relationship for the maximum torque per unit current control strategy only depends on the

saliency ratio, ρ , when normalized using the new normalization technique. This is evident from

equations (8.13) and (8.24). Therefore, this relationship is applicable to all PMSM with a given

ρ . Fig. 8.1 shows the normalized current, air gap flux linkages, power factor and d-axis current

vs. torque for the maximum torque per unit current control strategy for saliency ratios of 1, 2 and

3. This range of saliency ratio covers the full range of commercial PMSM.
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Fig. 8.1. Generalized application characteristics for PMSM with 3,2,1=ρ for the maximum

torque per unit current control strategy.
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Note that 1 p.u. of a variable shown in Fig. 8.1 does not correspond to the rated value of the

respective variable. For example 1 p.u. of current and torque as shown in Fig. 8.1 correspond to

17.6 A and 6.5 N.m., respectively, if applied to the prototype motor drive used in this

dissertation. The equivalence of 1 p.u. for each variable can be derived using the base values

described in equations (8.15) to (8.18). The rated current and torque for the prototype motor

drive used in this dissertation are 6.6 A and 2.4 N.m., respectively. Therefore, the rated current

and torque correspond to 0.375 and 0.37 p.u., respectively, in Fig. 8.1.

One of the distinct conclusions that can be made from Fig. 8.1 is that the power factor for

PMSM with the maximum torque per unit current control strategy is not affected very much by

the saliency ratio. The power factor shown in Fig. 8.1 is calculated assuming that the difference

between the back emf and the phase voltage is negligible. It is also seen that the current required

at any given torque decreases as the saliency ratio increases, and the required magnitude of d-

axis current increases at the same time. Fig. 8.2 shows the same performance characteristics as

shown in Fig. 8.1 but with the zero d-axis current control strategy. It is seen here that the power

factor drops significantly as the saliency ratio increases for the zero d-axis current control

strategy. The current vs. torque characteristic is not affected by saliency ratio in this case.
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Fig. 8.2. Generalized application characteristics for PMSM with 3,2,1=ρ for the

zero d-axis current control strategy.
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8.8 CONCLUSIONS

A new normalization technique is introduced in this chapter. The magnet flux linkages and d-

axis inductance are chosen as base values so that these two parameters are eliminated from all

equations. This normalization technique simplifies the analysis and simulation of a PMSM

motor drive. Comparison to other normalization techniques shows the superiority of the new

technique. Analytical terms for the maximum torque vs. speed envelopes for the ME, MTPC,

ZDAC, UPF, CMFL and CBE control strategies are derived in this chapter using the new

normalization technique. The maximum continuous current requirement of a motor drive

operating with constant power loss is derived as a function of the motor’s rated current. The

maximum possible torque as a function of desired mutual flux linkages is also derived. The new

normalization technique can be used to generate generalized application characteristics for

PMSM drives. This is demonstrated for the maximum torque per unit current and zero d-axis

current control strategies. It is clear through all these derivations that the new normalization

technique simplifies and facilitates the analysis and simulation of high performance PMSM

drives.

The contributions of this chapter are summarized below:

• Introduction of a new normalization technique

• Derivation of the maximum torque vs. speed envelopes for the ME, MTPC, ZDAC, CMFL,

UPF, CBE control strategies operating with constant power loss

• Derivation of the maximum current requirement of a PMSM drive with constant power loss

• Derivation of the maximum possible torque for a given mutual flux linkages

• Introduction of generalized application characteristics for PMSM drives
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CHAPTER 9

Conclusions and Recommendations for Future Work

9.1 CONCLUSIONS

The main achievements of this dissertation are summarized below:

• Analysis of the operational boundary of variable speed PMSM drives

• Introduction of a control strategy that automatically limits the operational boundary of a

motor drive

• Analysis and comparison of different strategies for high performance control of PMSM

• Introduction of implementation techniques for concurrent mutual flux linkages and torque

control in the flux weakening range of operation for PMSM

• Introduction of implementation techniques for concurrent mutual flux linkages and torque

control in the flux weakening range of operation for PMSM in the presence of parameter

variations

• Introduction of a normalization technique that simplifies the analysis and simulation of

PMSM drive performance.

The traditional method of defining and implementing the operational boundary of a motor drive

is to limit torque and power to rated values. It is shown here that the traditional method results in

under-utilization of the machine and puts the system at risk of excessive power losses. The

constant power loss concept is introduced and analyzed here as the correct basis for defining and

studying the operational boundary of any motor drive. The implementation strategy for the

proposed scheme is developed. All major control strategies for linear torque control for PMSM

are analyzed and compared based on the constant power loss concept. The ME, MTPC, ZDAC,

UPF and CMFL control strategies are the main possible choices for the lower than base speed

operating range. The CBE and SSV control strategies are the main possible choices for the

higher than base speed operating range. Each set of control strategies results in a unique
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operational boundary and performance. Therefore, the comparison provided in this dissertation

allows for choosing the optimal control strategy for a particular application.

The implementation of the constant power loss controller is achieved using a feedback loop

around a linear torque controller for PMSM. The area of implementation strategies for linear

torque control in the lower than base speed operating range has been adequately covered in the

literature. The area of torque control in the flux weakening range is revisited here. Practical

implementation strategies for the concurrent flux weakening and torque control for PMSM are

introduced in this dissertation. Also, implementation strategies for the concurrent flux

weakening and torque control in the presence of parameter variation are presented.

A new normalization technique is introduced that simplifies the analysis of PMSM motor

drives. The new normalization technique is shown to simplify the performance analysis for

PMSM drives. All derivations and simulations presented in this dissertation are performed using

the new normalization technique.

The contributions of this dissertation are summarized below:

• A constant power loss (CPL) based control strategy to obtain the maximum torque vs. speed

envelope

• An implementation scheme for the proposed constant power loss controller

• Calculation of the appropriate power loss command and maximum torque for the CPL

controller applied to applications with cyclic loads

• Comparison of maximum possible torque as a function of maximum possible power loss for

different applications with cyclic loads

• Performance analysis of different control strategies for PMSM along the constant power loss

operational envelope

• Comparison of control strategies along the constant power loss operational envelope

• Comparison of control strategies inside the constant power loss operational envelope

• Derivation of maximum speed, current and torque as a function of maximum power loss and

machine parameters
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• Introduction of two practical implementation schemes, based on lookup tables or equations,

for the concurrent mutual flux linkages weakening and torque control for PMSM

• Analysis of the maximum possible torque as a function of the desired mutual flux linkages

• Procedure for computing the current vector compensation offset using lookup tables or neural

networks for high performance control of PMSM in the presence of parameter variations

• Introduction of a new normalization technique that simplifies the analysis and simulation

PMSM drive performance

• Derivation of the maximum torque vs. speed envelopes for the ME, MTPC, ZDAC, CMFL,

UPF, CBE control strategies operating with constant power loss

• Introduction of generalized application characteristics for PMSM drives using the new

normalization technique

• Experimental verification of key results

9.2 RECOMMENDATIONS FOR FUTURE WORK

The concepts presented in this dissertation are all demonstrated using PMSM drives. However,

all of these concepts equally apply to all motor drives. The next major step is to apply the

constant power loss controller to high performance PM brushless dc, induction, switched

reluctance and synchronous reluctance drives. The performance of different control strategies

for these motor drives need to be analyzed and compared based on the constant power loss

concept. Also, the implementation schemes presented here for concurrent flux weakening and

torque control for PMSM should be applied to the other types of drives mentioned above.
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APPENDIX I

Prototype PMSM Drive

A high performance prototype PMSM drive is utilized in experimentally verifying the key

results of this dissertation. The prototype is assembled on bread-board, and is developed entirely

in hardware with no software programmable components. The motor drive block diagram is

shown in Fig. 3.3. A 16 bit resolver to digital converter is used to generate rotor position

feedback. Only 8 bits of this feedback are utilized in practice. The speed feedback is derived by

filtering the least significant bit of the resolver to digital output. The torque command is

digitized using 8 bits, and the speed feedback is digitized using 5 bits. The digitized torque and

speed are the inputs to two 8 kb EEPROMs. Each of these EEPROMs outputs an 8 bit command

for current magnitude and angle with respect to rotor, respectively. A desired control strategy

must be written into these EEPROMs. A vector rotator uses the position feedback and the digital

values for current magnitude and angle commands to generate phase a, b and c current

commands. Phase a, b and c current commands are then enforced on the machine using three

independent 10 kHz PWM current controllers. Current feedback is provided by two LEM

modules. The power stage uses six IGBTs (600V, 50A), and is capable of handling 10 Amperes

at 250 Volts.

The interior PMSM parameters are:

qL = 12.5 mH, dL = 5.7 mH, afλ = 123 mWeber-turns, P= 4, sR = 1.2 Ω , cR = 416 Ohms,

dcV = 118 Volts (Bus voltage).

The rated values of the system are given below:

speed = 3500 RPM, current = 6.6 A, torque = 2.4 N.m., power = 890 W, power loss = 121 W,

core losses at rated operating point = 43 W, copper losses at rated operating point = 78 W.

Combined motor and load inertia=0.0019 Kg. 2m , friction coefficient=2.7e-4 N.m./Rad/s.
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APPENDIX II

Measurement of PMSM Parameters

The parameters of the PMSM described in Appendix I are measured as described below:

sR : The phase resistance is measured by dividing the line to line resistance by two. The line to

line resistance is measured by applying a known current and measuring the voltage drop across

the line to line terminal, or using an Ohm meter.

afλλλλ : The machine is back driven at a known speed. The peak of the line to line voltage divided

by square root of 3 is the phase back emf in this case. Rotor flux linkages can then be calculated

using the following equation,

ω
=λ E

af (1)

cR : First the PMSM, with leads open, is back driven at a relatively low speed using a dc motor.

Any speed in the range of 100 to 300 RPM is fine. A relatively low speed is chosen so that only

a negligible magnitude of core losses is present. Then the power input to the dc motor is

measured. This input power is almost entirely indicative of the sum of copper and brush losses

on the dc motor and net friction losses. The friction losses can then be calculated by subtracting

dc motor copper and brush losses from the net input power to the dc motor. Note that the dc

motor current and phase resistance are known. Brush losses are negligible in this case. The

friction torque of the combined dc and PMSM setup can be calculated by dividing the estimated

friction losses by speed. Then the PMSM is back driven at 3500 RPM (rated speed) using the

same dc motor. The power input to the dc motor at 3500 RPM is the sum of copper losses of the

dc motor, friction losses, core losses of PMSM and windage losses. The friction losses can be

estimated by multiplying speed with the friction torque calculated before. The windage losses of

the dc motor is assumed to be negligible. The windage losses of the PMSM is estimated using
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the viscous damping coefficient (N.m./kRPM) given in manufacturer’s data sheets. The input

power to the dc motor net of dc motor copper losses, friction losses and windage losses of

PMSM is core losses of the PMSM. The core loss resistance, as defined in Fig. 3.1, can then be

calculated using the following equation,

l

22
af

c P

5.1
R

ωλ= (2)

where lP is defined here as being the net core loss calculated earlier.

qL and dL : q and d-axis inductances are measured by shorting phases b and c of a PMSM, and

measuring inductance across phases a and b while the rotor is locked. With phases b and c

shorted, the d-axis current in rotor reference fame is eliminated assuming that the q-axis of the

rotor is aligned with phase a. Therefore, the d-axis portion of the PMSM electrical model does

not contain any useful information in this case as back emf is also zero. The electrical model of

the machine can then be described as given below,

aqrass iLiRv ω+= (3)

Note that the q-axis and phase a currents are the same in this case. The q-axis of the rotor can be

aligned with phase a by finding the rotor position that yields minimum peak to peak current in

response to a fixed sinusoidal voltage input applied to phases a and b. Once this minimum peak

to peak current in known qL can be identified using the following equation,

2
s

2
r

2
q

2

pp

pp
RL)

I

V
( +ω= (4)

where ppV and ppI are the peak to peak values of the input voltage and phase a current,

respectively, and rω is the frequency of input voltage times π2 . Alternatively, qL , can be

estimated by measuring the electrical time constant of the system using the following equation,

s

q
ll R

L
=τ (5)
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Note that the rotor must be locked while making all measurements described above. The same

procedure as described above yields dL if the rotor position is such that ppI is maximized in

response to a fixed sinusoidal voltage input.

The lowest possible frequency for the input voltage yields the most accurate estimation of

inductance since the impact of core losses are minimum at lower frequencies. A frequency of 60

Hz is chosen in the case of this dissertation. Therefore, the inductance measurements are subject

to some degree of error due to core losses. Core losses cause discrepancies between the

measured and actual parameters while using the electrical time constant technique for the

measurement of inductance as well. This is especially true when measuring dL where the rate

of rise of current in response to a step input voltage is maximum.
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Summary This paper presents a comparison between two control strategies for Permanent Magnet Synchronous Motors (PMSM): 
Field Oriented Control (FOC) and Direct Torque Control (DTC). These two strategies can be considered among the family of Vector 
Control (VC) methods and provide a solution for high-performance drives. This paper presents the implementation of both strategies 
in PMSM drives. Advantages and disadvantages of both methods are discussed and different simulation tests are performed to 
illustrate the features of both methods. The criteria followed to establish a fair comparison between both control methods is also 
presented. 
 
 
1. INTRODUCTION 
 

The main feature of Synchronous Motors (SM) is 
the fact that the rotating speed of the rotor is equal to the 
frequency of the supply voltage divided by the number 
of pole pairs. The rotor of the synchronous motor can be 
built using an electrically excited winding or 
alternatively a Permanent Magnet (PM). In the second 
case, the resulting motor is called Permanent Magnet 
Synchronous Motor (PMSM). 

Induction Motors (IM) are nowadays dominating the 
drive market and have substituted the DC motor in high 
performance applications where variable speed and 
torque control is needed. Nevertheless, PMSM are 
gaining market since the introduction of new materials 
like neodymium-iron-boron (NdFeB) in 1983. The main 
advantages of PMSM are [1, 2]:   
• Absence of brushes and slip rings, lower maintenance 

is required. 
• Lower inertia and better dynamic performance. 
• Higher efficiency, there are no rotor losses. 
• Higher power/weight ratio.  
These merits are counterbalanced by the higher cost and 
the variation of the PM properties during time and with 
temperature. PMSM are currently employed in 
applications where high acceleration and precise control 
is required such as robotics and machine tools. 
The control of the IM and the PMSM is not a trivial 
matter when compared to the DC motor. Only after the 
introduction of the Vector Control (VC) concept in the 
early 70’s a precise control method for both steady-state 
and transients was available. The first and most popular 
VC method was Field Oriented Control (FOC) [3]. 
Later in mid 80’s a new VC method appeared to become 
an alternative to FOC. This method was born in parallel 
with two different names: Direct Torque Control (DTC) 
[4] and Direct Self control (DSC) [5]. The main feature 
of DTC is the high performance achieved with a simpler 
structure and control diagram. Both methods, FOC and 
DTC, achieve decoupled control of torque and flux and 
they were first implemented in the control of IM drives. 
More recently and due to their success FOC and DTC 
were also applied to PMSM drives [6, 7]. 

The aim of this paper is to compare the performance 
of both FOC and DTC when applied to PMSM drives 
and point out the strengths and weaknesses that can help 
to make a choice between them for a particular 
application. This kind of comparison has already been 
made for IM drives [8]. When analysing both methods it 
is very important to establish the conditions to have a 
fair comparison between them.  

The paper starts by presenting the PMSM model and 
the operating principles of FOC and DTC. This is 
followed by an explanation of the comparative analysis 
and simulation tests performed. Finally the main 
characteristics, advantages and disadvantages of both 
methods are shown and discussed in the results of the 
simulation tests. 
 
2. PMSM MODEL 
 

The mathematical model of the PMSM is generally 
presented in a rotating d-q frame fixed to the rotor. The 
resulting model is described by the following equations: 
 
 sd sd sdL iψ = + Ψ  (1) 
 sq sq sqL iψ =  (2) 

 sd
sd s sd sd r sq sq

di
v R i L L i

dt
ω= + −  (3) 

 ( )sq
sq s sq sq r sd sd

di
v R i L L i

dt
ω= + + + Ψ  (4)  

 ( )3
2e sd sq sq sdP i iψ ψΓ = −  (5) 

 
where sdψ , sqψ , sdv , sqv , sdi and sqi are respectively 

the motor fluxes, voltages and currents in d-q 
coordinates; rω  is the electrical angular speed and eΓ  is 
the electromagnetic torque. Regarding the motor 
parameters, Ψ  is the flux of the permanent magnet, P is 
the number of pole pairs, sR  is the stator resistance and 
the stator inductance can be divided into two different 
components sdL  and sqL  due to the particularities of 

the PMSM. If the motor has Surface Mounted (SM) 
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PM, both inductances have similar values and for 
simplification they can be considered equal. The model 
is completed with the mechanical equation, which is 
defined as: 
 

 m
e l m

d
J B

dt
ω ω= Γ − Γ −  (6) 

 r mPω ω=  (7) 
 
where J is the inertia of the motor and coupled load, lΓ  
is the load torque, B is the friction coefficient and �m is 
the mechanical angular speed. 

In order to understand the torque production in the 
PMSM (5) can be rewritten to obtain an expression of 
the torque as a function of the stator flux and the PM 
flux: 
 

 3 sin
2

s
e

s

P
L

ψ δΨΓ =  (8) 

 
It can be seen from (8) that the torque produced depends 
on the amplitude of the stator flux, the PM flux and the 
angle between both fluxes. It can also be concluded that 
maximum torque is produced when the angle between 
both fluxes is 90 degrees. Fig. 1 shows a vector diagram 
of the fluxes in the cross section of the motor. 
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Fig. 1. Vector diagram of the PMSM cross section 

 
3. FIELD ORIENTED CONTROL 
 

Similarly to the IM, in the PMSM a decoupled 
control of the torque and flux magnitudes can be 
achieved, emulating a DC motor, by means of the FOC 
strategy [9]. This is done using the d-q transformation 
that separates the components d and q of the stator 
current responsible for flux and torque production 
respectively. Due to the presence of the constant flux of 
the permanent magnet, there is no need to generate flux 
by means of the isd current, and this current can be kept 
to a zero value, which in turns decreases the stator 
current and increases the efficiency of the drive. The 

control scheme of the FOC strategy is shown in Fig. 2: 

 
Fig. 2. FOC control scheme for PMSM 

 
The control system is divided into three different 

loops: the d loop, which controls the flux; and the q 
loops, which control the speed and torque. The d loop 
performs the control of isd with a current PI regulator. 
The reference value for this loop can be set to 0. The q 
loops are connected in cascade. The inner loop controls 
the torque by means of controlling isq with a current PI 
regulator. The fact that the torque can be controlled by 
means of isq comes from the following simplification of 
(5), valid for Surface Mounted (SM) PMSM: 
 

 3
2e sqP iΓ = Ψ  (9) 

 
The reference for this inner loop is given by the speed 
PI regulator of the outer loop. From the voltage 
equations of the PMSM model (3) and (4) it can be seen 
that d and q axis are not completely independent and 
there are coupling terms which depend on the current 
from the other axis. To achieve completely independent 
regulation it is necessary to cancel the effect of these 
coupling terms at the output of the current PI regulator 
(see Fig.2). The use of decoupling achieves the 
linearization of the control system as well as higher 
dynamics. 
 
4. DIRECT TORQUE CONTROL 
 

The DTC principle can be explained by means of 
equation (8). Considering the modulus of the stator flux 
constant, torque can be controlled by changing the 
relative angle between the stator flux and the PM flux 
vectors. Stator flux can be adjusted by means of the 
stator voltage according to the stator voltage equation in 
stator fixed coordinates: 
 

 s
s s s

d
u R i

dt
ψ= +
rrr

 (10) 

If the voltage drop in the stator resistance is neglected 
the variation of the stator flux is directly proportional to 
the stator voltage applied: 
 

 s
s s s

d
u u t

dt
ψ ψ∆ ∆
r

rr r
; ;  (11) 

Thus torque can be controlled by quickly varying the 
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stator flux position by means of the stator voltage 
applied to the motor. The desired decoupled control of 
the stator flux modulus and torque is achieved by acting 
on the radial (x) and tangential (y) components 
respectively of the stator flux vector. According to (11) 
these two components will depend on the components 
of the stator voltage vector applied in the same 
directions. The tangential component of the stator 
voltage will affect the relative angle between the PM 
flux and the stator flux vectors and in turns will control 
the torque variation according to (8). The radial 
component will affect the amplitude of the stator flux 
vector. 
Fig. 3 shows the stator flux in the �-� plane, and the 
effect of the different states of a two-level VSI 
regarding torque and stator flux modulus variation. The 
�-� plane is divided into six different sectors 
(K=1,…,6). As an example, for sector 1 (K=1), V2 can 
increase both stator flux and torque.  

 
Fig. 3. Influence of the voltage vector selected on the variation 

of stator flux modulus and torque 
 

Following all the considerations made, the control 
scheme of DTC for PMSM is developed as shown in 
Fig. 4. As it can be seen, there are two different loops 
corresponding to the magnitudes of the stator flux 
modulus and torque. The reference values for the stator 
flux modulus and the torque are compared with the 
estimated values, the resulting error values are fed into 
two and three-level hysteresis blocks respectively. In [7] 
the hysteresis block for torque error has only two levels 
and zero vectors are never selected. This choice 
produces a considerable torque ripple that can be 
reduced using the classical approach of [4]. The outputs 
of the stator flux error and torque error hysteresis 
blocks, together with the sector position of the stator 
flux are used as inputs to the look-up table (Tab. 1). The 
sector position is found according to Fig. 3 and defining 
the stator flux vector in a polar way as follows: 

 sj
s se

γψ ψ=r
 (12) 

 
The output of the look-up table is the VSI state that will 
be applied during a sampling period. The stator flux 
modulus and torque errors tend to be restricted within 

their respective hysteresis bands. 
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Fig. 4. DTC control scheme for PMSM 

 
 

Tab. 1. Classical DTC look-up table 
( )sK γ  1 2 3 4 5 6 

1dΓ =  V2 V3 V4 V5 V6 V1 

0dΓ =  V7 V0 V7 V0 V7 V0 1dψ =  

1dΓ = −  V6 V1 V2 V3 V4 V5 
1dΓ =  V3 V4 V5 V6 V1 V2 

0dΓ =  V0 V7 V0 V7 V0 V7 1dψ = −  

1dΓ = −  V5 V6 V1 V2 V3 V4 

 
Regarding the stator flux reference value, it can be 

fixed to the nominal value or be variable in order to 
make isd=0 using the following expression: 
 

 2 2 2
s sq sqL iψ = Ψ +  (13) 

 
Additionally, DTC requires the estimation of stator flux 
and torque. In a sensorless implementation without 
position sensor this estimation can be performed by 
means of two stator phase currents, the state of the VSI 
and the voltage level in the DC-link. In the classical 
DTC this estimation is based on the integration of the 
stator voltage equation: 
 

 ( )s s s su R i dtψ = −�
rr r

 (14) 

 
A different possibility when the position sensor is 

available is to use two phase currents and the rotor 
position. This estimator will use equations (1) and (2) to 
estimate the stator flux. These equations are expressed 
in d-q coordinates and some transformations are 
therefore necessary.  First the current has to be 
transformed from three-axes fixed coordinates to d-q 
coordinates. Once the stator flux is calculated in d-q 
coordinates it has to be transformed to �-� coordinates. 
Finally the modulus and argument of the stator flux can 
be calculated from the �-� components. Once the stator 
flux is obtained, equation (5) can be used to estimate the 
torque value. 

It can be said to conclude that the lower inductance 
of the PMSM when compared to the IM has as a result 
higher torque ripples due to the quicker variation of 
current when DTC is employed. In order to compensate 
this problem lower sampling time has to be used to 
reduce the torque ripple to an acceptable level. 
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5. COMPARISON BETWEEN FOC AND DTC 
 

In order to carry out a comparative analysis of FOC 
and DTC, the behaviour of both methods during 
transients and steady-state operation must be studied. 
Regarding transients the main characteristic to be 
analysed is the time response to a torque step. This test 
can be performed at different speeds. For the steady-
state performance, two different characteristics can be 
analysed regarding flux and torque responses: the 
average error as defined in (15) and the oscillation or 
ripple in the torque and stator flux that can be calculated 
by means of the standard deviation as defined in (16) 
(being n the number of samples): 
 

 
1

1 n

i
i

e e
n =

= �  (15) 

 ( )
1/ 2

2

1

1
1

n

i
i

e e
n

σ
=

� �
= −� �
� �−� �

�  (16) 

 
Another interesting feature in steady-state operation 

is the distortion of the stator phase currents. This can be 
evaluated by means of the current spectrum and the 
Total Harmonic Distortion (THD). The presence of 
harmonics in the audible noise band can be noticed from 
this analysis. 

In [8], where both control methods are compared for 
the IM, it is discussed how FOC and DTC can be fairly 
compared. The authors claim that a fair comparison can 
only be made if the average switching frequency of the 
inverter is approximately the same. In FOC the 
switching frequency is adjusted by the PWM period. 
DTC, however, has variable frequency due to the 
hysteresis blocks, which depends on the operating point. 
The variation of the switching frequency depending on 
the speed and load torque is illustrated in Fig. 5.  

0
2

4
6

50
100

150
200

250
300

3000

3200

3400

3600

3800

4000

Speed [rad/s]Load Torque [Nm]

S
w

itc
h

in
g 

fre
q

ue
n

cy
 [H

z]

 
Fig. 5. Variation of switching frequency in DTC of PMSM for 

steady-state depending on the operating point 
 

Fig. 6 presents the variation of the switching 
frequency during a transient, when a step change of the 
load torque at 0 rad/s speed occurs. During this transient 
torque error is bigger and active VSI vectors are applied 
for longer time, reducing the switching frequency. 

In order to have similar switching frequency in the 
DTC and FOC systems the hysteresis bands of the DTC 
scheme must be adjusted. 
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Fig. 6. Variation of switching frequency during a transient in 

DTC 
 

In this case the values employed for the hysteresis 
bands are 2.5% for flux and 7.5% for torque. 

In [8] it is also said that the sampling time of the 
control loop cannot be equal in both systems. First of all 
equal sampling times would imply different switching 
frequencies. Secondly the main advantages of DTC are 
the simplicity and lower calculation requirements when 
compared to FOC, and therefore these advantages must 
be exploited to have a fair comparison.  

 
6. SIMULATION RESULTS 
 

Some simulation tests have been designed and 
executed to obtain comparative results of both systems. 
The parameters shown in Table 2 corresponding to a 
real motor have been used in the simulation model. The 
sampling time used in the control loop is 25�s for DTC 
and 100�s for FOC. In the FOC system the current PI 
regulators have been tuned using the Absolute Value 
Optimum (AVO) criterion (Kp=8.86, Ki=778.6), and the 
Symmetric Optimum (SO) criterion has been used for 
the speed PI (Kp=0.0934, Ki=3.18) [10]. 

Tab. 2. PMSM characteristics (Siemens 1KF7) 
Nominal Output Power (Pn) 2135W 

Nominal Speed (�n) 3000rpm 
Nominal Torque (Mn) 6.8N·m 
Nominal Current (In) 4.4A 

Number of pole pairs (P) 4 
Stator resistance (Rs) 1.09Ohm 

Stator inductance (Lsd and Lsq) 0.0124H 
Inertia (J) 4.15e-4 Kg·m2 

Permanent Magnet Flux ( Ψ ) 0.1821Wb 

The first test performed is shown in Fig. 7. It 
consists on a torque step change from 0 to nominal 
torque at 3 different speeds. It can be seen how the 
response time is considerably smaller for DTC when 
compared to FOC. Table 3 contains the settling time of 
both systems. It can also be observed a higher torque 
ripple for DTC. 

Tab. 3. Torque settling time at different speeds 
Electrical speed DTC FOC 

0 rad/s 0.22ms 6ms 
300 rad/s 0.32ms 5ms 
1200 rad/s 1ms 15ms 
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Fig. 7. Torque transients for DTC (left) and FOC (right) at 

0 rad/s (up), 300 rad/s (middle) and 1200 rad/s (down) 
 

The second test performed for transient conditions 
consists on the response to a speed step change. Fig. 8 
shows the stator flux path in the �-� plane during the 
test. Fig. 9 shows the speed, torque, stator flux modulus, 
isd and isq responses. It can also be seen how the torque 
response for DTC performs a better tracking of its 
reference and as a result the rise time of the speed 
response is slightly smaller. It can also be noticed the 
higher ripple of the DTC system regarding the flux and 
torque responses. 
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Fig. 8. Stator flux circular path in �-� coordinates during the 

speed step response for DTC (left) and FOC (right) 
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Fig. 9. Torque and stator flux behaviour during a speed step 
change for DTC (left) and FOC (right) 

  

It can be seen in Fig. 9 how the higher torque ripple 
is not affecting the speed response due to the inertia of 
the motor. 

Some additional tests have been carried out to assess 
the behaviour of both systems in steady-state conditions. 
The torque and stator flux average errors and standard 
deviation have been calculated for both systems at 9 
different operation points obtained combining three 
different speeds (0, 150 and 300 rad/s) with three 
different levels of load torque (0, 3.4 and 6.8 Nm). The 
resulting values have been averaged and are presented 
in Table 4. They are presented as a percentage of the 
nominal values of the stator flux modulus and torque. 
 

Tab. 4. Steady-state performance indexes 
 DTC FOC 

Stator Flux 
Average Error 0.3% 0.1% 

Stator Flux 
Standard Deviation 4.85% 0.15% 

Torque 
Average Error 1.8% 0.08% 

Torque 
Standard Deviation 12.8% 2.81% 
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Fig. 10. Steady-state stator phase currents and harmonic spectrum at 150 rad/s and 3.4 Nm for DTC (left) and FOC (right) 
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Tab. 5. Summary of the comparison between FOC and DTC 

 
It can be seen how the FOC performance in steady-

state is considerable superior to DTC. The current 
distortion has also been analysed and Fig. 10 shows the 
stator phase currents in steady-state at 150 rad/s and 3.4 
Nm load. It can be seen that current distortion is 
considerably bigger for DTC and it is calculated the 
THD value, which is almost 10 times higher for DTC. 

Finally Table 5 presents a summary of the 
comparison between DTC and FOC not only regarding 
the performance but also considering the control 
structure and requirements of both systems. 
 
7. CONCLUSION 
 

This paper has presented a comparison between two 
vector control methods for PMSM drives: FOC and 
DTC. Both methods provide a decoupled control of 
torque and flux during transients and steady-state. The 
description of both control schemes and their principle 
of operation has been presented. The criterions for a fair 
comparison between FOC and DTC have been 
established and the results of simulation tests have been 
presented to show the performance of both methods in 
various conditions. Summarising, it can be said that 
both methods provide a high performance response with 
quicker torque dynamics in the case of DTC and better 
steady-state behaviour for FOC. Depending on the 
requirements of a particular application one method can 
be more convenient than the other. 
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 DTC FOC 
Dynamic response for 

torque Quicker Slower 

Steady-state behaviour for 
torque, stator flux and 

currents 
High ripple and distortion Low ripple and distortion 

Parameter sensitivity • For a sensorless estimator: Rs 
• For a non-sensorless estimator: Lsd, Lsq and Ψ  

Decoupling depends on Lsd, Lsq and Ψ  

Requirement of rotor 
position No Yes 

Current control No Yes 
PWM modulator No Yes 

Coordinate transformation No Yes 

Switching frequency Variable, depending on the operating point and 
during transients Constant 

Audible noise Spread spectrum, high noise especially at low speed Low noise at a fixed frequency 
Control tuning Hysteresis bands PI gains 

Complexity and processing 
requirements Lower Higher 
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Abstract- This paper focuses on various aspects of Space Vector 
Modulation based Field Oriented Control of Trapezoidal 
Permanent Magnet Synchronous Motors. The purpose is to 
introduce in a concise manner the fundamental theory, main 
results and practical applications of Field Oriented Control 
(FOC) for Brushless DC motors. The primary focus is on 
controlling the motor in d-q axis using field oriented control 
technique along with the generation of space vector modulated 
pulses for the inverter driving the Brushless DC motor. This 
vector control method improves the system performance with low 
torque ripple, and high efficiency is also introduced thus making 
it suitable for immense applications employing electromechanical 
actuators.  
 

Keywords- Field-Oriented Control, SVPWM, PMSM, Brushless 
DC motors 

I. INTRODUCTION 

In the past few years the field of controlled electrical 
drives has undergone rapid expansion due to the technological 
improvements in semiconductor devices. New electronic 
microprocessors and DSPs which provide amazing 
computational speeds have enabled the development of 
effective vector controlled AC drives with lower power 
dissipation and more accurate control [1-9]. Brushless Direct 
Current (BLDC) motors are one of the motor types rapidly 
gaining popularity. BLDC motors are used in industries such 
as Appliances, Automotive, Aerospace, Consumer, Medical, 
Industrial Automation Equipment and Instrumentation. As the 
name implies, BLDC motors do not use brushes for 
commutation; instead, they are electronically commutated. 
BLDC motors have many advantages over brushed DC motors 
and induction motors. A few of these are: 

1.  Better speed versus torque characteristics 
2. High dynamic response 
3. Higher speed ranges 
4. Long operating life 
5. High efficiency 
6. Noiseless operation [1-11] 

         In addition, the ratio of torque delivered to the size of the 
motor is higher, making it useful in applications where space 
and weight are critical factors. [22] If the stator is fitted with a 
conventional three-Phase winding, the motor has a 
construction of standard permanent magnet synchronous 
machine and operates as a self controlled synchronous motor 

or inverted DC motor with electronic commutator [16]. This 
terminology ‘Brushless dc motor’ is becoming accepted for a 
self synchronous machine in which the air gap flux 
distribution and counter EMF, or back-EMF, waveform are 
approximately trapezoidal as in conventional dc machine. 
However, the standard permanent magnet synchronous motor, 
in which the air gap flux distribution and back-EMF are both 
sinusoidal, is sometimes classified as a sinusoidal brushless dc 
machine. Standard synchronous machine require sinusoidal 
current excitation, whereas the trapezoidal machine is 
energized with square-wave or quasi square-wave excitation. 
The cross-sectional view of a BLDC motor is as shown in 
Fig.1 [1]-[16]. 

 
 
 
 
 
 
 
 
 
 
 

Fig.1. Brushless DC motor cross-sectional view 
 

II. CONTROL OF BRUSHLESS DC MOTORS 

         Brushless dc motor consists of a permanent magnet, 
which rotates (the rotor), surrounded by three equally spaced 
windings, which are fixed (the stator). Current flow in each 
winding produces a magnetic field vector. By controlling 
currents in the three windings, a magnetic field of arbitrary 
direction and magnitude can be produced by the stator. Torque 
is then produced by the attraction or repulsion between this net 
stator field and the magnetic field of the rotor. For any 
position of the rotor, there is an specific direction of the net 
stator field, which gives maximum torque; there is also a 
direction, which will produce no torque. If the permanent 
magnet rotor is placed in the same direction as the field 
produces the net stator field, no torque is produced. The fields 
interact to produce a force, but because the force is in line with 
the axis of rotation of the rotor, it only serves to compress the 
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motor bearings, not to cause rotation. On the other hand, if the 
stator field is orthogonal to the field produced by the rotor, the 
magnetic forces work to turn the rotor and torque is 
maximized [1-4, 11]. 
 
 
 
 
 
   
 
 
 
       
 
 
 
 

Fig.2. Direct and orthogonal force components 
 
          A stator field with arbitrary direction and magnitude can 
be decomposed into components parallel and orthogonal to the 
rotor field as shown in fig 2. In this case, only the orthogonal 
component produces torque, while the parallel (direct) 
component produces useless compression forces. For this 
reason, an efficient brushless motor drive will function so as to 
minimize the direct component of the stator field and 
maximize the quadrature component. The back-EMF 
waveforms of Sinusoidal and Trapezoidal PMSM’s are shown 
in fig. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3. Trapezoidal and Sinusoidal back-EMF waveforms 
 
Dynamic Modeling of Brushless DC Motors 
         The Brushless DC machine is represented in the Fig.4. 
by a three-phase equivalent circuit, where each phase consists 
of stator resistance Rs, equivalent self inductance Ls, and a 
trapezoidal back-EMF source in series. The coupled circuit 
equations of the stator windings in terms of motor electrical 
constants can be written as follows 
 

 
 
 
 
 
 
 
 
 
 
 

Fig.4. Three Phase Equivalent Circuit for BLDCM 
                                                    (1)                                                  
 
We have                                                                                    (2)                       
 
Substituting above values (1) becomes 
 0 00 00 0       (3) 

 
Since 0 and with  we get 
 0 00 00 0       (4) 

 
Where R is the stator resistance per phase, assumed to be equal 
for all phases, Ls is the stator inductance per phase and M, the 
mutual inductance between the phases. ia ,ib ,ic are the stator 
current/phase. The instantaneous induced EMFs can be written 
as given in equation                                                                                                                         (5)                                                 
Where,  is the rotor mechanical speed and  is the rotor 
electrical position. The torque equation is given as 
                                (6) 
 
The equation of motion for simple system is,                                                              (7) 
 
Where J is the: inertia of the motor and B the coefficient of 
friction. The relation between angular velocity and angular 
position (electrical) is given by 
                                                                                        (8) 
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Where, P is the number of rotor poles. The state variable ( ), 
rotor position, is required to have the function , which is 
given as the trapezoidal function 
        1                                     0         3 

                                      3     2 3                                                                           1                                 2 3     
                  1                                          4 3                     32 6                4 3   5 3                      1                                    5 3   2           (9) 
 
Similarly                                                              (10)                                                              (11)  
         The induced EMFs do not have sharp corners, as is 
shown in trapezoidal functions.  The EMFs are the result of 
the flux linkages derivatives, and the flux linkages are 
continuous functions. Fringing also makes the flux density 
functions smooth with no abrupt edges. It is significant to 
observe that the phase-voltage equation is identical to the 
armature-voltage equation of a dc machine [4]-[5]. 
 

III. SVPWM BASED FIELD ORIENTED CONTROL 

         In Field Oriented Control, motor currents and voltages 
are manipulated in the d-q reference frame of the rotor. This 
means that measured motor currents must be mathematically 
transformed from the three-phase static reference frame of the 
stator windings to the two axis rotating d-q reference frame, 
prior to processing by the PI controllers. Similarly, the 
voltages to be applied to the motor are transformed from the d-
q frame of the rotor to the three phase reference frame of the 
stator before they can be used for PWM output as shown in 
Fig.5. These transformations generally require the fast math 
capability of a DSP or high performance processor that are the 
heart of Field Oriented Control. Although the reference frame 
transformations can be performed in a single step, they are 
best described as a two step process. The motor currents are 
first translated from the 120 degree physical frame of the  
 
 
 
 
 
 
 
 
 
 

 
 

Fig.5. Field Oriented Control Scheme 

motor stator windings to a fixed orthogonal reference frame. 
They are then translated from the stator fixed frame to the 
rotating frame of the rotor. Two P-I controllers are used; one 
for the direct current component, and one for quadrature 
current. The input to the controller for the direct current and 
has zero input. This drives the direct current component to 
zero and therefore forces the current space vector to be 
exclusively in the quadrature direction. 

Since only the quadrature current produces useful 
torque, this maximizes the torque efficiency of the system. The 
second P-I controller operates on quadrature current and takes 
the requested torque as input. This causes the quadrature 
current to track the requested torque, as desired. The outputs 
from the two P-I controllers represent a voltage space vector 
with respect to the rotor. Mirroring the transformation 
performed on motor currents, these static signals are processed 
by a series of reference frame transformations to produce 
voltage control signals for the output bridge. They are first 
translated from the rotating d-q frame of the rotor to the fixed 
x-y frame of the stator. The voltage signals are then converted 
from an orthogonal frame to the 120 degree physical frame of 
the U, V and W motor windings. This results in three voltage 
signals appropriate for control of the PWM output modulator.  

The space vector modulation (SVM) provides more 
efficient use of the bus voltage than the conventional 
sinusoidal pulse width modulation (SPWM) technique. The 
maximum output voltage based on the SVM is 1.15 times 
bigger than the conventional SPWM. The SVM considers the 
power circuit as one device which affects all six power 
switching devices because it controls the voltage vector. The 
inverter switching is done is such a way that one state remains 
for some time (say Ta) and is followed by another state for 
some time (say Tb) as shown in Fig.6. The remaining time out 
of one switching period (Ts) is filled with the application of 
vector Vo for time T0/2 and vector V7 for time T0/2.Thus a 
symmetrical space vector modulation is obtained.  

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.6. Space Voltage Vectors for Three Phase VSI 

 
Vref can be written as, 
                                                                 (12) 

348



                    0<θ<360             (13) 

From volt second balance condition we have,               (14)                                                                (15) 
 

One can generate any voltage vector laying inside the 
hexagon whose corners on the six active switching state 
vectors (V1-V6) in space vector modulation strategy, the 
inverter out net reference vector Vref can be approximated 
during a sampling time Δt = 1/(2fs) by a sequence of 3 space 
voltage vectors Va, Vb and VN, where Va and Vb are 2 of the 
adjacent six active vector V1....V6 VN is a zero vector Vo and 
V7 chosen in such a way to minimize the commutations in the 
inverter fs is the switching frequency. 

The fundamental weakness of sinusoidal 
commutation is that it attempts to control motor currents that 
are time variant in nature. This breaks down as speeds and 
frequencies go up due to the limited bandwidth of P-I 
controllers. Field Oriented Control solves this problem by 
controlling the current space vector directly in the d-q 
reference frame of the rotor. In the ideal case, the current 
space vector is fixed in magnitude and direction (quadrature) 
with respect to the rotor. Because the current space vector in 
the d-q reference frame is static, the P-I controllers operate on 
dc, rather than sinusoidal signals. This isolates the controllers 
from the time variant winding currents and voltages, and 
therefore eliminates the limitation of controller frequency 
response and phase shift on motor torque and speed. 

 
IV.       SIMULATION OF SVPWM BASED FOC FOR BLDC DRIVE 

The proposed technique was simulated using 
Matlab/Simulink®. Open loop simulation was done for 
generating the SVM pulses for the inverter bridge. The Space 
vector modulated pulses for the three upper switches is shown 
in Fig.7. A zoomed in view of the pulses from 1-1.5 seconds is 
as shown in Fig.8.  
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.7. Space vector modulated pulses 

The speed curve and torque response of the proposed 
model was to be obtained. The closed loop model was 

simulated and the corresponding back-EMF waveforms 
generated is as shown in Fig.9. Switches, MOSFET/Diodes 
were appropriately triggered using the SVM Pulses. The back-
EMF waveforms generated are as shown. Trapezoidal wave 
with amplitude of 7V was generated.  
 
 
 
 
 
 
 

 
 
 
 

Fig.8. Space vector modulated pulses- zoomed view 
 
 
 
 
 
 
 
 
 

 
 

Fig.9. Back-EMF waveforms 
 
The inverter input voltage was set to 28 V as per the 

motor specifications. The typical trapezoidal back-EMF wave 
forms of the BLDC motor obtained are as shown in Fig.9. The 
stator current waveforms obtained are shown in Fig.11. Peak 
current of 3.2 A is also obtained. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10. Stator current waveforms 
 

The steady state is achieved at 0.19 seconds with a 
maximum Torque ripple of 6 percent. This is very much 
reduced as compared to torque ripple present in Trapezoidal 
and Sinusoidal commutation schemes. The speed achieved is 
363 rpm at 0.19 seconds as shown in Fig.14 
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Fig.11. Stator current waveforms- zoomed in view 
The torque produced is as shown in Fig.12.The speed 

achieved is 363 rpm at 0.19 seconds as shown in Fig.14. 
 
 
 
 
 
 
 
 
 
\ 
 

Fig.12. Torque curve for SVPWM based FOC 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.13. Speed curve for SVPWM based FOC 
 

CONCLUSIONS 
         This paper has attempted to review fundamentals, 
advantages and practical applications of the Field Oriented 
Control for Brushless DC machines. It is hoped that this 
account will be of help to those who are interested in 
understanding the powerful capability of FOC for these special 
machines. Software simulation of space vector modulation 
based field oriented control was implemented using 
Matlab/Simulink®. The main focus of the work was to reduce 
the torque ripple that is inherent in conventional techniques. 
The steady state torque ripple was reduced to 6% .Rotor speed 
of 363 rpm (38 rad/s) was obtained at 0.19 seconds. Space 
vector modulated pulses with amplitude of 1V was generated. 
The back-EMF generated was 7V for a 28V DC input.  
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Abstract—This paper presents a comparative study on two most 

popular control strategies for Permanent Magnet Synchronous Motor 
(PMSM) drives: field-oriented control (FOC) and direct torque 
control (DTC). The comparison is based on various criteria including 
basic control characteristics, dynamic performance, and 
implementation complexity. The study is done by simulation using 
the Simulink Power System Blockset that allows a complete 
representation of the power section (inverter and PMSM) and the 
control system. The simulation and evaluation of both control 
strategies are performed using actual parameters of Permanent 
Magnet Synchronous Motor fed by an IGBT PWM inverter.                     

Keywords—PMSM, FOC, DTC, hysteresis, PWM.  

I. INTRODUCTION 
ERMANENT magnet (PM) synchronous motors have 
attracted increasing interest in recent years for industrial 

drive application. The high efficiency, high steady state torque 
density and simple controller of the PM motor drives 
compared with the induction motor drives make them a good 
alternative in certain applications. Moreover, the availability 
of low-cost power electronic devices and the improvement of 
PM characteristics enable the use of PM motors even in some 
more demanding applications [1].  

It is now recognized that the two high-performance control 
strategies for PMSM are field-oriented control (FOC) and 
direct torque control (DTC). They have been invented 
respectively in the 70’s and in the 80’s. These control 
strategies are different on the operation principle but their 
objectives are the same. They aim both to control effectively 
the motor torque and flux in order to force the motor to 
accurately track the command trajectory regardless of the 
machine and load parameter variation or any extraneous 
disturbances. Both control strategies have been successfully 
implemented in industrial products. 

 The supporters of field-oriented control and direct torque 
control claim the superiority of their strategy versus the other. 
Up to now, the question has not been clearly answered. The 
purpose of this paper is to present a comparative study on 
these two control strategies in order to clarify the “myth”. The 
comparison is based on various criteria including basic control 
characteristics, static and dynamic performance, and 
implementation complexity [2].   

II. THE MODEL OF PMSM 
The electrical and mechanical equations of the PMSM in 

the rotor reference (d-q ) frame are as follows [7]:  

1

qs
d d r q d

d d

s d
q q r d f r q

q q q

LRd I I I V
dt L L

R Ld I I I V
dt L L L

ω

ω ϕ ω

⎧
= − + +⎪

⎪
⎨
⎪ = − − − +
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                (1) 

fddd IL ϕϕ +=                                         (2)                   

qqq IL=ϕ                                             (3)                   
And the electromagnetic torque eC  is given by: 

)])[(
2
3

fqqdqde IIILLPC ϕ+−=                              (4)                   

The equation for the motor dynamics, on the other hand, is 

e r f
dC C C J
dt
Ω

− − =                                 (5) 

Ω= Pω                                          (6)   
           

Fig. 1 presents the model of PMSM in d-q axis: 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1 Functional schema of the Park model 

III. DESCRIPTION OF FIELD-ORIENTED CONTROL AND DIRECT 
TORQUE CONTROLS SCHEMES 

A. Field-Oriented Control System 
The primary principle in controlling a PMSM drive is based 

on field orientation. Since the magnetic flux generated from 
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the PM rotor is fixed in relation to the rotor shaft position, the 
flux position in the coordinates can be determined by the shaft 
position sensor. In (2), if 0=dI , the d-axis flux linkage dϕ  is 
fixed. Since fϕ   is constant for a PMSM, the electromagnetic 
torque is then proportional to qI which is determined by 
closed-loop control [8]. 

3
2

=e f qC P Iϕ                                  (7)  

Hence the representation follows: [4] 

qte IkC =                                        (8)                    

Where: 

3
2

=t fk Pϕ                                     (9) 

The rotor flux is produced only in the q axis while the 
current vector is generated in the axis in the field-oriented 
control. Since the generated motor torque is linearly 
proportional to the q-axis current, as the d-axis rotor flux is 
constant in (2), the maximum torque per ampere can be 
achieved [3]. 

Hysteresis PWM Current Control 
Hysteresis current control is a PWM technique, very simple 

to implement and taking care directly for the current control. 
The switching logic is realized by three hysteresis controllers, 
one for each phase. Fig. 2  

The hysteresis PWM current control, also known as bang-
bang control, is done in the three phases separately. Each 
controller determines the switching-state of one inverter half-
bridge in such a way that the corresponding current is 
maintained within a hysteresis band i Δ  [9]. 
 
 
 
 
 
 
 

 

 

 

 

Fig. 2  Hysteresis PWM, current control and switching logic 

The configuration of a field-oriented PMSM drive system 
with conventional cascade position and speed control is 
shown in Fig. 3.  

B. Direct Torque Control system 
Since M. Depenbrock and I. Takahashi proposed Direct 

Torque Control (DTC) for induction machines in the middle 
of 1980’s, more than one decade has passed. It is getting more 

and more popular nowadays. The basic idea of DTC for 
induction motor is to control the torque and flux linkageby 
selecting the voltage space vectors properly, which is based 
on the relationship between the slip frequency and torque.  

In the late 1990's, DTC techniques for the Permanent 
Magnet Synchronous Machine (PMSM) machines have 
appeared [4]. 

Fig. 4 shows a direct torque controlled PMSM drive system.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 3 System configuration of field-oriented PMSM 

Estimation of the Torque and the flux Linkage 
The basic principle of the DTC is to select proper 

voltage vectors using a pre-defined switching table.  
The selection is based on the hysteresis control of the 

stator flux linkage and the torque. In the basic form the 
stator flux linkage is estimated with: [5] 

( ) 0
0

( ) = − +∫
t

s s s st Vs R I dtϕ ϕ                         (10)                  

Where 0ϕ  is the initial value of the stator flux linkage.  

Let us replace the estimate of the stator voltage with the 
true value and write it as:  

( ) ( )2 /3 4 /3
0

2; ;
3

j j
S A B C A B CV S S S U S S e S eπ π= + +        (11)                   

Sa, Sb and Sc represent the states of the three phase 
legs 0 meaning that the phase is connected to the negative 
and 1 meaning that the phase is connected to the positive 
leg. 
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The stator current space vector is calculated from measured 
currents CBA iii ,, : 

( )2 /3 4 /32
3

J j
S A B Ci i i e i eπ π= + +                       (12) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4 System diagram of a typical DTC PMSM drive system 
 

 
The voltage vectors obtained this way are shown in Fig. 

5.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5 Voltage vectors for DTC 

The composite α  and β  of vector sϕ  can be obtained: 
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ϕ
                           (13)                             

Stator flux linkage written: 

( ) ( )22
= +s S Sα βϕ ϕ ϕ                             (14)          

The angle Sθ  is equal to: 

= S
S

S

arctg β

α

ϕ
θ

ϕ
                                       (15) 

The torque can then be estimated with: 

3 ( )
2e S S S SC P I Iα β β αϕ ϕ= −                          (16) 

The voltage vector plane is divided into six sectors so 
that each voltage vector divides each region into two equal 
parts. In each sector, four of the six non-zero voltage 
vectors may be used. Also zero sectors are allowed. All the 
possibilities can be tabulated into a switching table (Table 
I). The output of the torque hysteresis comparator is 
denoted as τ  , the output of the flux hysteresis comparator 
as φ  and the flux linkage sector is denoted as θ .  

The torque hysteresis comparator is a three valued 
comparator. 1−=τ  means that the actual value of the 
torque is abovethe reference and out of the hysteresis limit, 
and  1=τ  means that the actual value is below the 
reference and out of the hysteresis limit.  The flux 
hysteresis comparator is a two valued comparator. 0=φ  
means that the actual value of the flux linkage is above the 
reference and out of the hysteresis limit and 1=φ  means 
that the actual value of the flux linkage is below the 
reference and out of  the hysteresis limit [6].   

   
 TABLE I 

SWITCHING TABLE PRESENTED BY TAKAHASHI AND NOGUCHI 
θ , τ , φ  1θ  2θ  3θ  4θ  5θ  6θ  

1=τ  V2 V3 V4 V5 V6 V1 

0=τ  V7 V0 V7 V0 V7 V0 1=φ  

1−=τ  V6 V1 V2 V3 V4 V5 

1=τ  V3 V4 V5 V6 V1 V2 

0=τ  V0 V7 V0 V7 V0 V7 
0=φ

 
1−=τ  V5 V6 V1 V2 V3 V4 

 

IV. COMPARISON OF STATIC AND DYNAMIC PERFORMANCE 
In this section, static and dynamic performances of FOC 

and DTC schemes are obtained by simulation using the 
MATLAB/ Simulink Power System Blockset. 

Since the objective of the work is to compare the control 
strategies, the same power section is used in both systems. 

It is necessary to make a comparison of static and dynamic 
characteristics of both technical command and under the same 
operating conditions (reference, charges disturbance… etc.), 
and in the same configuration simulation (step sampling, time 
simulation,) 

In this paper we will present the advantages and 
disadvantages of each type of command, better command will 
be the one that best meets the requirement to know: 

 Best performance static and dynamic. 
 Best prosecution guidelines control. 
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 Best releases disturbance. 
 Insensitivity to changes in parameters. 

A. Comparison at the level of regulation speed 
Fig. 6 illustrates the simulation results of both technical 

command FOC hysteresis and the DTC, where to apply a 
torque load equal to 5N.m at t = 0.1s and a reference speed 
equal to 100 rad /s.  

It is noted that the FOC hysteresis presents a peak torque at 
startup larger than the DTC, and a torque of quick response 
due to application of the load at t = 0.1s, which allows the 
rapid rejection of the disturbance. 

At speed, we can see that the DTC has a high dynamic 
without overshoot, start-up, and the response time are reduced 
compared to the FOC hysteresis. 

For the answer stator flux, it reaches its reference value 
without overrun for the DTC, against the FOC hysteresis there 
is an overrun at startup. 

B. Test of Strength for Reversing Rotation of the Machine 
To test the robustness of both technical command at the 

reverse direction of rotation, it introduced a change in record 
speed reference +100 rad/s to -100 rad /s time t=0.1s after a 
torque load equal to 3 Nm. In Fig. 7, we can say that the 
continuation in speed is normally and without overrun for both 
technical commands (DTC and FOC). It notes that the FOC 
hysteresis presents a peak torque than the DTC.        

C. Test of Robustness for Load Change 
Fig. 8 represents speed, torque and Flux stator of the 

machine in case starter vacuum and a level of speed equal to 
100rad /s. 

At the moment t = 0.1s she applies a load torque equal to  
5N.m, then at t = 0.15s applying a load torque equal to  0N.m, 
we find that the Torque responds instantly, and that its speed 
reaches Reference after a small deformation reaches its 
reference after a small deformity in the case of FOC. By cons 
in the case of DTC speed reaches its reference after a 
considerable strain. The trajectory of the flux in ( ,α β ) 
reference is circular.  

V. COMPARISON BETWEEN THE DTC AND THE FOC 
The DTC does not necessitate any mechanical measure such 

as the one of speed or position of the machine; of more the 
sensitiveness to the machine parameters clearly is lessened in 
the case of the DTC, since the flow estimation is done 
according to a single parameter to know the resistance stator. 

In addition, PWM is replaced, in this order by a simple 
table of commutation which the return, so much easier. 
The order DTC has for advantages: 
• The reduction of the time of response of the couple.   
• The hardiness in comparison with the variation of the 

parameters of the machine and nutrition.   
• The direct imposition of the amplitude of the undulations 

of the couple and flow.   
• She adapts herself by nature to the absence of sensor  

Mechanical connected to the tree motor. She presents major 
problems: 
• The absence of mastery of the harmonic ones of couple. 
 

The check vector by orientation of the flux rotorique FOC 
was developed to eliminate internal coupling of the machine, 
provoking variations of the flux linkage to the Torque. 

The control vector by orientation of the flux rotorique 
presents a number of advantages: 
• To allow a decouplage between the flux and the torque 

rather simple, thus a wide beach of speed. 
 

And a number of inconveniences: 
• Weak hardiness to the variations Parametric and in 

particular to the one of the constant one of time rotorique.   
• Necessitated of a modulation one for the order come close 

to the inverter that provokes delays, especially down with 
frequency of modulation. 

 
                                          

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                              (a)                                                  (b) 
Fig. 6 Regulation of speed followed by an application of torque load 

at the t = 0.1 s 
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                    (a)  FOC                                         (b) DTC 
Fig. 7 Comparison of inversion speed 

(100rad/s, –100 rad/s) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

                        (a)  FOC                                         (b) DTC 

Fig. 8 Comparison at the variation torque load 

 

Table II, summary a comparative study of the performances 
between the order FOC and the DTC: 

 
 

TABLE II 
COMPARISON OF FOC AND DTC SCHEMES 

 FOC DTC 
Transformation Present Void 
Dynamics high high 
Robustness Robust Robust 
Speed sensor Necessary Less necessary 
Parameter 
sensitivity Big Average 

Control  close Necessary PWM Not of  PWM 

Découplage Necessitate 
orientation Natural 

Regulators 
Three stator 
regulator 
(Hysteresis) 

- Torque  
regulator 
- Flux regulator 

Behavior down 
speed Good not good 

          

TABLE III 
 PARAMETERS OF THE PMSM USED IN THIS PAPER 

Rated output power 1500 Wat 
Magnetic flux linkage 0.154 web 
Poles 3 
Stator resistance 1.4 Ω 
q-axis inductance 0.0058 H 
d-axis inductance  0.0066 H 
Inertia 0.00176 KG.M2 
friction Cœfficient  0.00038 N.M.S/ rad 

 

VI. CONCLUSION 
In this paper, main characteristics of field-oriented and 

direct torque control schemes for PMSM drives are studied by 
simulation with a view to highlighting the advantages and 
disadvantages of each approach. It is difficult to clearly state 
on the superiority of DTC versus FOC because of the balance 
of the merits of the two schemes.  

We one conclude that the vector order it better is adapted 
(load variation), and the responses with the DTC are quicker. 
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Abstract- The objective of this paper is to build a simple voltage and 

current controlled modulation techniques for brushless dc motors 

using PSIM. In electric traction and most other applications, a wide 

range of speed and torque control of the electric motor is required. 

The dc machine fulfills these requirements, but the dc machine 

requires constant maintenance. But the brushless permanent 

magnet motors do not have brushes and so they require less 

maintenance only. Brushless dc motors are widely used in 

applications which require wide range of speed and torque control 

because of its low inertia, fast response, high reliability and 

maintenance free. The current controlled technique is based on the 

generation of quasi- square wave currents using only one controller 

for the three phases. The current control strategy uses a triangular 

carrier for the power transistors which is simpler and more 

accurate than any other options. Its Implementation has been done 

in PSIM. PSIM is a soft computing technique which has user 

friendly approach and some basic theories, the corresponding 

PSIM models for the BLDC can easily can be constructed. 

Keywords- BLDC Motor, PSIM, FFT Analysis, Voltage Source 

Inverter (VSI), Total Harmonic Distortion (THD). 

I. INTRODUCTION 

The brushless dc motor (BLDCM) has found to be more 
efficient than the existing DC motor and induction motors due to 
the simplicity in control scheme, high power density, reliability, 
and maintenance free operation, BLDC motors are used in the 
field of industrial automation, Computer numerical control 
machines and in the field of robotics. The mechanical losses are 
minimized since no brushes and no mechanical commutator 
present in the motor. Nowadays, many studies have been 
focused on how to reduce the cost of the BLDC motor and its 
control system without performance degradation [1]–[4]. 

Due to the power electronic commutation, the usage of high 
frequency switching of power devices, imperfections in the 
stator and the associated control system, the input supply 
voltage to the motor contains various harmonics components. 
During its operation, high frequency components present in the 
voltage input will cause serious electromagnet interference 
(EMI) problem and the pulsating current input due to electronic 
commutation causes torque ripple. So an efficient controller is 
required to reduce the harmonics present in the input voltage to 

the motor and to reduce the pulsating variation of line current to 
the motor. 

Industry control systems often require that brushless DC 
motors possess low torque ripple coefficient. Generally, the 
causes of torque ripples of brushless motors include: cogging 
torque ripple, commutations torque ripple. Cogging torque 
ripple come from the interaction of teeth and slots with 
permanent magnet, usually it is reduced through rational motor 
structure, such as skewing stator teeth or rotor magnet poles, 
notching in teeth, shifting magnet poles pair, optimum ratio of 
pole arc to pole pitch [5-9]. Commutation torque ripple due to 
the exists of inductances of windings, which restrict the current 
rising speed of in-going phase and make current sunken during 
the interval of commutation. Renato etc analyzed the cause of 
commutation torque ripple analytically, and presented keeping 
the conduct current invariable by detecting phase currents solely 
so as to reduce the commutation torque ripple [10]. So we can 
improve the system performance that is we can reduce the 
torque ripples by using Voltage Controller, Current Controller. 

Hysteresis current control and pulse width modulation 
(PWM) control coupled with continuous control theory have 
produced the most widely used BLDC motor control techniques 
[11-14]. Hysteresis current control is essential toward achieving 
adequate servo performance, namely, instantaneous torque 
control, yielding faster speed response compared to PWM 
control. For most applications, proportional-integral (PI) current 
and speed compensators are sufficient to establish a well-
regulated speed/torque controller. In other cases, state feedback 
control is needed to achieve a more precise control of the BLDC 
motor. Classic control theory and linear system theory are well 
understood but are highly complex and require extensive control 
systems knowledge to develop a well-designed controller [15]. 

 
Discrete control theory allows for such controllers to be 

digitally implemented with microcontrollers, microprocessors, 
or digital signal processors (DSP’s). Digitizing analog 
controllers serves to add complexity to the overall design 
procedure [16], [17]. Moreover, digital implementation of a 
continuous control technique does not produce a digital 

978-1-4577-1583-9/ 12/ $26.00 © 2012 IEEE 
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controller. Instead, what results is a digitally implemented 
control technique, which typically results in high controller cost. 

PSIM is a simulation package specifically designed for 
power electronics and motor control. With fast simulation, 
friendly user interface and waveform processing, PSIM provides 
a powerful simulation environment for power converter 
analysis, control loop design, and motor drive system studies. 
PSIM supports links to third-party software like JMAG, 
MATLAB through Simcoupler blocks. And also we can use the 
C code in either the power circuit or the control circuit through 
DLL (Dynamic Link Library) block, The external DLL blocks 
allow to write one’s own code in C language, compile it into 
DLL using either Microsoft C/C++ or Borland C++, and link it 
with PSIM[18]. 

The PSIM simulation package consists of the circuit 
schematic program PSIM, the simulator engine, and the 
waveform processing program SIMVIEW. The simulation 
process is shown in Fig.1. 

 

 

 

 

 

 

 

 

 
Figure 1: PSIM Simulation Process 

II. VOLTAGE CONTROLLER  

The BLDC Motor requires a power electronic drive circuit 
and a commutation system for its operation. The Fig.2 describes 
the functional units present in the drive circuit and the 
associated commutation controller for the BLDC Motor. 

 
Fig.2 Voltage Controller for BLDC Motor with Filter 

 
A 4-pole BLDC motor is driven by the inverter for 120

0
 

commutation. The rotor position can be sensed by a hall-effect 
sensor or slotted optical disk, providing three square wave 
signals with phase shift of 120

0
. These signals are decoded by a 

combinational logic to provide the firing signals for 120
0
 

conduction on each of the three phases. The inverter voltage for 
the motor is filtered by the filter circuit provided, which 
minimizes the high frequency switching voltage ripple 
component. The LC filter for the proposed work is connected in 
the interface of the drive and the motor. The LC filter in this 
system acts as a low pass filtering circuit which offer high 
impedance to high frequency component of the voltage and very 
minimum impedance to the power frequency voltage 
components and thereby minimizes harmonics in the supply 
voltage to the motor and the series inductance opposes the 
sudden changes in the current due to electronic commutation 
and thereby reduces the torque ripple. 
 

A. Filter Design 

The selection of LC component present in the filter plays a 

major role in the performance of the drive. The charging and 

discharging of the capacitor improves the quality of the voltage 

given to the motor. This filter possesses the advantages of both 

L-filter and C-filter. In addition, ripple factor in LC filter has 

lower value than obtained by either L-filter or C-filter for the 

same values of L and C. 

 
Fig 3.Equivalent LC filter for one phase 

Fig. 3 shows the equivalent circuit of LC filter for reducing 
the ripple from the output voltage. The inductor current rating 
should be equal to the current ratings of the motor. 

The value of filter capacitor C can be calculated by 

 

RL is the load resistance and LL is the load inductance 

The value of filter inductor L can be obtained by 

                                     VRF =  

VRF is Voltage Ripple Factor and according to IEEE 
standard maximum allowable range to ripples is up to 10%. So 
we are taking VRF as 0.01 and calculating L using C as already 
obtained. 

III. CURRENT CONTROLLER 

Fig.4 shows the simple block diagram of the proposed 
method. The current controller block is shown in the Fig.5. The 
operation of the system is as follows: as the motor is of the 
brushless dc type, the waveforms of the armature currents are 
quasi square. These currents are sensed through current sensors, 
and converted to voltage signals. These signals are then 



2012 International Conference on Computer Communication and Informatics (ICCCI -2012), Jan. 10 – 12, 2012, Coimbatore, INDIA 

rectified, and a dc component, with the value of the ceiling of 

the currents,  is obtained as shown in Fig.5 this dc signal is 

compared with a desired reference , and from this 

comparison, and error signal is obtained. This error is then 

passed through a PI control to generate the PWM for all the six 
valves of the inverter, which are sequentially activated by the 
shaft position sensor. The torque is directly commanded by . 

The larger the reference , the higher the torque produced. 

The strategy becomes simple, because the control only needs to 
be in command of one dc current instead of three alternating 
waveforms. Another advantage of this strategy is that the 
modulation of the currents can be done using one of the simplest 
control strategies available: the “Triangular carrier modulation 
strategy” which offers the following additional advantages:       
1) the switching frequency becomes defined by the triangular 
carrier Fig.5. Stator and Rotor’s MMF during step change from 
motor to brake operation. 2) The ability to follow the template 
with the proposed method becomes quite accurate when 
triangular carrier is used 3) the hardware implementation is very 
simple.  

 
Fig.4 Current Controller of BLDC Motor 

The control strategy also allows regenerative braking, which 
is very important in many applications, like electric vehicles, 
where energy can be returned to the battery pack. To brake the 
motor (regenerative braking) the stator magnetic field is 
reversed. This action is accomplished through the inversion of 
the signals given by the position sensor. The position sensor 

discriminates six positions each  electric degrees. During 

motor operation, the rotor moves clockwise. When the brake 

signal is applied, the stator field is reversed  electric 

degrees. This action produces an instantaneous change in the 
direction of the torque, making a fast reduction of the speed of 
the machine, which begins to return its energy to the dc link. 
The same strategy can be used for reversal of rotation of the 
machine. 

 
A. Current Controller Design 

The tuning of the current controller starts with the 
determination of the amplitude and frequency of the triangular 
carrier, and the gains of the PI control. To get a PWM signal 
operating at the carrier frequency, the control should be adjusted 
to keep the reference current moving around the reference. The 

Fig.6 shows the way the stator currents are controlled, through 

the feedback signal . 

  
Fig.5 Current Controller Block 

The slopes . And are a function of the dc 

link voltage, and the motor model. The motor model comprises 
the phase inductance, and the back emf. Then, the maximum 

error based on a carrier  will depend on the slopes 

and . And hence on the operating point, and the carrier 

frequency. This situation can be expressed mathematically, with 
the help of Fig.6, as seen in  

 

 
From the above two equations 

 

 
The term “x” in (1a) represents the fraction of the period of 

the carrier, “T”, when the current is increasing. According with 
this equation, the term “x” defines the ideal output of the PWM 
pattern. Then, the control parameters have to be adjusted 

according with the index “x” Note that represents the “peak-

to-peak” error of the signal. 
According to the time reference of Fig.6, the following 

relations can be written: 

                                              (2) 

Now, when the current is increasing, the error can 

be modeled as 

 t                              (3) 

If the rate of conversion of the magnitudes is , then the 

expressions of the error  becomes as shown in 

                                                           (4) 

On the other hand, the output of the PI control can be 
expressed as: 

= +                                (5) 
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Now, if we assume that the operation of the machine is 
stable, and operates under steady-state, the integrator output is 
close to a constant. That means 

M =                             (6) 

The triangular carrier and the PI output have the same value 

at and , because these are intersections points that define the 

PWM generation 

 =  =>  + M =     (7) 

 =  =>  +M =          (8) 

 

 
Fig.6 Ideal waveforms of (a) Feedback Signal , (b) Error Signal , and 

(c) Control Signals 

With (7) and (8),  and M are obtained 

 

                  (9) 

M =       (10) 

 
Now, with the help of (2), (9), and (10), can be resumed as 
 

<                                                             (11) 

M = A                                                            (12) 

 

Replacing (12) in (6), the value of  is obtained 

 

=  =                                          (13) 

 
Fig 7.  Approach for the error’s integral value 

                                                                                                                             

IV. SIMULATION RESULTS 

 

Fig.8 Closed loop PSIM Diagram of Voltage Controller of BLDC Motor 

A. Voltage Controller without Filters 

 
Fig.9 Phase current wave form for phase A 

 
Fig.10 Three phase current wave forms 



2012 International Conference on Computer Communication and Informatics (ICCCI -2012), Jan. 10 – 12, 2012, Coimbatore, INDIA 

 
Fig.11 Speed wave form of BLDC motor 

 
Fig.12 Electromagnetic torque wave form of BLDC motor 

 

 
Fig.13 FFT analysis of phase A current (THD = 32.4 %) 

 
 Fig.14 FFT analysis of phase a voltage (THD = 47.7 %) 

 

B. Voltage Controller with Filters 

 
Fig.15 Phase current wave form for phase A 

 
Fig.16 Three phase current wave forms 

 
Fig.17 Speed wave form of BLDC motor 

 
Fig.18 Electromagnetic torque wave form of BLDC motor 

 
Fig.19 FFT analysis of phase A current (THD = 21.32 %) 

 

 
Fig.20 FFT analysis of phase a voltage (THD = 37.24 %) 

 

C. Current Controller 

 
Fig.21 Closed loop PSIM Diagram of Current Controller of BLDC Motor 

 
Fig.22 Phase current wave form for phase A 
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Fig.23 Three phase current wave forms 

 
Fig.24 Speed wave form of BLDC motor 

 
Fig.25 Electromagnetic torque wave form of BLDC motor 

 
Fig 26 FFT analysis of phase A current (THD = 11.84 %) 

 
Fig.27 FFT analysis of phase a voltage (THD = 16.19 %) 

V. CONCLUSION 

A different control strategy for BLDC machines has been 
presented. Torque ripples have been reduced by using Voltage 
controller with filters. So in order to minimize the filter cost, 
current controller is preferred. It is based on the generation of 
quasi square currents using only one current controller for the 
three phases. The advantages of this strategy are a) very simple 
control scheme; b) phase currents are kept balanced; c) current 
is controlled through a dc component, and hence phase over 
currents are eliminated. These characteristics allow using the 
triangular carrier as a current control strategy for the power 
transistors, which is simpler and more accurate than other 

options. This current control strategy is applied to BLDC motor 
fed VSI. By using this current controller with VSI the ripples in 
current have been minimized and thereby the torque ripples are 
reduced. As well as to improve the transient response of the 
speed is improved to compare the voltage controller.  
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Abstract--In recent years Hybrid Electric Vehicles(HEV) are 

being produced by major automobile companies. Permanent 
Magnet Synchronous Motors due to their unique features are a 
good candidate for replacing Induction Motors in HEV and EV 
applications. In this paper Current Ramp Control Technique is 
used to generate the gate pulses for the Voltage source inverter 
instead of the Current Hysteresis Control. Hence the switching 
frequency of the inverter is kept constant.

Index Terms-- Current Ramp Control; Current Hysteresis
Control Hybrid electric vehicles(HEV); Permanent Magnet 
Synchronous Motor(PMSM).

I. INTRODUCTION

n hybrid electric,vehicles (HEVs), the electric motor and 
the internal combustion (IC) engine together in a series or 
parallel combination provide the propulsion power. In an 

EV or an HEV, the electric traction motor converts electrical 
energy from the energy storage unit to mechanical energy that 
drives the wheels of the vehicle. The major advantages of an 
electric motor over an IC engine are that the motor provides 
full torque at low speeds and the instantaneous power rating 
can be two or three times the rated power of the motor. These 
characteristics give the vehicle excellent acceleration with a 
nominally rated motor. PMSM motors are the most serious 
competitor to the induction motors in traction applications[1]. 
Actually, many car manufacturers (such as Toyota, Honda and 
Nissan) have already used these motors in their vehicles. 
These motors have several advantages[3]: (1) higher power 
density, (2) higher efficiency ,(3)high starting torque and (4) 
high cruising speed A significant progress in power 
semiconductors together with their control improvement has 
allowed to reach higher quality of the generated output 
waveform.

II. PERMANENT MAGNET SYNCHRONOUS MOTOR(PMSM)

Machines that use magnets to produce air-gap magnetic flux 
     instead of field coils, as in DC commutator machines, or the 

magnetizing component of stator current, as in induction 
machines, are permanent magnet (PM) machines. The loss-

free excitation of PM in smaller machines with a compact 
area is a plus, with the only drawback being the high costs 
of the permanent magnets. Nevertheless, PM machines are a 
strong contender for EV and HEV drives[4]. The factors 
guiding the trend are excellent performance and high power 
density achievable from PM drives[6]. There are two 
operating modes of a Permanent Magnet Synchronous 
motor[7]: 

     A. True Synchronous Mode: In this case the speed of the 
motor can be controlled by varying the frequency 
independently. Frequency from its initial to the desired 
value is changed gradually so that the difference between 
synchronous speed and the rotor speed is always small. This 
allows the rotor to track the changes in synchronous speed. 
When the desired speed (or frequency) is reached, the rotor 
pulls into step, after hunting oscillations as long as it is 
ensured that the changes in frequency is smooth enough for 
the rotor to track changes in synchronous speed. B. Self 
Control Mode: In this case, the stator supply frequency is 
changed so that the synchronous speed is the same as the 
rotor speed. This ensures that rotor runs at synchronous 
speed for all operating points. Consequently, rotor cannot 
pull out of step and hunting oscillations are eliminated. 
Optical Encoders are used for speed feedback.

                       

III. CONTROL STRATEGIES

EV and HEV propulsion drives require accurate speed 
control with fast response characteristics. Scalar control 
methods for PMSM that are easier to implement are 
inadequate for such applications demanding high 
performance. The PMSM drive is capable of delivering 
high performance similar to that of DC motors using the 
vector control approach. Although vector control 
complicates the controller implementation, size and 
constant speed characteristics are an advantage over the 
DC and Induction motor[4]. In systems where the output 
currents depend not only on the input voltage but also on 
the load, a closed loop PWM method is necessary[6]. The 
current PWM methods as shown in Fig.(1) use current 
feedback information from sensors and generate PWM 
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signals for the inverter gates in a closed-loop fashion. The 
measured three phase currents are compared with the three 
reference current commands generated by the outer-loop 
controller. The errors between the measurements and the 
reference signals are utilized in a PWM scheme to 
generate the gate-switching signals.

                 Fig. 1.  Current Controller block diagram

A.  Current Hysteresis Control
In the Hysteresis Current Controller, the error between the
output current and the reference current is compared with a
hysteresis band, as shown in Fig.(2). If the current error is
within the band, then PWM output remains unchanged.If the
current error exceeds the band, then the PWM output is
reversed, forcing a sign change of the slope of di/dt.
Mathematically stated, the PWM output is obtained from,
��������	�
����-h/2

            �����������	

   

                       
Fig. 2.  Hysteresis Control

In the hysteresis controller, the switching frequency is 
unknown, which makes it difficult to design the filters. The 
switching frequency should be carefully monitored so that the 
inverter limits are not exceeded. In practical implementations, 
a frequency limit is used so as not to exceed the inverter 
maximum switching frequency. The hysteresis band is 
designed according to the limitations of the device-switching 
frequency. If the hysteresis band h is chosen to be small, then 
the switching frequency will be high and not be compatible 
with the maximum switching frequency of the power devices. 
On the other hand, if the band is too big, then the current error 
will be too large.
The hysteresis current controller can be used in a three-phase 
PWM inverter, with each phase having its own PWM 
controller. If the actual current is higher than the reference 
current by the amount of half of the hysteresis band, the lower 
leg switch of the bridge inverter is turned on to reduce the 
phase current. The difficulty in three-phase hysteresis control 
is that there may be conflicting requirements of switch 
conditions for the phases based on the output of the hysteresis 
controller. The difficulty arises from the interaction of the 
phases of the three-phase system and the independent 

hysteresis controllers for each phase. The consequence of this 
difficulty is that the current does not remain within the 
hysteresis band.

B.  Current Ramp Comparison Controller
The current error is compared with a high-frequency sawtooth
shaped triangular signal to generate the PWM switch signals. 
If the error signal is higher than the triangular signal,The 
PWM output signal will be “1,” and in the other case, the 
output will be zero.

Fig. 3.  Current Ramp Control

The ramp-comparison method has a fixed switching frequency 
set by the saw-tooth wave frequency that makes it easier to
ensure that the inverter switching frequency is not 
exceeded.There are more parameters to adjust in the ramp 
comparison controller, allowing greater flexibility of control 
compared to the hysteresis controller. The control parameters 
include gains of the linear controller, and magnitude and 
frequency of the sawtooth wave in the case of ramp 
comparison controller, whereas the only control parameter in 
a hysteresis controller is the width of the hysteresis band.

IV.SIMULATION RESULTS

Both the control schemes have been simulated using 
Matlab/Simulink R2009t.The Current Ramp Control has been
simulated with the frequency of the ramp signal set to 8KHz
and 2.5 KHz. An IGBT based universal bridge inverter block
was used for simulation.

TABLE I. 
PERMANENT MAGNET SYNCHRONOUS MOTOR PARAMETERS

Rated Power 50kw

Pole Pairs 4

Rated Torque 400N.m

Rated Speed 3000rpm

Inductance-Lq 0.3(mH)

Inductance-Ld 0.3e(mH)

Stator Resistance .005(Ohm)

Established Flux 0.192(Wb)



A. Simulation Results for Current Hysteresis Controller.

Fig. 4.  Torque Curve for Current hysteresis controller

Fig. 5.  Speed Curve for Current hysteresis controller

Fig. 6.  THD graph for line to line inverter output voltage for hysteresis
bandwidth h= .004

Fig. 7.  THD graph for line current for hysteresis bandwidth h= .004

B.  Simulation Results for Current Ramp Controller.

Fig. 8.  Torque Curve for 8KHz.

Fig. 9.  Speed Curve for 8KHz



Fig. 10.  Inverter output currents Iabc for 8KHz

Fig. 11.  Step Speed Response from 3000rpm to 1500rpm at t=2 seconds.

Fig. 12.  THD graph for line to line inverter output voltage for 8KHz.

Fig. 13.  THD graph for line current for 8KHz

Fig. 14.  THD graph for line to line inverter output voltage for 2.5KHz

Fig. 15.  THD graph for line current for 2.5 KHz.

From Fig. 11 it is seen the PMSM drive reaches its rated
speed in 1.475 secs.When a step speed input (3000rpm to 
1500rpm) is applied at t=2 seconds and the PMSM drive is 
able to reach its new set speed in .046seconds.
Due to it low rotor inertia of the PMSM the drive system is 
able to achieve such fast dynamic responses.From figure 
12,13,14 and 15,the Total Harmonic(THD) of the line to line 
voltage and line current were observed for switching frequencies 
8Khz and 2.5Khz respectively.
From the above simulation results, in the case of a the current 
ramp control the torque and speed responses are identical to 
current hysteresis control though the voltage and current THD 
increase and the control switching frequency is is used.The 
hysteresis bandwidth is set to h=.004.

V. CONCLUSION

Through simulations results it was seen this kind of drives can
be used for high speed and good dynamic response
applications. The switching frequency of the inverter can be
controlled thus it can never exceed the individual switching
frequency limit of the IGBTs.Thus this kind of drive is more
suitable for HEV and EV applications[4]. For HEV and EV
applications , size ,efficiency and costs are the three more
important factors. With the advancement of the quality of
permanent magnet materials , the cost of PMSM are coming
down and with the structural benefits, ease of operation of
PMSMs and with the development of power electronics
devices ,they can be used to replace Induction Motors in
Electric Vehicular Applications.
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Abstract: Pollution problems in medium and large cities of 
Europe are major concerns today, being one of the biggest 
contributors the vehicles used for transportation of people and 
goods. Simultaneously, to reduce costs and improve design and 
production flexibility, the automotive industries are replacing 
mechanical links with electronic systems, leading to the so-
called X-by-wire systems. This paper relates with these 
concerns and trends and presents an on-going project to adapt 
accordingly a small vehicle, initially based on an internal 
combustion engine, which will be transformed in an electric 
vehicle named Veículo Eléctrico Isento de Licença de condução 
- VEIL. In this initial phase, the focus is placed on the 
accelerator control system, already designed with an X-by-wire 
architecture in mind. In future work, the VEIL mechanical links 
will be replaced progressively by electronic actuators to arrive 
at a full X-by-wire car. 

 
Keywords: Electric Vehicle, Traction Control, X-by-Wire, 
Electronic Accelerator Control, CAN network. 

 
1. Motivation  

Mobility in European Union has doubled between 
1970 and 2000, traveling each person, in average, about 
35Km per day. This implies several demands in the 
transportation sector, namely the increasing utilization of 
oil derivatives, because the most common transportation 
mean are vehicles with Internal Combustion Engine 
(ICE). Other consequence of mass utilization of ICE 
vehicles is the increase of pollution emission, especially 
greenhouse effect gases (GEG), which must be prevented 
if we want sustainability of the planet.  

In Portugal, the transportation sector accounts for 
30% of GEG emissions, being the sector with greater 
growth in the last decade (about 70%). Route traffic 
accounts for about 80% of all transportation and the 
individual passenger transportation sector 50% from 
route traffic [1]. 

The pollution emission of ICE vehicule is one of the 
major sources of urban pollution, especially in the 
medium and large cities and is an increasing problem that 
must be dealt with. On the other hand, electric vehicles 

(EVs) present zero emission of pollutants locally, being 
97% cleaner than ICE cars (including pollution in electric 
central power plants associated to battery recharging) [2]. 
If batteries are recharged using renewable sources, then 
there is no pollution associated to this solution. An EV, 
during one year of average utilization, emits in average,  
8 Kg less of Carbon Hydrates, 6 Kg of Nitrogen Oxide 
and 90 Kg of Carbon Monoxide. The EVs are silent, 
gentle to drive and of high working efficiency while 
being basically non pollutant during its lifetime. 

On the other hand, when considering the design of a 
new car, it seems adequate to follow the most recent 
trends in vehicle design, namely the X-by-wire paradigm 
[4]. This corresponds to replacing all mechanical links in 
a car by electronic actuation, bringing along a great 
potential to reduce costs and improve the design and 
production flexibility. With this approach, it is possible to 
generate more compact and ergonomic designs, to 
simplify the assembly, to reduce the costs of components, 
to integrate advanced control features at the level of 
dynamic behaviour, and possibly other advantages. The 
down side is that X-by-wire systems are inherently 
safety-critical, thus requiring a high level of fault-
tolerance. This must be adequately planned in the system 
control architecture, making use of redundancy as well as 
error detection and recovery capabilities. 

The inclusion of an X-by-wire architecture will be 
planned from the beginning, but the control modules will 
be added as the subsystems are added to the vehicle. This 
paper focuses on the accelerator control which already 
includes an adequate network interface, namely the 
Controller Area Network (CAN). This network will be 
the basis for the distributed vehicle control systems. 

In the next section we present the EV platform, and 
in section 3 we analyse the vehicle dynamics. The 
communication architecture is discussed in section 4, 
followed in section 5 by the description of the traction 
control system. After that we present the VEIL estimated 
performance, based on MatLab/Simulink simulations, 
making concluding remarks in the last section.  



2. VEIL Platform 
Our EV is based on an ICE car, a LIGIER 162 GL 

(see Figure 1), which has small dimensions, thus ideal for 
urban traffic, 2 seats and a luggage volume of 400 dm3. 
The original engine was a Lombardini 4 stroke diesel 
engine, with 505 cc, 5.4hp, maximum rotation of 3100 
rpm and 15.1 Nm (at 2340 rpm). 

 

 
Figure 1 – Driving license free car– LIGIER 162 GL. 

 

For the transformation of the original vehicle in EV 
we choose the configuration in Figure 2. 

 

 
Figure 2 – Resulting Electric Vehicle (after transformation). 

 

In this stage we replace the ICE by an Induction 
Motor (IM), controlled by a Variable Frequency Drive 
(VFD). The VFD combines a three phase diode rectifier 
with a three phase Pulse Width Modulation (PWM) 
inverter, through a DC link. The fuel tank is replaced by 
a pack of batteries with 96V. There are plans to use 
supercapacitor in the near future to use regenerative 
braking. The VFD is fed directly through its DC link with 
reversible chopper DC-DC to raise the tension of a pack 
of batteries for a compatible voltage level (550V - 800V). 

The chosen VFD is a MOVIDRIVE compact, a 
vectorial controller from SEW-EURODRIVE, targeted for 
industrial and commercial use and designed to work with 
IM or Permanent Magnets Synchronous Motors 
(PMSM), working in the four quadrants. The frequency 
converter is designed for variable speed AC motors-drive 
(with speed feedback), with voltage or current vector 
control. Our choice was for current control, because it 
enables, together with speed control, a high dynamical 
response. 

As we present in next section the chosen motor was 
an IM with the following characteristics: 400 V, 50 Hz,  

4 kW, 2860rpm, with high resolution encoder directly 
coupled to the motor shaft. 

 
3. VEIL Dynamic Analysis 

Considering a vehicle of mass m (see Figure 3), the 
opposing forces to the vehicle motion are: the rolling 
resistance force (FRR) due to friction of the vehicle tyres 
on the road; the aerodynamic drag force (FDA) due to the 
friction of the body moving through the air; and the 
climbing force (FI) that depends on the road slope.  

The total tractive effort force (FR) is the sum of the 
resistive forces, as in expression (1): 

R RR DA IF F F F= + + . (1) 

At low speeds and in asphalt road, the main force 
opposing to the vehicle movement is the FRR, which is 
much greater then FDA. At higher speeds the FDA is the 
main resisting force, mainly because it is proportional to 
the square of the vehicle speed. The resultant force from 
the climbing angle, FI, depends only on the slope angle, 
θ, being independent on the vehicle speed and from the 
road type.  

The FRR force, as in (2), is the sum of the rolling 
resistance force of each wheel, function of the coefficient 
of rolling resistance (µRR) and of the vehicle weight. The 
value of this coefficient can easily be determined through 
the measurement of the force necessary to pull the 
vehicle with very low constant speed. The typical values 
for µRR may vary between 0.015, for conventional tires, 
and 0.005 for tires developed specially for EV [4] [5]. 

RR RRF mgµ= ⋅ . (2) 

The aerodynamic drag is proportional to the density 
of the air, ρ, to the drag coefficient (CD), to the vehicle 
frontal area (AF) and to the square of the vehicle speed 
relatively to the wind (VV), as express in (3) [5] [6]: 

21
2DA D F VF C A Vρ= ⋅ ⋅ ⋅ . (3) 

 
 

 
Figure 3 – Representation of the forces applied to the vehicle. 



It is verified, that the power applied to the motor, 
necessary to overcome the drag, increases with the cube 
of the speed. It must also be noted that the air density is 
function of the atmospheric pressure and the air 
temperature. 

The weight component of the vehicle, according to 
roadway slope, corresponds to a force that opposes the 
motion, being a function of the climbing angle θ and the 
vehicle mass m, such as in the next expression: 

( )sinIF mg θ= ⋅ . (4) 

The load torque TR results from a set of vehicle 
motion resistant forces (FR) in the motor referential, 
accounting the wheel radius r, and the transmission 
gearbox ratio i, is represented by the expression: 

R R

r
T F

i
= ⋅ . (5) 

The mechanical equation that describes the dynamic 
behaviour of the electrical motor, in the motor referential, 
is given by the expression: 

m
m r T

d
T T J

dt
ω− = ⋅ , (6) 

where ωm is the angular speed and Tm is the motor torque. 
The total moment of inertia associated to the vehicle (JT) 
(in the motor referential) is given by the expression (7), 
being equal to the sum of the moments of inertia from 
engine (Jm), wheel (Jr) and the one associated with the 
vehicle (Jv) that is a function of the road characteristics 
[3]. 

T m r vJ J J J= + + , (7) 

The moment of inertia corresponding to the mass of 
the vehicle is defined by the expression (8), where ε  
represents the slipping of the wheels. 

( )
21

1
2v

r
J m

i
ε� �= −� �

� �
, (8) 

The selection of the electric motor to the vehicle 
traction, on good conditions of performance, must be 
based on the knowledge of diverse information, being the 
most relevant the following: number of functioning 
quadrants, torque for all range of angular speeds 
(characteristic ( )rT f ω= ), operation speeds, 
acceleration and deceleration requested. 

 
4. Integration in an X-by-wire architecture 

X-by-wire architectures are distributed by nature, 
interconnecting sensors, actuators and controllers in the 
vehicle by means of adequate data networks, replacing 
mechanical links [8]. In our case, the link between the 
accelerator pedal and the engine is replaced by such an 

electronic link. Thus, the accelerator has an electronic 
sensor attached that transmits the pedal position to the 
motor control system – VFD (see Figure 4). 
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Figure 4 – Electronic Accelerator Control. 

 

There are currently many networks available, suited 
for distributed vehicle control systems, e.g., TTP, 
FlexRay, TT-CAN, CAN and Byteflight. Some of them 
present different compromises between cost, fault-
tolerance support, operational flexibility, bandwidth and 
access delays. 

The exchange of information between the 
subsystems of our EV (sensors, actuators, VFD) is 
accomplished trough a Controller Area Network (CAN). 
This network was originally proposed by Bosh, in 
Germany, in the 80’s, with main application in ICE 
vehicles [7]. 

The main characteristics of CAN network that justify 
its wide deployment are: (a) low cost; (b) high efficiency 
in data bus use; (c) long distance transmission (up to 10 
km); (d) high information data rate (at most 1 Mbit/s); (e) 
robust detection of errors and automatic transmission of 
corrupted messages; (f) unique message ID, identifying 
information type and priority; (g) it makes the distinction 
between temporary and permanent errors, disconnecting 
in this way nodes that present permanent faults. 

The maximum bit rate transmission speed is 
1MBits/s and the distance between equipments is at most 
10 km, not achievable simultaneously. For instance, we 
can transmit with a bit rate of 1 MBit/s in 40 meters, but 
if the distance is 1 km the bit rate is reduced to a 
maximum of 40 kbit/s. 

The numerous advantages that CAN network present 
makes it one of the most widely used networks that is 
widespread in the automobile industry, aeronautical 
industry – the most demanding in safety and fault 
tolerance – and in industrial control. 

In our system, the option was for CAN, given its low 
cost, high robustness and high flexibility. However, the 
fault-tolerance support is relatively limited and the real-
time properties can be degraded by specific type of 
failures, such as babbling idiot. Therefore, the CAN 
protocol will be later complemented with higher 
protocols such as FTT-CAN or FlexCAN, to achieve 
adequate levels of dependability and timeliness while 
delivering a good flexibility. 



The electronic accelerator will include adequate 
CAN interfaces, built on top of common components to 
keep costs low and speed the development process. 
Further subsystems will be added later, taking advantage 
of the flexibility granted by the CAN protocol. 

 
5. Traction Control System 

The traction control system (TCS) is based on a set 
of sensors and actuators and the software which includes 
the algorithms for traction control of the EV. To make 
the transformation in EV, the original mechanical 
elements (accelerator, brake and transmission gearbox) 
were changed by electrical/electronic systems, 
maintaining the original interaction vehicle-driver 
(pedals, shift selector, etc.). 

The original transmission system was based on a 
continuous movement gearbox and the interaction 
between driver and vehicle is only based in two pedals 
(accelerator and brake), and a forward/reverse movement 
selector. In the EV, the motor speed control is achieved 
by varying the frequency of the power supply applied to 
the motor, and changing the phase sequence for the 
movement selector. 

To implement the TCS it is necessary information 
about the pedals positions and from the movement 
selector. The sensors used in the pedals are precision 
potentiometers. These sensors change their resistance 
function of cursor position, being ideals for measuring 
rotation movements and widely used in the automobile 
industry, namely in almost all modern ICE vehicles. 

The potentiometer connected to the accelerator pedal 
senses its position, determining in this way the requested 
speed. From the potentiometer movements, timing and 
position, the algorithm in the TCS also detects the driving 
dynamic, (for instance, city driving or rapid passing 
through) which permits the system to respond with an 
adequate acceleration ramp, function of the driver 
requests. 

The Acquisition and Communication Module (ACM) 
is based on a Microchip microcontroller that has an 
integrated CAN platform and some ADCs, needed to get 
the information from the sensors. The necessary software 
to make data acquisition, data processing, velocity 
calculus (acceleration ramps), construction of command 
messages and VFD communication, is placed in the 
microcontroller memory. A typical message consists of 
three bytes with the following information: start order, 
the pretended speed/position set point and the rotation 
direction. This system connects reliably sensors and 
actuators, allowing for real-time processing and a rapid 
response from the traction system. The ACM 
construction is modular, allowing his replication through 
all the EV, controlling the EV subsystems (for instance, 
batteries, solar panels, dc-dc converters, supervisor and 
event data logger). In this way we can expand easily the 
communication network, allowing for a full and global 
management of the EV. In the near future, our approach 
allows for a quick change of the remaining mechanical 
systems by electric/electronic ones. 

The IM control strategy is integrated on the VFD. 
The used scheme is based on vector-control, in order to 
force the evolution of the stator currents, being the motor 
torque control done by field orientation, according to the 
block diagram showed in Figure 5. In this dynamic 
control it is necessary to sense the rotor speed and stator 
currents. 

The required speed, given by the accelerator pedal 
position, is compared with the rotor speed (given by an 
encoder), permitting the computation of the necessary 
motor torque to reach motor the intended set points. This 
calculus is done by a Proportional-Integral controller. 
The controlling pulses of the IGBT's gates are obtained 
by comparing the estimated currents, to achieve the 
requested torque, and the absorbed motor currents (see 
Figure 5). 

 

 
Figure 5 – Vector-control scheme. 

 
6. Estimated Performance 

The presented results were done on Matlab/Simulink, 
simulating the VEIL dynamical model, presented in 
section 3 and the dynamic model of the electric drive (IM 
plus VFD). 

The implemented model had in account the 
characteristics of the electrical drive, the transmission 
ratio of the gearbox (i = 10), the wheel radius (r = 26 
cm), the full load vehicle mass (m = 500 kg) and the 
moments of inertia from the vehicle, from the motor and 
from the wheels.  

In Figure 6, it is presented the expected performance  
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Figure 6 – VEIL speed. 



of the VEIL in terms of speed on plain road (θ = 0º), 
where the resistant forces are: the rolling resistance force 
in the wheels and the aerodynamic force. It is showed 
that the VEIL can reach 42.5 km/h in 40 sec and can 
accelerate from 0 to 25 km/h in approximately 3 seconds. 
In the speed graph is visible the influence of the FDA 
increase with the increasing speed, restricting in this way 
the maximum achievable speed. While the FRR is constant 
the FDA increases with the square of the speed (see Figure 
7). 
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Figure 7 – VEIL road load forces. 
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Figure 8 – ECE15 urban-enhanced cycle VEIL response. 
 

The model was tested in a normalized test circuit, where 
the ECE15 cycle was used. The obtained results are 
presented in Figure 8. It was verified that in the first half 
of the urban circuit (until 100 sec) the VEIL can follow 
all the requested speeds and accelerations, but in the last 
part, the VEIL does not reach the maximum speed of the 
test circuit (50 km/h). This limit in maximum speed of 
the VEIL is derived from the actual ratio of gearbox that 
does not permit to reach above 42.5km/h. 
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Figure 9 – Speed, Road Load Forces of the VEIL in Slope Roadway. 
 

a) b) 

c) d) 



Finally we analyze the VEIL capacity to start in a 
roadway with θ = 10º, 20º, 30º and 45º of slope, where 
the principal actuating force is the climbing force, FI. The 
results for diverse climbing angles θ  where meted 
together and showed in Figure 9. We verified that the 
forces FRR and FDA are the ones that have lesser influence 
and the force FI, which derives from the roadway 
inclination, is the main restriction for the VEIL motion. 
In Figure 9.a) is showed that VEIL, with our proposed 
electrical motor drive and corresponding controller, can 
pull out in a roadway with 45º of inclination and stabilize 
at around 8 km/h after 2 sec. This test is very important, 
because in our major cities we can found some high 
inclination roads, for instance in garage accesses, where 
typical values can vary between 30º to 40º. 

 
7. Conclusion 

This paper presents the VEIL platform and justifies 
its interest mainly because it is a vehicle with 
atmospheric zero pollution. This platform will be used in 
various projects of the DEE-ISEC as a test bed for 
diverse technological aspects, e.g., motor/converter 
power train, batteries, aiming at improved autonomy 
and/or speed/acceleration control. 

In this project phase, foresees that, with the selected 
electric motor drive and the electronic accelerator 
implemented, the VEIL can reach 42.5 km/h in 40 sec 
and can accelerate from 0 to 25 km/h in approximately 3 
seconds. The VEIL project is essentially aimed to be used 
in the urban circuit, where the legal speed limit is 
50 km/h. The urban vehicle must have a good 
acceleration response and a high slope roadway start 
capacity. In this work it was verified that the VEIL can 
pull out in the slope roadway, having very good results in 
these situations, with the maximum inclination of 45º. 

In the VEIL simulation study it was verified that, at 
low speeds (urban circuit cases) the force that most 
opposed to vehicle motion is the rolling resistance, 
because it is independent of the vehicle speed and the 
drag force is a function of square speed. The drag force 
takes particularly importance in applications that involve 
superior speeds, foreseen in future VEIL developments. 

The estimated performance must be validated in the 
following phase, only waiting the delivery of the special 
battery pack. 
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Abstract— Regarding limitation of fossil fuels and the high 

consumption rate of this energy for transportation, inclination 

of vehicle industry toward other sources of energy is inevitable. 

Electric vehicles and hybrid vehicles could be a good solution. 

Thanks to the state of art of electric motors, power electronics, 

embedded power train controller and energy storage systems 

like batteries, the performance of the vehicle could become more 

and more energy efficient. Since the integrating of all these 

components in a drive train configuration could be a challenge 

for the manufacturer, computer simulation and modeling before 

prototyping could be really beneficial in terms of cost, safety and 

design performance. In this paper some of the principles of 

modeling and simulation are discussed. As traction chain plays a 

significant role in electric vehicles, its modeling and optimization 

has a significant importance. As an electric vehicle is a 

multidisciplinary system, the new standard VHDL-AMS since 

1999 is suitable for its modelling and simulation in the same 

software environment and with different abstraction levels. 

 

NOMENCLATURE 

 
Vd, Vq  Stator d- and q- axes voltages (V). 

id, iq  Stator d- and q- axes currents (A). 

R  Stator resistance (�). 

Ld,Lq  Stator d- and q- axes inductances (H). 

p  Number of poles pairs. 

Øm  Flux created by rotor magnets (Wb). 

wm  Angular speed of the motor (rad/s). 

f  Coefficient of rolling friction. 

Mv  Total mass of the vehicle (kg). 

g  Acceleration of terrestrial gravity (m/s2). 

l  Density of the air (kg/m3). 

S  Frontal surface of the vehicle (m2). 

Cx  Drag coefficient of the vehicle. 

V  Speed of vehicle (m/s). 

�  Angle that make the road with the horizontal (in °). 

rm  Torque gear ratio. 

Rwheels  Wheels radius (m). 

Tem  Electromagnetic torque of the motor (N.m) 

�  Acceleration of the vehicle (s-2). 

Tl  Load torque (N.m). 

E  Battery voltage 

Ts  Switching period 

Vmax Maximum speed 

 

I. INTRODUCTION 

    Nowadays the air pollution and economical issues are the 

major driving forces in developing electric vehicles (EVs). 

In recent years EVs and hybrid electric vehicles (HEVs) are 

the only alternatives for a clean, efficient and 

environmentally friendly urban transportation system [1]. 

Permanent Magnet Synchronous Motor (PMSM) is a good 

candidate for EVs. 

In this paper by using an input-output feedback linearization 

technique combined with an adaptive back stepping observer 

in stator reference frame the induction motor using in series 

hybrid electric vehicle is controlled [2]. One of the best 

advantages of this control method is eliminating the flux 

sensor and decreases the cost of controller. In addition, the 

control system is robust to resistance variations and external 

load torque. 

VHDL-AMS provides the vehicle engineering community 

with an easy-to-use, flexible, yet robust and supported 

analysis package for advanced vehicle modeling. It is 

primarily used to quantify fuel economy, the performance, 

and the emissions of vehicles that use alternative 

technologies, batteries, electric motors, and command.  

In this paper, using VHDL-AMS (Simplorer 7.0 software), 

dynamic modeling of a Permanent Magnet Synchronous 

Motor (PMSM) that is used in electric vehicle is investigated 

and then simulated separately by linking the mechanical 

components for an electric vehicle with the same hardware 

description langage VHDL-AMS. At the end, a typical HEV 

is modeled and investigated. The obtained simulation results 

show the PMSM and other components performances for a 

typical city drive cycle. The chain of electric traction is 

shown in Figure 1. It consists of 4 components: Control 

strategy, Inverter, PMSM model and Dynamic model. A right 

combination of these four elements determines the 

performance of electric vehicles. 
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Figure.1: Model of traction chain 

II. DYNAMIC MODEL OF THE ELECTRIC VEHICLE 

The first step in vehicle performance modeling is to 
write an equation for the electric force. This is the force 
transmitted to the ground through the drive wheels, and 
propelling the vehicle forward. This force must overcome 
the   road load and accelerate the vehicle as shown in 
Figure 2 [3]. 

 
Figure.2: Forces on a Vehicle  

 

The rolling resistance is primarily due to the friction of the 

vehicle tires on the road and can be written as [4]: 

gf MF VRolling
××=  

(1) 

    The aerodynamic drag is due to the friction of the body 

of vehicle moving through the air. The formula for this 

component is as in the following: 

VF xaerod
CS

2
....

2

1
�=

 
(2) 

   The other resistance force is applied when the vehicle is 

climbing of a grade. As a force in the opposite direction of 

the vehicle movement is applied: 

Fgrade=Mv.g.sin� (3) 

The power that the EV must develop at stabilized speed 

is expressed by the following equation: 

Pa=V.(FRolling+Faerod+Fgrade) (4) 

The power available in the wheels of the vehicle is 

expressed by: 

. .
V

P T rm em m Rwheels
=  (5) 

According to the fundamental principle of dynamics the 

acceleration of the vehicle is given by: 
P Pm a

M Vv
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−
=  (6) 
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III. PMSM MODEL 

A permanent magnet synchronous motor (PMSM) is a 

motor that uses permanent magnets to produce the air gap 

magnetic field rather than using electromagnets. These 

motors have significant advantages, attracting the interest 

of researchers and industry for use in many applications. 

The dynamic model of the PMSM can be described in the 

d-q rotor frame as follows [5]: 

did
V Ri L L id d d e q qdt

ω= + −  (10) 

 
did

V Ri L L i Kq q q e d d mdt
ω ω= + + +  (11) 

where K P mφ=  is the electric constant of back-

electromotive-force (EMF), it is calculated according to 

the geometrical magnitudes of the motor so that it can 

function with a high speed.  

The equations giving the stator current can be written in 

the following form: 

( )
1

.
I V L Id e q qd Ld s R

ω= +
+

 (12) 

 ( )
1

.
I V L I Kq e d d mq Lq s R

ω ω= − −
+

 (13) 

The electromagnetic torque developed by the motor is 

given by the following equation [6]. 
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3 1

2 2
( )= + −emT KI p L L I Iq d q d q  (14) 

The equation giving the angle by the motor can be 

written in the following form: 

mWp
dt

d
.=

θ  
(15) 

IV. CONTROL STRATEGY 

In recent years, vector-controlled ac motors, such as 

induction motor, permanent-magnet synchronous motor 

(PMSM), and synchronous reluctance motor, have become 

standard in industrial drives and their performance 

improvement is an important issue. Particularly, 

improvement of control performance and drive efficiency 

is essentially required for drives used in electric vehicles. 

For a PMSM with surface mounted magnet the 

electromagnetic torque can be expressed in the following 

form: 
3

. sin( . ( ))
2

T K I p tem s sθ θ= −  (16) 

To achieve an optimal control, which means a 

maximum torque [8], it is necessary to satisfy the 

following condition: 

. ( )
2

− = ±p ts

π
θ θ  (17) 

From where    =I Is q     and        0=Id  (18) 

 

The first part (A) in figure 1 illustrates the control 

strategy. Its presents a first PI speed control used for speed 

regulation. The output of the speed control is Iqref; its 

application to a second PI current regulator makes the 

adjustment of phase and squaring currents. The limits are           

�
�

�
�
�

�
−

3

2
,

3

2 EE  

The outputs of current regulators are Vd and Vq; they 

are applied to a Park transformation block. 

Where, Vd and Vq are the forcing function to decide 

the currents in d-q axis model which may be obtained from 

3-phase voltages (Va, Vb and Vc through the park 

transformation technique as:  

)sin(.)cos(. θθ qda VVV −=  (19) 

)
3

2
sin(.)

3

2
cos(.

π
θ

π
θ −−−= qdb VVV  (20) 

)
3

4
sin(.)

3

4
cos(.

π
θ

π
θ −−−= qdc VVV  (21) 

The generation of the control signals of the inverter is 

made by comparison of the simple tensions obtained 

following the regulation with a triangular signal. Its period 

is known as switching period. A VHDL-AMS model for 

the PWM generation block is specified in an “architecture” 

description as show in Listing 1.  
 

ARCHITECTURE BEHAV OF PWM_GENERATION IS 

 BEGIN 

    IF VA > TRIANG USE    a == 1.0;    ELSE   a == 0.0; END USE; 

    IF VB > TRIANG USE     b == 1.0;    ELSE  b == 0.0; END USE; 

    IF VC > TRIANG USE   c == 1.0;    ELSE  c == 0.0; END USE; 

END BEHAV; 

Listing.1: PWM generation 

V. INVERTER MODEL 

      The structure of a typical three-phase VSI is shown in 

Figure 3. As shown below, Va, Vb and Vc are the output 

voltages of the inverter. S1 through S6 are the six power 

transistors IGBT that shape the output, which are 

controlled by a, a’, b, b’, c and c’. When an upper 

transistor is switched on (i.e., when a, b or c is 1), the 

corresponding lower transistor is switched off (i.e., the 

corresponding a’, b’ or c’ is 0). The on and off states of the 

upper transistors, S1, S3 and S5, or equivalently, the state 

of a, b and c, are sufficient to evaluate the output voltage. 

 

 

 

 

 

 

 

Figure.3: Inverter connected to a balanced load  

 

The relationship between the switching variable 

vector [a, b, c]t and the line-to-line output voltage vector 

[Vab Vbc Vca]t and the phase (line-to-neutral) output 

voltage vector [Va Vb Vc]t are given by the following  

relationships.  
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where a, b, c are the orders of S1, S3, S5 respectively. 

VI. SIMULATION RESULTS 

The different blocks constituting the traction chain were 

described in a VHDL-AMS structural model by including 

all expressions detailed above. The simulation results are 

obtained with SIMPLORER 7.0 by applying the following 

parameters summarized in table I: 

TABLE I.  BOOK SPECIFICATIONS 

Components Vmax E Rwheels Cx S f 

Values 80 km/h 300 V 0.26m 0.55 1.8 m2 0.025 

Components Mv rm Lq , Ld R p Ts 

Values 800 kg 3 0.416 mH 0.05 � 4 300 �s 

The dynamic response of the vehicle speed is depicted 

in figure 4, obtained with both Simplorer and Matlab 

software. In table II, we compare the simulation runtime 

and the obtained response time. 

 

E 

Is 

a b c 

Va Vb Vc 

a’ b’ c’ 

S1 S3 S5 

S2 S4 S6 

910



 

Figure.4: Dynamic response of the vehicle speed in Simplorer and 

Matlab 

TABLE II.  SIMULATION RUNTIME  COMPARISON 

Software Simulation runtime Time when the of max 

speed is reached 

Matlab 7.3 24s 8.4s 

Simplorer 7 66s 6.5s 

 

Matlab executes simulations more rapidly (24s); we 
obtained a dynamic response equal to 8.4s. Simplorer 
simulation runtime is three times longer due to the fact that 
the abstraction level is lower compared to the functional 
description with Matlab; the dynamic response is about 
6.5s.  

Figure 5 compares the torque response obtained also 
with Simplorer and Matlab Software. We can see that 
Simplorer gives faster response time. 
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Figure.5: Torque and load torque  

(a) Simplorer,  (b) Matlab 

To obtain an optimal dynamic response, several factor 

variations have been done (6 factors: K, Ld, Ts, E, R, rm). 

For each factor, we have defined a variation range. For 

example, figure 6 compares the dynamic response (Tr) 

obtained with 180 V and 400 V battery voltages (E). We 

can see that when E is lower, Tr is higher and vise versa. 

In the first case, we can’t reach the maximum speed and in 

the second case the direct current is bad and the traction 

chain functioning is perturbed. So that, a compromise 

should be respected. 

The VHDL-AMS description of our system needs a 

relatively short simulation runtime which helps us to find 

rapidly an optimum solution. 
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Figure.6: Dynamic response of the speed versus E variation 

 

VII. CONCLUSION 

In this paper, we developed a VHDL-AMS description 

of a vehicle traction chain and we adopt the vector control 

Id=0 strategy to drive the designed PMSM. The simulation 

of the dynamic response of the vehicle shows the 

effectiveness of this mode of control and the PMSM in the 

field of the electric traction. 

The obtained result with Simplorer differs from that 

obtained with Matlab because we used more accurate 

models. We think that VHDL-AMS is more suitable to 

predict the electric vehicle behavior since it is a 

multidisciplinary HDL. The developed virtual prototype of 

the traction chain makes possible both an easy and 

accurate characterization and optimization. 
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Overview

� VHDL-AMS History

� From Event Driven to Continuous Behavior

� Extended Semantic

� Terminals, Natures, Quantities...

� Tolerance Definitions

� Handling of Discontinuities

� Solvability

� Initial Conditions

� Model Execution 
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Introduction to VHDL-AMS
History

� VHDL (Very High Speed Integrated Circuit Hardware 
Description Language) is a powerful language for the 
description of event driven circuits

� First standardization of VHDL in 1987 (IEEE 1076), 
second standardization in 1993 (IEEE 1076-1993)

� IEEE 1076.1-1999 is a standard extension of IEEE 
1076 to support the description and the simulation of 
analog and mixed-signal circuits and systems

� IEEE 1076.1 together with IEEE 1076 is informally 
known as VHDL-AMS (IEEE 1076.1-1999)

� VHDL-AMS is a strict superset of IEEE 1076-1993
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1. LIBRARY IEEE;
2. USE IEEE.std_logic_1164 .all ;
3.

4. ENTITY andg IS
5. GENERIC (tpd_hl : TIME := 1 NS;
6. tpd_lh : TIME := 1 NS);
7. PORT (in1, in2 : STD_ULOGIC;
8. out1 : OUT STD_ULOGIC);
9. END andg;
10.

11. ARCHITECTUREonly OF andg IS
12. BEGIN
13. p1: PROCESS (in1, in2)
14. VARIABLE val : STD_LOGIC;
15. BEGIN
16. val := in1 AND in2;
17. CASE val IS 
18. WHEN'0' =>
19. out1 <= '0' AFTER tpd_hl;
20. WHEN'1' =>
21. out1 <= '1' AFTER tpd_lh;
22. WHEN OTHERS =>
23. out1 <= val;
24. END CASE;
25. END PROCESS;
26. END only ;

&

in1

in2

out1

AND

VHDL-Syntax

val = in1 & in2
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SMASH 5.3.3p1 - Transient c:\Users\Lars\Projects\Patent\2004ME~1\Dolphin\TUTORI~2\1\testb.nsx - Thu Nov 25 14:49:32 2004

VHDL'stdlTESTBENCH.S1

VHDL'stdlTESTBENCH.S2

VHDL'stdlTESTBENCH.O
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transition time 
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(tpd_lh)

transition time 
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The simulator calculates only 
new values after events occur



Dolphin Integration
www.dolphin-integration.com

7

VHDL-AMS Model
Continuous Behavior

VHDL-AMS Model
Continuous Behavior

1. LIBRARY IEEE;
2. USE IEEE.ELECTRICAL_SYSTEMS.all ;
3. USE IEEE.FUNDAMENTAL_CONSTANTS.all ;
4.

5. ENTITY Capacitor IS
6. GENERIC (C := 1.0 : capacitance );
7. -- GENERIC (A, d, EPS_R := 1.0 : REAL);
8. PORT ( TERMINAL elec_p, elec_n: electrical );
9. END ENTITY Capacitor;
10.

11. ARCHITECTUREsimple OF Capacitor IS
12. QUANTITY v ACROSSi THROUGHelec_p TO elec_n;
13. -- CONSTANTC: capacitance := PHYS_EPS0 * EPS_R * A/d; 
14.

15. BEGIN
16. i == C * v 'DOT;
17. -- v == i 'INTEG / C;
18. END ARCHITECTUREsimple;

<smash_install_dir>\lib\vhdl\packages\electrical_systems_pkg.vhd
<smash_install_dir>\lib\vhdl\packages\fundamental_constants_pkg.vhd

v
i

elec_p

elec_n

VHDL Syntax
VHDL-AMS Syntax

22

i = C * d/dt (v)

C = ε0εr * A/d

v = I(i)dt / C

Terminal 
connections

Parameter



Dolphin Integration
www.dolphin-integration.com

8

Extended Model 
Model Instantiation

Extended Model 
Model Instantiation

1. >>> VHDL
2. LIBRARY IEEE;
3. USE IEEE.ELECTRICAL_SYSTEMS.all ;
4. USE work .all ;
5.

6. ENTITY testbench IS
7. END testbench;
8.

9. ARCHITECTUREsimple OF testbench IS
10. TERMINAL net1,net2 : electrical ;
11.

12. BEGIN
13. vsin1: ENTITY vsin(simple)
14. GENERIC MAP (ampl => 5.0,
15. freq => 100.0e3,
16. phi0 => 0.0)
17. PORT MAP (elec_p => net1, elec_n => ground );
18. R1: ENTITY resistor(simple)
19. GENERIC MAP (R => 2.0e3)
20. PORT MAP (elec_p => net1, elec_n => net2);
21. C1: ENTITY capacitor(simple)
22. GENERIC MAP (C => 300.0e-12)
23. PORT MAP (elec_p => net2, elec_n => ground );
24. END simple;

C1=300pF

R1=2kΩΩΩΩ

net1

net2

V=5V
f=100kHz∼

VHDL-Syntax
VHDL-AMS-Syntax

22

Parameter

Terminal 
connections
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Extended Model 
Model Instantiation

Extended Model 
Model Instantiation22

The simulator has to calculate 
new values time continuously
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Introduction to VHDL-AMSIntroduction to VHDL-AMS

� VHDL-AMS provides a new mechanism for analog 
behavior specification and hybrid system modeling

o Continuous models are based on differential 
algebraic equations (DAEs)

o DAEs solved by a dedicated simulation kernel: the 
analog solver

o VHDL-AMS supports the handling of initial 
conditions, piecewise-defined behavior, and 
discontinuities

� Optimization of the set of DAEs being solved and 
how the analog solver computes its solution are 
outside the scope of VHDL-AMS
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Introduction to VHDL-AMS
Quantities I

Introduction to VHDL-AMS
Quantities I

Quantities are the unknowns in the set of DAEs

1. ENTITY example IS
2. PORT (
3. QUANTITY interface_q: REAL;
4. TERMINAL elec_p, elec_n: ELECTRICAL);
5. END ENTITY example;
6.

7. ARCHITECTUREsimple OF example IS
8. TERMINAL net1, net2, net3: ELECTRICAL;
9. QUANTITY v1, v2 ACROSSi1, i2, i3 THROUGHelec_p TO elec_n;
10. QUANTITY free_q: REAL;
11. QUANTITY v_intern ACROSS i_intern THROUGHnet1 TO net2;
12. QUANTITY v ACROSSi THROUGHnet3;
13. BEGIN
14. ...
15. END ARCHITECTUREsimple;
16.

VHDL-Syntax
VHDL-AMS-Syntax

Port Quantity

Branch Quantities

Free Quantity
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Introduction to VHDL-AMS
Extended Semantics

Introduction to VHDL-AMS
Extended Semantics

� Extended structural semantics
o Conservative semantics to model physical systems (e.g. 

Kirchhoff’s law for electrical circuits)
o Non-conservative semantics for abstract models (signal-flow 

descriptions)
o Mixed-signal interfaces

� Mixed-signal semantics
o Unified model of time for a consistent synchronization of 

mixed event-driven/continuous behavior
o Mixed-signal initialization and simulation cycle
o Mixed-signal descriptions of behavior

� Frequency domain support
o Small-signal frequency and noise modeling and simulation
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Resonator 
Small-Signal Domain

Resonator 
Small-Signal Domain33

C1

net1

R1

net3
Vsin1∼

L1

net2

LC2

1
f r ππππ

====

� Resonator
o Resonance frequency fr
o Quality factor Q
o Bandwidth B

C

L

R

1

B

f
Q r ========

L2

R
B

ππππ
====

1. ARCHITECTUREsimple OF VSin IS
2. QUANTITY v ACROSS i THROUGHelec_p TO elec_n;
3. QUANTITY Vac: voltage SPECTRUM1.0, 0.0;
4.

5. BEGIN
6.

7. v == ampl * sin(MATH_2_PI * freq * NOW + phi0) + Va c;
8.

9. END ARCHITECTUREsimple;
VHDL-Syntax

VHDL-AMS-Syntax

Spectrum Quantity
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Resonator 
Transient vs. Small-Signal

Resonator 
Transient vs. Small-Signal33

SMASH 5.3.3p1 - Transient c:\Users\Lars\Projects\Patent\2004ME~1\Dolphin\TUTORI~2\4\testbench.nsx - Thu Nov 25 15:09:20 2004
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small signal 
simulation

transient 
simulation

Amplitude in decibel

Phase
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Introduction to VHDL-AMS
Terminals and Natures

Introduction to VHDL-AMS
Terminals and Natures

� Terminal
o Serves as Interface or as local object
o Belongs to a nature

� Nature
o Represents a physical discipline or energy domain 
o Has two aspects related to physical effects

- Across: potentional like effects (e.g. voltage, velocity, 
temperature, etc.)

- Through: flow like effects (e.g. current, force, heat flow rate,
etc.)

o Can be composite: array or record
o Up to now: No predefined natures in VHDL-AMS



Dolphin Integration
www.dolphin-integration.com

16

Introduction to VHDL-AMS
Nature Def. in Packages

Introduction to VHDL-AMS
Nature Def. in Packages

1. SUBTYPE voltage IS real TOLERANCE"default_voltage";
2. SUBTYPE current IS real TOLERANCE"default_current";
3. NATUREelectrical IS
4. voltage ACROSS
5. current THROUGH
6. electrical_ref REFERENCE;
7. NATUREelectrical_vector IS
8. ARRAY (NATURAL RANGE <>) OF electrical ;
9. NATUREbus IS RECORD
10. strobe: electrical;
11. data  : electrical_vector(0 to 7);
12. END RECORD;
13. SUBNATUREhigh_voltage IS
14. electrical TOLERANCE
15. "high_voltage" ACROSS
16. "high_current" THROUGH;
17. ALIAS ground IS electrical_ref;

VHDL-Syntax
VHDL-AMS-Syntax

<smash_install_dir>\lib\vhdl\packages\electrical_systems_pkg.vhd

Nature definition

Composite nature 
definition
(array, record)

Subnature 
definition
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Introduction to VHDL-AMS
Quantities II

Introduction to VHDL-AMS
Quantities II

� Quantity
� Expresses across values between or through values at 

terminals as well as the notion of tolerance
� Represents a continuous-time waveform
� Unknown in the set of DAEs implied by the text of the model

� Implicit Quantities
� Q’Dot, Q’Integ, Q’Slew, Q’Delayed, S’Ramp, S’Slew...

� Branch Quantities
� Declared between two terminals
� Gets its type from the nature of its plus and minus terminals
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1. ARCHITECTURE simple OF Vpulse IS
2. QUANTITY v ACROSSi THROUGHelec_p TO elec_n;
3. SIGNAL pulse        : voltage:=   low;
4. BEGIN
5. v == pulse 'SLEW(rising_slope, falling_slope);
6. -- v == pulse 'RAMP(rising_time, falling_time);
7.

8. pulse_proc : PROCESS BEGIN
9. pulse <= low;
10. WAIT FOR delay;
11. LOOP
12. pulse <= high;
13. WAIT FOR (rise_time + high_width);
14. pulse <= low;
15. WAIT FOR (fall_time + low_width);
16. END LOOP;
17. END PROCESS;
18.

19. END ARCHITECTUREsimple;

VHDL-Syntax
VHDL-AMS-Syntax

Implicit quantities 
resulting from the 
attributes ‘SLEW and 
‘RAMP.
See example 2 for 
implicit quantities 
resulting from ‘DOT and 
‘INTEG

Pulse Voltage Source 
Implicit Quantities

Pulse Voltage Source 
Implicit Quantities44

Gets its type from the nature 
of its plus and minus 

terminals
(see Packages)

Branch 
Quantities Declared between 

two terminals
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Pulse Voltage Source 
Implicit Quantities

Pulse Voltage Source 
Implicit Quantities44

SMASH 5.3.3p1 - Transient c:\Users\Lars\Projects\Patent\2004ME~1\Dolphin\TUTORI~2\5\testbench.nsx - Thu Nov 25 15:15:22 2004
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Smooth ramp effect 
resulting from ‘SLEW or 
‘RAMP attribute
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Introduction to VHDL-AMS
Tolerances

Introduction to VHDL-AMS
Tolerances

� Tolerance definitions
o Each quantity and each simultaneous statement belongs to 

a tolerance group, indicated by a string expression
o Tolerances are used to specify how good the simulation 

must be
o The language does not define the way how tolerance groups 

should be handled by the simulator ⇒ Tool dependent 
implementations

� Supporting tolerances results in a faster and more 
accurate simulation, especially if quantity values of 
large different dimensions exist
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Tolerance Definitions 
in Packages and Models

Tolerance Definitions 
in Packages and Models55

VHDL-Syntax
VHDL-AMS-Syntax

1. ENTITY Capacitor IS
2. GENERIC (C: capacitance );
3. PORT ( TERMINAL elec_p, elec_n: ELECTRICAL);
4. END ENTITY Capacitor;

5. ARCHITECTUREsimple OF Capacitor IS
6. QUANTITY v ACROSSi THROUGHelec_p TO elec_n;
7. BEGIN
8. i == C * v 'DOT TOLERANCE "MyTol";
9. END ARCHITECTUREsimple;

1. SUBTYPE voltage IS real TOLERANCE"Voltage";
2. SUBTYPE current IS real TOLERANCE"Current";
3. NATUREelectrical IS
4. voltage ACROSS
5. current THROUGH
6. electrical_ref REFERENCE;

<smash_install_dir>\lib\vhdl\packages\electrical_systems_pkg.vhd

capacitor.vhd

Tolerance definitions in 
packages

Tolerance definitions in 
models

Setting tolerances in the 
simulator
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Handling Discontinuities

Introduction to VHDL-AMS
Handling Discontinuities

� Break statement
o Announces a discontinuity in the solution of the DAEs
o Analog solver must re-initialize for next continuous interval
o Initial conditions may be specified on quantities
o Break on event on a signal or when some condition 

becomes true
o A VHDL-AMS model that causes a discontinuity on a 

quantity at some time T and does not execute a brea k 
statement at T is erroneous!

- Except for discontinuities caused by S’Ramp, S’Slew and 
Q’Slew
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1. ENTITY OpAmp IS
2. GENERIC (vdd  : voltage := 15.0;
3. vss  : voltage := -15.0;
4. gain : REAL := REAL'HIGH );
5. PORT ( TERMINAL in_p, in_n: ELECTRICAL;
6. TERMINAL output: ELECTRICAL);
7. END ENTITY OpAmp;
8.

9. ARCHITECTUREsimple OF OpAmp IS
10. QUANTITY vin ACROSSin_p TO in_n;
11. QUANTITY vout ACROSSiout THROUGHoutput;
12. BEGIN
13. IF vin 'ABOVE(vdd/gain) USE
14. vout == vdd;
15. ELSIF NOT vin 'ABOVE(vss/gain) USE
16. vout == vss;
17. ELSE
18. vout == vin*gain;
19. END USE; 
20.

21. BREAK ON vin 'ABOVE(vdd/gain), vin 'ABOVE(vss/gain);
22. END ARCHITECTUREsimple;

VHDL-Syntax
VHDL-AMS-Syntax

Operational Amplifier 
Handling Discontinuities

Operational Amplifier 
Handling Discontinuities66

Example: Clipping

Use the ‘ABOVE attribute 
with a connecting 
BREAK statement 
instead of discontinuous 
functions to tell the 
simulator about 
discontinuities!

 

net2 

net1 

V=20mV 
f=100kHz  

∼ 

+ 
− 
 

R1=1kΩΩΩΩ 

vdd=15V  

vss=-15V 
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Operational Amplifier 
Handling Discontinuities

Operational Amplifier 
Handling Discontinuities66

SMASH 5.3.3p1 - Transient c:\Users\Lars\Projects\Patent\2004ME~1\Dolphin\TUTORI~2\6\testbench.nsx - Wed Nov 24 16:46:01 2004
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without BREAK

with BREAK

BREAK announces a discontinuity 
which results in a re-initialization of 
the analog solver at the exact time 

where the BREAK occurred
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Solvability

Introduction to VHDL-AMS
Solvability

� A necessary condition for solvability is that there be 
as many equations as unknowns in the model

� In a VHDL-AMS design entity, the number of 
equations must be equal to the number of

o through quantities plus
o free quantities plus
o interface quantities with mode out

� Each (scalar) simultaneous statement creates one 
equation
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1. LIBRARY IEEE;
2. USE IEEE.ELECTRICAL_SYSTEMS.all ;
3. ENTITY vdc IS
4. GENERIC (ampl: voltage := 5.0);
5. PORT ( TERMINAL elec_p, elec_n: ELECTRICAL);
6. END ENTITY vdc;
7. ARCHITECTURE simple OF vdc IS
8. QUANTITY v ACROSSi THROUGHelec_p TO elec_n;
9. BEGIN
10. v == ampl;
11. END ARCHITECTURE simple;

You need to define this additionally 
THROUGH quantity even this is not 
explicit used in the model!

VHDL-Syntax
VHDL-AMS-Syntax

DC Source 
Solvability 

DC Source 
Solvability 77

1. LIBRARY IEEE;
2. USE IEEE.ELECTRICAL_SYSTEMS.all ;
3. ENTITY idc IS
4. GENERIC (ampl: current := 1.0e-3);
5. PORT ( TERMINAL elec_p, elec_n: ELECTRICAL);
6. END ENTITY idc;
7. ARCHITECTURE simple OF idc IS
8. QUANTITY i THROUGHelec_p TO elec_n;
9. BEGIN
10. i == -ampl;
11. END ARCHITECTURE simple;

Here, the depended ACROSS quantity 
is not necessary but sometimes useful 
for display proposes.

voltage source

current source
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DC Source 
Solvability 

DC Source 
Solvability 77

SMASH 5.3.3p1 - Transient C:\Users\Lars\Projects\patent\2004 Meeting\Dolphin\Tutorial_VHDL-AMS\7\testb_idc.nsx - Fri Nov 26 10:22:57 2004
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The internal voltage of the current source is 
only visible, if a quantity for the voltage 
between elec_p and elec_n is defined
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Introduction to VHDL-AMS
Initial Conditions

Introduction to VHDL-AMS
Initial Conditions

� An initial condition specifies the value of a quantity at the 
beginning of a continuous interval

o Beginning of a time domain simulation

o After a discontinuity

� Initial conditions can be specified with the break statement
� Initial conditions replace implicit equations. An initial condition 

for Q replaces:
o The equation Q’Dot == 0 while finding the quiescent point
o The equation Q == Q(T-) when reinitializing after a discontinuity

� If an initial condition must be specified for a quan tity Q 
whose derivative Q ’Dot does not appear in the model, the 
user must specify which implicit equation to replace
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1. ENTITY Capacitor IS
2. GENERIC (C: capacitance );
3. PORT ( TERMINAL elec_p, elec_n: ELECTRICAL);
4. END ENTITY Capacitor;

5. ARCHITECTUREic_break OF Capacitor IS
6. QUANTITY v ACROSSi THROUGHelec_p TO elec_n;
7. BEGIN
8. BREAK v => 10.0;
9. i == C * v 'DOT;
10. END ARCHITECTUREic_break;

11. ARCHITECTUREic_domain OF Capacitor IS
12. QUANTITY v ACROSSi THROUGHelec_p TO elec_n;
13. BEGIN
14. IF domain = quiescent_domain USE
15. v == 10.0;
16. ELSE
17. i == C * v 'DOT;
18. END USE;   
19. END ARCHITECTUREic_domain; VHDL-Syntax

VHDL-AMS-Syntax

Pre-loaded Capacitor 
Initial Conditions

Pre-loaded Capacitor 
Initial Conditions88

Initial condition specified by a 
BREAK statement

Initial condition specified by 
the evaluation of the predefined 
signal DOMAIN
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Pre-loaded Capacitor 
Initial Conditions

Pre-loaded Capacitor 
Initial Conditions88

SMASH 5.3.3p1 - Transient c:\Users\Lars\Projects\Patent\2004ME~1\Dolphin\TUTORI~2\8\testbench.nsx - Fri Nov 26 10:54:37 2004
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Preloaded capacitor:

Initial condition: v = 10V
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Model execution

Introduction to VHDL-AMS
Model execution

� A VHDL model is the result of the elaboration of the 
design hierarchy

o Digital part => set of processes + digital simulation kernel
o Analog part => set of equations + analog solver

� Two phases
o Initialization: to compute the quiescent state of the model
o Simulation: time domain, small-signal frequency, or noise

� Reduces to the VHDL 1076 initialization and 
simulation cycle if the model does not include any 
quantities

� Only the analog solver is executed after initialization 
if the model does not include any signals
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Introduction to VHDL-AMS
Summary

Introduction to VHDL-AMS
Summary

� VHDL 1076.1 extends VHDL 1076 to the continuous 
domain
� No fundamental changes to VHDL 1076
� Adds support for continuous and mixed continuous/discrete 

behavior

� VHDL 1076.1 is equally applicable to electrical and 
non-electrical domains
� Mixed discipline
� Control systems

� Two standards
� VHDL 1076 for digital (event-driven) applications
� VHDL 1076.1 for digital and mixed-signal applications
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VHDL-AMS IntroductionVHDL-AMS Introduction

� This introduction to VHDL-AMS gave an 
overview of the languages capabilities

� A much deeper insight with many practical 
examples gives our two-day training for 
VHDL-AMS

� Extended by an one-day training dedicated 
to modeling mechanics in VHDL-AMS

� For more information or suggestions, please 
contact mems@dolphin-integration.com
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Behavioral Modeling and Performance Evaluation
of Microelectrofluidics-Based PCR

Systems Using SystemC
Tianhao Zhang, Krishnendu Chakrabarty, Senior Member, IEEE, and Richard B. Fair, Fellow, IEEE

Abstract—Composite microsystems that incorporate micro-
electromechanical and microelectrofluidic devices are emerging
as the next generation of system-on-a-chip (SOC). We present a
performance comparison between two types of microelectrofluidic
systems (MEFS): continuous-flow systems and droplet-based
systems. The comparison is based on a specific microelectrofluidic
application—a polymerase chain reaction (PCR) system. The
behavioral modeling, simulation, and performance evaluation
are based on a SystemC design environment. The performance
comparison includes the system throughput, system-correction
capacity, system-processing capacity, and system-design com-
plexity. By using our system-performance evaluation environment,
we demonstrated that the droplet-based MEFS provides higher
performance, as well as lower design and integration complexity.

Index Terms—Continuous-flow system, droplet-based system,
microelectrofluidic systems (MEFS), polymerase chain reaction
(PCR), SystemC design environment.

I. INTRODUCTION

COMPOSITE microsystems that incorporate micro-
electromechanical and microelectrofluidic devices are

emerging as the next generation of system-on-a-chip (SOC).
Composite microsystems combine microstructures with
solid-state electronics to integrate multiple coupled-energy
domains, e.g., electrical, mechanical, thermal, fluidic, and
optical, on an SOC. The combination of microelectronics and
microstructures enables the miniaturization and integration
of new classes of systems that can be used for environmental
sensing, control actuation, electromagnetics, biomedical
analyses, agent detection, and precision-fluid dispensing. There
remain, however, several roadblocks to rapid and efficient
composite system design. Primary among these is the need for
modeling, simulation, and optimization tools.

The 2001 International Technology Roadmap for Semi-
conductors (ITRS) [1] clearly identifies the integration of
electro-chemical and electro-biological microelectrofluidic
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systems (MEFS) as one of the five difficult challenges that
will be faced beyond 2005, when feature sizes shrink below
100 nm. In fact, the ITRS document anticipates that MEFS
components will be integrated in commercial SOCs begin-
ning 2006. Therefore, there is a pressing need for innovative
research in computer-aided design methodologies and design
tools for MEFS to tackle the challenges that will be faced by
the semiconductor industry beyond the time horizon of the
2001 ITRS document.

Microfluidic devices that combine existing components into
a system are now being routinely developed. These systems
are usually based on continuous-flow components, such as mi-
crovalves [2], micropumps [3] and channels [4]. There are, how-
ever, several problems inherent in such designs. These prob-
lems include complex-system architecture, dead volumes, and
integration complexity. An alternative approach to the design of
microfluidic systems is based on droplet actuation, which uses
electrowetting-based actuation to move fluidic samples. Elec-
trowetting-based actuation has recently been proposed for op-
tical switching and chemical analyses [5]–[7].

DNA analysis, such as sequencing, for the detection of
pathogens requires a sufficient concentration of DNA [8]. DNA
samples taken from blood or tissue are often too diluted to be
useful in practice. Polymerase chain reaction (PCR) is therefore
used to enzymatically amplify specific DNA fragments [9]. A
typical bimolecular protocol involving DNA analysis relies on
the following generic steps: 1) mix sample DNA with fluores-
cent dyes; 2) perform PCR; 3) detect the DNA concentration
using fluorimeters; 4) secondary detection and purification;
and 5) DNA analysis. The focus of this paper is on steps 1–4
since they appear to be most suited for on-chip integration.

Due to the critical role that PCR plays in many biomed-
ical/chemical applications, the design and implementation
of an integrated PCR system with high throughput and low
integration complexity is becoming especially important. Inte-
grated PCR-system design is complex due to the heterogeneity
of devices and coupled-energy domains. As a result, integrated
PCR-system design requires a multidisciplinary approach. Be-
havioral modeling and simulation to evaluate the PCR-system
performance is an important design step, and the processing
and transportation times are basic performance parameters
for this system. In this paper, we model two integrated PCR
systems using SystemC and present a performance comparison
for them based on simulation. The performance comparison
includes the system throughput, system-correction capacity,
system-processing capacity, and the system-design complexity.

0278-0070/04$20.00 © 2004 IEEE
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SystemC is a new open source library based on C++ [10].
It supports hardware-software codesign and the description of
the architecture of complex systems consisting of both hard-
ware and software components. It has been used in electronic
hardware/software codesign [11], system-level design [12], and
hardware synthesis [13]. MEFS is a new application area for
SystemC. A MEFS hierarchical modeling and simulation envi-
ronment based on SystemC is described in [14].

We present a performance comparison between two types
of microfluidic systems—continuous-flow systems and droplet-
based systems—in this paper. This comparison is carried out
for the PCR using the microelectrofluidic design environment
based on the SystemC programming language. We carry out be-
havioral modeling and simulation of PCR using this design en-
vironment. The performance comparison shows that the droplet-
based microfluidic system provides better performance, yet of-
fers the important advantage of lower design and integration
complexity.

The main contributions of this paper include the following:

• a SystemC-based integrated design environment for
MEFS and its application to a realistic biomedical
system, namely PCR system;

• the design of a reusable continuous-flow PCR system and
a droplet-based PCR system;

• a demonstration via modeling and simulation of the supe-
rior performance of the droplet-based system compared to
a continuous-flow system.

The organization of this paper is as follows. First, we review
the principles of DNA amplification using PCR in Section II.
Section III discusses a reusable continuous-flow PCR system
and its physical implementation. This reusable PCR system
is based on the reconfigurable microliquid handling-system
architectural design described in [15]. Section IV presents a
PCR system based on droplet technology. Its physical imple-
mentation is also described. In Section V, the MEFS modeling
and simulation perspectives are discussed, the fundamental
variables and elements needed to describe MEFS character-
istic are defined. In Section VI, a hierarchical modeling and
simulation environment based on SystemC is presented. The
architecture of the environment and the associated functional
packages are discussed. The performance comparison between
continuous-flow and droplet-based microfluidic systems is
discussed in Section VII. The comparison is carried out using
accurate, yet computationally-efficient, SystemC models of the
PCR system. Conclusions and future work are discussed in
Section VIII.

II. PCR

In this section, we present an overview of PCR, which has
emerged as a powerful tool for the detection of pathogens, where
the amount of sample is often small and direct detection is im-
possible. Its specific application is for rapid enzymatic ampli-
fication of specific DNA fragments. PCR can amplify genomic
DNA exponentially using temperature cycles. Consider a DNA
duplex consisting of regions , as shown in Fig. 1 [8].
If the sequences of and are known, then millions of copies
of (the target) can be obtained by PCR. One strand of this du-

Fig. 1. PCR [7]. A cycle consists of three steps: strand separation;
hybridization of primers; and extension of primers by DNA synthesis.

plex is denoted , and the complementary strand
is denoted with . PCR is carried out by
adding the following components to a solution containing the
target sequence: 1) a pair of primers, and ; 2) all four de-
oxyribonucleoside triphosphates (dNTPs); and 3) a heat-stable
DNA polymerase. As shown in Fig. 1, a PCR thermal cycle con-
sists of three steps:

1) Strand separation. The two strands of the parent DNA
molecule are separated by heating the solution to 95
for 45 s.

2) Hybridization of primers. The solution is then abruptly
cooled to 54 to allow each primer to hybridize to a
DNA strand. Primer hybridizes to on one strand, and
primer hybridizes to on the complementary strand.
This annealing process takes 30 s.

3) DNA synthesis. The solution is then heated to 72 , the
optimal temperature for Taq DNA polymerase. This al-
lows the Taq DNA polymerase to attach at each priming
site (where primers have annealed) and extend (synthe-
size) a new DNA strand. Elongation of both primers oc-
curs in the direction of the target sequence because the 3
end of primer faces , and the 3 end of primer faces

. One of the new DNA strands is and the
other is . The process takes 90 s.

In the next two sections, we describe the implementation of
two integrated PCR systems: continuous-flow PCR systems and
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Fig. 2. Proposed reconfigurable continuous-flow PCR system consisting of three functional blocks: the preprocessing block, the processing block, and the
postprocessing block.

droplet-based PCR systems. Without loss of generality, we as-
sume that both systems have the same fluidic operational units
such as detectable PCR, conductivity detector, and purifier, the
differences between them lie in the mixer and the flow control
subsystem. These PCR systems are then modeled using Sys-
temC in Section VII.

III. RECONFIGURABLE CONTINUOUS-FLOW PCR SYSTEM

Continuous-flow MEFS [16] use pressurized flow with
mechanical flow control devices such as microvalves and
micropumps [2]. As discussed in [17], the sequential process
architecture suffers from poor performance. In order to address
the under-utilization of system resources and improve the
system yield, we propose an integrated reusable and reconfig-
urable PCR system. Its conceptual architecture is presented
in Fig. 2. The system uses a parallel PCR configuration, and
it is based on a reconfigurable microliquid handling system
architectural design [15].

The reconfigurable continuous-flow PCR system consists
of three functional blocks: the preprocessing block (mixers);
the processing block (closed-chamber PCRs); and the postpro-
cessing block (detectors and purifiers).

The design is based on the following considerations:

• Independent operational units. Due to the sequential
flow between microfluidic components—the PCR, the
detector, and the purifier—the system performance is
limited by the slowest part of the system. Therefore,
a redesigned architecture is required in which each
operational unit of processing blocks can be operated
independently.

• Independent fluidic-flow cycle. In order to make each op-
erational unit operate independently, an independent flu-
idic-flow cycle has to be built for each operational unit. For
instance, as shown in Fig. 2, the combination of the carrier
chamber and the waste chamber form the mixing
fluid-flow cycle. This cycle carries the incoming DNA so-
lution and associated reagent into the mixer. In addition,
the combination of and forms a cycle to carry the
solution mixture from the mixer to a PCR. Other fluidic
paths include the PCR cycle with the carrier and the

waste chamber, another PCR path with the carrier and
the waste chamber, and the postprocessing path with
the carrier and the waste chambers.

• Temporary storage buffer. Due to the difference in
processing capability (throughput) between functional
blocks, and in order to enhance the system throughput,
temporary storage buffers are necessary between certain
function blocks. For example a storage buffer is inserted
between the processing block and the postprocessing
block shown in Fig. 2. The conductivity process requires
a much lower flow rate than that in the transportation
channel between microfluidic components. Therefore, a
storage buffer is necessary to temporarily store the PCR
processed product. In addition, temporary storage buffers
can separate the sequentially connected processors into
several independently operating functional blocks, thus
benefiting system performance, and system reconfig-
urability. For example, the temporary storage buffer
shown in Fig. 2 can separate the processing chain into the
processing block and the postprocessing block.

• Reusability. System reconfigurable architectural design
makes the system meet different performance-matrix
requirements, when the system architecture is reconfigu-
rated. One of the fundamental facets of the reconfigurable
architecture is reusability. Reusability implies a number
of issues with regards to cross-contamination and clean-
liness. The carrier flow is necessary for each functional
block. When there is an incoming fluidic solution, the car-
rier flow takes the solution through the process. Between
the interval of two fluidic solutions, the carrier flow with
the constant flow rate can function as a cleaning solution.

A. Closed-Chamber PCR Functional Block

The detectable PCR can continuously monitor the
change of DNA concentration during the PCR process.
The closed-chamber PCR with optical detection belongs
to this category. Advantages of the PCR are its small size

mm and the sealing of the chamber with a
Pyrex wafer using the anodic-bonding method. The transparent
surface of the Pyrex makes it possible to incorporate optical
readout methods [18]. Because of the issue of component
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Fig. 3. PCR mixer consists of inlet units, actuation pumps, flow sensors, and
mixing coils.

size, an integrated reusable continuous-flow system integrates
the closed-chamber PCR on a board. On the other hand,
the proposed integrated droplet-based system integrates the
closed-chamber PCR on a chip for DNA thermal amplification.

After PCR is used to successfully amplify the target DNAs,
the amplified DNA samples can be used for target applications,
such as mutation analysis, genetic mapping and sequencing [8].
However, before subsequent analysis of the amplicon, the target
DNA concentration of the PCR product has to be verified, and
the PCR product has to be purified to remove unwanted salts,
primers and enzymes.

Although PCR can continuously monitor the change of
DNA concentration during the PCR process, this detection
suffers from poor detection limits due to the limitation of UV
absorbance and fluorescence [18]; hence, a backup detector
is necessary. An attractive method for PCR is based on con-
ductivity detection. The analytical response, measured by the
conductivity, is related to the concentration of species [19].
As long as the analyte has a conductance different from that
of the carrier solution, the DNA can be analyzed in its native
state [19]. Conductivity offers several advantages compared to
other common detection schemes used for DNA detection, e.g.,
it is amenable to small column detection. Since the detector
does not have any driven power, the time for the fluidic sample
passing the detector, referred to as detection time, depends on
the micropump flow rate and the fluidic sample volume.

After amplification and conductivity detection, the success-
fully amplified DNA product needs to be purified to remove
unwanted salts, primers, and enzymes for further analysis. A
complete description of the PCR reverse-phase purification can
be found in [9]. The volumetric flow ranges from one to several
microliters per minute. In contrast to the detector, the purifier
described in [9] has driven power; hence, the purification time
is based on the fluidic sample characteristics.

B. Mixer

Several mixers comprise the preprocessing block in the PCR
system. The basic structure of a mixer is shown in Fig. 3 [20].
The inlet unit connects the microsystem with the macroscopic

TABLE I
DESIGN PARAMETERS AND THEIR NOMINAL VALUE FOR A MIXER

environment. The micropump delivers a constant flow rate for
liquids. There are two microvalves located at the input and the
output of each micropump, which can prevent the reverse flow
of the liquid. In addition, each micropump must be connected
with a flow sensor to measure the flow rate [21].

In order to fully mix liquids, the average flow rate must be of
the order of 10 l/h [22]. The mixing of fluids in small channels
is a major technical challenge. In a very small channel, the liquid
exhibits only laminar flow. A good mixing of different liquids
requires turbulence in the flow. A simple solution is to coil the
route of the microchannel in the mixer. The flow rate in our
system is realistically assumed to be 10 l/min due to the coil
structure and small volume of fluorescent dyes [23].

Table I shows the critical design parameters for a mixer based
on a state-of-the-art design.

C. Transportation Expense

The total time for each fluidic sample staying the PCR system
consists of three periods: the time of waiting for the system re-
sources; the processing time; and the transportation time. Based
on the previous discussion, the mixing time, detecting time, and
the transportation time depend on the micropump flow rate.

Since an integrated continuous-flow system as shown in
Fig. 2 has not been demonstrated in the literature, we base our
performance analysis on the typical values of the parameters
from component design. Transportation time is a very important
factor influencing the continuous-flow system performance.
Since the internal channel length of a three-way microvalve
is 8 mm [2], the viable length of the channel between two
processors is approximately equal to the number of three-way
microvalves multiplied by the length of the internal channel.
For instance, there are two three-way microvalves between
the mixing unit and the PCR chip, thus, the channel length
between them is at least 16 mm. The regular cross-section area

of the microchannel is assumed to be 1600 m [22]. The
volume of the channel between two processors is given by

Volume l (1)

Although the maximum flow rate of a micropump can be
1000 l/min, the realistic flow rate is around 10 l/min
due to the limitation of the three-way microvalve and the mixer
flow rate. Therefore, based on (1), the transportation time be-
tween the mixer and the PCR reaction chamber is

l
l/min

min (2)

where the is total volume of the liquid, which is equal to 30 l,
is the flow rate, and is the distance between the mixer
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TABLE II
DESIGN PARAMETERS FOR THE RECONFIGURABLE

CONTINUOUS-FLOW PCR SYSTEM

and the reaction chamber. is negligible when compared
to the liquid volume , hence, it can be ignored.

Table II shows the values of the design parameters for the
reconfigurable continuous-flow PCR system. Based on (2), the
transportation time from the mixer to the PCR is 3 min. Because
only the three-way microvalves and transportation channels lie
between the PCR reaction chamber and the storage buffer, the
transportation flow rate can be expected to be as high as 20

l/min without the limitation of the mixer. Therefore, the trans-
portation time between the reaction chamber and the storage
buffer is 1.5 min.

Due to the limitation of UV absorbance and fluorescence
[18], the backup detector using the conductivity technique may
detect that the PCR product does not match the concentration re-
quirement. The DNA solution is then called an “unqualified so-
lution.” Because of the unidirectional fluidic flow, the processed
fluid sample cannot be sent back, and the reconfigurable contin-
uous-flow PCR system lacks system-correction capability.

IV. DROPLET-BASED PCR SYSTEM

Another physical implementation method for MEFS is based
on droplet-flow technology. It is based on electrically-driven
liquid handling without mechanical elements. Section IV-A in-
troduces a droplet-based PCR, and its physical implementation
is presented in Section IV-B.

A. Droplet-Based PCR System

The electrostatic actuation method has been proposed for ma-
nipulating microdroplet movement [7], [26], [27]. A potential
architecture of a droplet-based PCR system is based on the elec-
trowetting-based actuation presented in [5]. The rapid actuation
of discrete liquid droplets is based on direct electrical control of
their surface tension.

The droplet-based PCR system has the same architecture as
the reconfigurable continuous-flow PCR system and, as we
assumed, it also have the same fluidic processing blocks such
as detectable PCR, conductivity detector, and purifier. The
difference between them lie in the mixer and the flow-control
subsystem. The DNA solution is moved into the PCR system
through inlet units. The mixing units and other processor
chambers are developed with electrode arrays. These arrays are
used to control the fluidic flow. The transportation chain is used
to connect different fluidic processing blocks. Because there
are no large mechanical elements in the transportation chain,
the distance between any two operational units is decreased.
The direction of movement of fluidic samples is reversible.

Fig. 4. Schematic cross-section of the electrowetting microactuator [5].

TABLE III
DESIGN PARAMETERS FOR THE ELECTROWETTING ACTUATOR

B. Physical Implementation

1) Electrowetting Microactuator: The electrowetting mi-
croactuator is presented schematically in Fig. 4 [5]. A droplet of
polarizable and conductive liquid is sandwiched between two
sets of planar electrodes. The upper plate consists of a single
continuous ground electrode, while the bottom plate consists
of an array of independently addressable square-shaped control
electrodes. With each electrode independently controlled,
multiple fluidic droplets can be moved simultaneously. There
must be at least one electrode between two droplets in order to
maintain isolation.

Table III shows the critical design parameters for the elec-
trowetting actuator [5].

2) Droplet Mixer: The concept of a “droplet mixer” [26] is
that two sample droplets are fed from different inlet units, mixed
with each other, and moved to the outlet. The droplet mixer con-
cept offers the advantages of simple construction, no moving
control devices, and no dead-volume. The concept of a mixer
can be used for the droplet reactor design. Because of the ag-
itation during the droplet movement, the mixing time can be
largely reduced. Normally, the time for one l droplet mixing is
several seconds. Because electrodes can be controlled indepen-
dently, a large-size droplet can be separated into several smaller
droplets, and mixed simultaneously, the mixing time of a droplet
is not related only to the volume. It is reasonable to assume that
the mixing time for a 30 l sample is 10 s [5].

3) Transportation Expense for a Droplet-Based PCR
System: The topology of the grid array influences the route
that a droplet must take in moving from one port to another.
Hence, the definition of the distance between two ports must
consider the structure of the droplet-based PCR system. The
distance between two ports is defined as the number of the
electrodes between them, . The number of droplets, ,
whose volume is 1 l, existing in the 30 l liquid
sample is

l
l

(3)

where, is the volume of a sample. Since the droplets
can be moved simultaneously at a maximum speed of
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TABLE IV
DROPLET-BASED PCR SYSTEM-DESIGN PARAMETERS

15 cm/s (which is equal to 8.2 electrodes/s, the width of the
electrode is 1.82 mm), and the moving droplets must have at
least one spare electrode between them in order to keep isola-
tion; therefore, the equation to calculate the transportation time

of the liquid through electrodes can be obtained as

(4)

The inductive steps to derive (4) are as follows.
Without loss of the generality, the value of is assumed

to be 1 electrode/s, and the number of electrodes is assumed
to be 4.

1) We first show that (4) holds for and
.

It is obvious that the total transportation time for one
droplet passing through 4 electrodes is 5 s.

From (4), we obtain
s.

Since the moving droplets must have at least one spare
electrode between them, in order to maintain isolation,
when the second droplet arrives at the fifth electrode, the
first droplet just arrives at the seventh electrode. There-
fore, the transportation time is 7 s.

From (4), we obtain
s.

2) Suppose that (4) holds for . no.

.
3) We next show that (4) holds for .

Based on the above analysis, it easily follows that when
the number of droplets increases by 1, the transportation
time is increased by 2, and the transportation time be-
comes .

From (4), we obtain
. This proves

the result.
Since the distance between any two ports is within several

millimeters, the number of electrodes, whose width is 1.82 mm,
between two ports can be assumed as 10. The transportation
time of a 30 l sample between any two ports is approximately
as follows:

s

Table IV shows the values of the design parameters for the
droplet-based PCR system. The droplet-based PCR system of-

fers high transportation speed and inherent parallelism; hence,
we ignore the time for splitting a droplet. The mixing time tends
to dominate splitting and transportation times.

V. MEFS HIERARCHICAL MODELING AND

SIMULATION PERSPECTIVE

MEFS complexity arises due to the growing number of de-
vices and the increasing levels of heterogeneous coupled-en-
ergy domains. As a result, system design requires a compre-
hensive model to study the dynamic behavior of the system.
The modeling of MEFS behavior consists of two integral parts:
system-level modeling and component modeling.

System-level modeling involves performance modeling and
behavioral simulation for specific biomedical and chemical ap-
plications. In contrast, component modeling investigates the in-
dividual microfluidic component behavior, and emphasizes the
definition of physical properties and relationships at the compo-
nent level. Component modeling offers an approach that is com-
plementary to system-level simulation. A MEFS closed-loop in-
tegration design environment should extend system design from
the component level to the system level.

In this section, the fundamental variables and elements
needed to describe MEFS characteristics are defined from
the lower component level to the higher system level. These
fundamental variables capture the MEFS behavior, and they
are critical requirements for an appropriate MEFS modeling
and simulation language.

A. MEFS Dynamic Modeling and Simulation at
Component Level

1) Classification of Dynamic System Models: Mathematical
models are needed to study the dynamic behavior microsystems.
These models can be classified into two categories based on
the nature of the underlying differential equations [28]: 1) Dis-
tributed-element models and 2) Lumped-element models.

A wavelength/physical size concept can be used to explain the
rationale of building lumped-element models for any physical
system that exhibits wave propagation, such as electromagnetic
systems, mechanical vibrating systems, and acoustic systems.
The key concept here is that if the physical size of a device is
small compared to the wavelength associated with signal prop-
agation, the device may be considered lumped, and a network
lumped-element model can be employed. Typically, microelec-
trical systems can be treated with the simple lumped-element
approach. In addition, the essential solid body characteristics
allow micromechanical systems to be analyzed as lumped-ele-
ment models [29].

However, in contrast to the electrical and mechanical energy
domains, matter and energy may not be continuously distributed
over space within some fluidic systems. In addition, due to the
generally less well-defined shapes of bodies of fluid (as com-
pared to solid bodies), microfluidic systems appear to be less
suited for the lumped-element viewpoint. Since every spatial
location has its own flow rate and direction of flow, using a
given spatial point to be representative of the local environment
may cause behavioral description errors. Nevertheless, using a
lumped-element model to describe microfluidic systems is ap-
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propriate when the fluidic flow is laminar, the fluid is incom-
pressible, and the fluid shape is well defined [28]. For instance,
when a fluidic sample flows in a channel whose diameter is very
small (millimeters), the fluidic flow can be described using the
lumped-element model. Within a given element, there is no vari-
ation, but behavior such as pressure and velocity usually change
between different elements. It is clear that when a model is
made up of a number of smaller elements, the stepwise varia-
tion nearly approximates the true smooth variation. Based on
several researchers’ experiences [25], [28], [30], it is now rec-
ognized that when studying fluidic movement in a microfluidic
system, lumped-element models can provide good results if the
fluidic element is concentrated into ten elements per wavelength
at the highest operating frequency.

Therefore, after considering the fundamental characteristics
and their relationships to multiple energy domains, we con-
clude that lumped-element models with ODAEs are appropriate
for describing and studying dynamic MEFS behavior involving
multiple, coupled energy domains.

2) Fundamental Variables: The fundamental variables are
required to describe the system dynamic behavior. The physical
quantities in multiple energy domains can be viewed as types
of single-port element variables: across and through. These two
variables are used to describe the power and energy-flow vari-
ables, respectively. An across variable denotes a difference in a
physical condition across the terminals of an element. A through
variable denotes a physical quantity transmitted through the ter-
minals of an element. The power flow through a port into a fluid
system can be expressed with the through variable and the across
variable: volume fluid-flow rate and fluid-pressure drop .
The volume represents the total volume of fluid passing
through the port over a given time period. The pressure mo-
mentum is the time integral of pressure, which is analo-
gous to the momentum in mechanical systems [28]. A modeling
and simulation language needs to have the capability to describe
these fundamental variables and their constitutive relations to
study the system behavior.

3) ODAEs Solver: Due to the complexity of MEFS designs,
it is better to relieve the system designer from the burden of
simulator development. Designers should mainly focus on the
system modeling using related modeling and simulation lan-
guages. The associated simulator can automatically solve the
system model with sophisticated mathematical methods, and it
can offer a flexible and standard interface for a user-defined pro-
gram.

B. MEFS System-Level Modeling and Simulation

1) MEFS Behavior Modeling Perspectives: The MEFS
system-level modeling requires a single language to describe
different behavioral perspectives: 1) discrete event-scheduling
perspective; 2) discrete process-interaction perspective; and 3)
continuous perspective. Multiple perspectives can be combined,
allowing portions of the dynamical behavior to be described
by a discrete modeling paradigm and other portions of the
dynamical behavior to be described by a continuous modeling
paradigm.

Although the basic MEMS dynamic behavior is described
using event-scheduling, continuous or both perspectives, this
modeling paradigm cannot directly represent MEFS behavior.
MEFS behavior not only requires a combination of discrete and
continuous perspectives, but it also requires the discrete repre-
sentation including event-scheduling, process-interaction, and
a combination of both. For instance, the event-scheduling per-
spective is necessary to model a microfluidic sample arrival
event. The continuous perspective is used to describe a thermal
reaction involving solution mixtures, and the energy-conserva-
tive queuing nature of a biochemical DNA-analysis system must
be described with a process-interaction perspective [31].

2) Object-Oriented and Dynamic Data Structure: In con-
trast to the MEMS processor-oriented modeling perspective, the
MEFS system-level design mainly focuses on the change of flu-
idic sample characteristics. Therefore, the process-interaction
perspective is popularly adopted to describe this fluidic sample-
oriented MEFS behavior. In addition, in order to more effec-
tively represent the features of each fluidic sample in MEFS,
a complex but flexible data structure is necessary. The features
are defined in the following.

• Fluidic sample property. This item presents fluidic sample
physical and chemical features, such as the fluidic sample
volume and the sample temperature, etc. These features
may be changed during the fluidic sample processing pe-
riod.

• System resource utilization. This item records the status of
each fluidic sample using system resources. For instance,
which processor is used by that fluidic sample? Which
channel is used to deliver that fluidic sample from the
storage buffer to the processor or from the processor to
outlet?

• Fluidic sample simulation clock. This item records the
simulated time value of each process event for a certain
fluidic sample. For example, the time value when that flu-
idic sample arrives at the input to the handling system, the
time value when that fluidic sample arrives at a storage
buffer, the thermal reaction time for that fluidic sample,
etc.

By definition, stochastic systems exhibit runtime nondeter-
minism; any particular simulation is simply one observation
of the random behavior. Thus, data structures associated with
random variables cannot generally be predefined at model de-
velopment or instantiation, and dynamic data structures are re-
quired that can be modified during runtime of the model, i.e.,
simulation. A dynamic data structure, such as a linked-list, can
be an effective data representation for a set of objects or data
values, where set membership can vary during simulation by
creating and destroying objects. For instance, a linked-list is
often used to represent a set of fluidic samples waiting for ser-
vice or a set of jobs waiting for execution [32]. In addition, this
dynamic data structure can describe more complicated queuing
behavior, involving priorities, preemptions, redistributions, and
terminations [33].

3) User-Definable Behavior: One of the most effective
ways to address the difficulties of MEFS design complexity is
to create abstractions at the system level. These abstractions
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highlight relevant system characteristics and deemphasize or
hide all other information. They also reveal how a designer
views the intent and operation of a complex system. Thus,
system performance modeling languages are required to
provide a basic set of predefined functions and behaviors to
construct application-specific, user-definable abstractions [34].
In addition, because of the complexity of MEFS architecture,
the different functional blocks can be connected to each
other sequentially or in parallel, either the sequential process
contains the concurrent procedure, or the concurrent procedure
embodies the sequential process.

This aspect of system-level modeling can be realized using a
variety of constructs and statements supporting both sequential
and concurrent executional semantics for procedural and par-
allel tasking and methodologies, respectively. In this manner, a
system performance modeling language is molded to fit an ap-
plication rather than the counter situation of contorting an ap-
plication to fit an inflexible system performance modeling lan-
guage.

4) Time-Advanced Mechanisms: Due to the stochastic na-
ture of MEFS application behavior, a variable is necessary to
keep track of the current value of simulated time when the sim-
ulation proceeds. This variable is called the simulation clock.
It is also useful to advance simulated time from one value to
another for the event-scheduling perspective. In addition, it is
necessary to synchronize events in the simulation. Clocks order
events in time so that parallel events are properly modeled by
simulator on a sequential computer. There is generally no rela-
tionship between simulated time and the time needed to run a
simulation on a computer.

5) Scalability of Simulation: Because of the hierarchical
structure of MEFS, MEFS simulation requires the study of
design scalability. Existing MEMS hierarchical modeling and
simulation techniques focus on low-level components. The
entire MEMS component as a single behavior entity forms the
top level of hierarchy, and the constituent MEMS elements,
such as plate masses and beam springs, form the hierarchical
lower level [35]. However, this down-top approach is not
efficient for MEFS. A scalable methodology with top-down
decomposition and down-top verification is necessary for
MEFS, it must handle heterogeneous, multiple-component sys-
tems, and address complex fluidic-application and mixed-level
component simulation. It is important to investigate how the
performance of a microliquid handling system architecture
scales with increasingly complex chemical and biological
analyses, and what types of biomedical applications can be
practically miniaturized via microfluidic molecular processing.
In addition, it is also necessary to investigate how the perfor-
mance of the microliquid handling system scales with advances
in constituent microfluidic device technology. Therefore, the
MEFS system-level modeling and simulation languages must
possess a hierarchical scalable-design capacity.

6) Statistical Analysis Capacity: The purpose of simulation
is to imitate the operation of a real-world system, and then to
use the resulting simulation output data to infer the real-world
system functionality and performance. MEFS high-level system
performance models are generally stochastic because either the

system is too complex to be analytically characterized, design
details are unknown, or overall performance depends on am-
bient factors that are nondeterministic [36]. Stochastic systems
dynamically vary over time because the system operation is
dependent on one or more random variables. Hence, the re-
sulting simulation output data exhibit random variability. Con-
sequently, the statistical analysis approach is very important
[33]. Statistical analyses require the language capacity to com-
pile various usage information during system execution to es-
timate the mean, variation, correlations, and confidence inter-
vals of the sampled random results. Probabilistic and statistical
analyses also require multiple data types, powerful mathemat-
ical resources (function libraries), and operating system storage
(file) input/output.

Overall, the lumped-element models with ODAEs are appro-
priate to describe the MEFS component-level dynamic behavior
coupled with multiple energy domains. The distributed-element
models with PDAEs are also necessary to study the lumped-ele-
ment models’ possibility, accuracy, and limitation. These com-
ponent-level modeling and simulation requires the simulation
languages to have the capacity to describe the MEFS lumped-el-
ement and possible distributed-element models, and to repre-
sent its across and through variables and their general constitu-
tive relations. In addition, the MEFS system-level hierarchical
modeling and performance evaluation require the description
capacity of simulation languages for MEFS system-level hier-
archical modeling, simulation, and statistical analyzes.

VI. MODELING AND SIMULATION LANGUAGES

Traditionally, several modeling languages and simulators
have been used to support various phases of system specifica-
tion, architectural design, and functional unit design. Perfor-
mance-modeling languages, such as SIMSCRIPT II.5, SLAM
II, and general purpose software programming languages such
as C and Ada, are used for the high-level architectural design,
stochastic performance analysis, and biomedical/chemical
process flow simulation [33]. On the other hand, logic-mod-
eling languages, such as VHDL/VHDL-AMS, are used for
low-level functional unit design [37]. However, this system-de-
sign approach requires human intervention. It also leads to
problems of misinterpretation of concept specifications in the
translation between different data models and tools. Thus, it
is beneficial to construct a hierarchical system modeling and
simulation environment using a common system-description
language and associated simulation engine, rather than multiple
languages and simulators that span different levels of abstrac-
tion. The potential benefits of this approach include reductions
in design time and life-cycle maintenance costs.

Thus, it is necessary to construct a hierarchical system mod-
eling and simulation environment using a common system de-
scription language and associated simulation engine, rather than
multiple languages and simulators that span the different ab-
straction level. In this section, a hierarchical modeling and sim-
ulation environment based on SystemC is presented. While the
main focus of this paper is on the comparison between con-
tinuous-flow and droplet-based PCR systems, SystemC is pre-
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TABLE V
COMPARISON BETWEEN THE FEATURES OF DIFFERENT SIMULATION LANGUAGES

sented here as an appropriate candidate to facilitate this com-
parison via simulation and performance evaluation. Based on
the discussion in Section V, we examine the suitability of sev-
eral simulation languages for MEFS hierarchical design. These
languages include VHDL-AMS, SLAM, C/C++, Matlab, and
SystemC. Next, SystemC is proposed as a potential candidate
for complete system modeling and simulation. In addition, a hi-
erarchical modeling and simulation environment based on Sys-
temC is presented. The architecture of the environment and the
associated functional packages are discussed.

A. Overview of Languages for Hierarchical Design

1) VHDL-AMS: Recently, VHDL has been extended to en-
able descriptions of continuous-time systems. The combination
of discrete and continuous time language constructs are collec-
tively referred to as VHDL-AMS [37]. VHDL-AMS supports
component-level modeling and simulation of continuous and
discrete systems with conservative and nonconservative seman-
tics of energy. The equations describing the conservative aspects
of a system do not need to be explicitly annotated by the user.
The VHDL-AMS solver automatically verifies the conservation
of energy. Although it has recently been used for MEMS design
[38], it appears that the processor-oriented modeling perspective
of VHDL-AMS limits its applicability for MEFS fluidic-sample
oriented analysis. For example, it is difficult to use VHDL-AMS
to develop powerful yet flexible data structures to describe the
fluidic sample characteristics discussed in Section V. In addi-
tion, VHDL-AMS, which supports ODAEs, may not be suit-
able to directly describe PDAE’s needed for the MEFS dis-
tributed-element models. Moreover, VHDL-AMS is not nor-
mally used to describe the system-level model behavior because
of its component-level-oriented modeling perspective.

2) Performance Language—SLAM: SLAM is a high-level
performance modeling language [33]. It provides the capacity
to describe the overall system as a stochastic system. An impor-
tant aspect of SLAM is that alternate modeling methodologies
can be combined within a single simulation model. In addition,
it provides several statistical reports for final data analysis, and it
also provides a useful simulation methodology for performance
evaluation. However, it lacks the capacity to model and simulate

hierarchical multiple-level MEFS behavior. Its modeling capa-
bility is limited to abstract high-level models, and it does not
support component-level coupled-energy descriptions.

3) C/C++: C/C++ are popular, powerful and flexible lan-
guages, and a wide variety of C/C++ compilers and helpful ac-
cessories are available. They provide powerful dynamic data
structures. In addition, flexible semantics and adequate math-
ematic functions make it possible to build a wide variety of
system models. However, standard C/C++ does not possess the
description capacity to directly study MEFS component-level
coupled-energy behavior. For example, there is no natural way
in C/C++ to represent constrained data types, concurrency, and
clocks. In addition, the C/C++ language does not provide an as-
sociated simulator, the designer is required to build the model
solver.

4) Matlab: MATLAB is a powerful high-level language that
is especially suitable for demonstrating mathematical concepts.
Matlab offers a useful working environment for quick model
calculation and full simulation tasks. However, based on the re-
quirements for the hierarchical modeling and performance eval-
uation of MEFS, from the higher biomedical level to lower com-
ponent level, Matlab lacks the capacity to model and evaluate
the hierarchical performance of the MEFS architecture. In ad-
dition, Matlab does not directly support component-level cou-
pled-energy domain modeling. It lacks the capacity for discrete
event-driven modeling and concurrent simulation, and there is
general consensus among most Matlab users that certain Matlab
programs run extremely slowly.

5) SystemC: SystemC is a new open source library in C++.
SystemC and standard C++ development tools can be used to
create a system model from the system level to the component
level, quickly simulate to validate and optimize the design, ex-
plore various algorithms, and provide the hardware and soft-
ware development team with an executable specification of the
system.

SystemC provides Module and Process to describe the com-
plex MEFS hierarchical architecture. In addition, SystemC sup-
ports a rich set of port and data types. They are very useful to
describe the different fluidic sample properties and communi-
cation between different fluidic components. The multiple-level
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abstract design methodology is one of the most important prop-
erties of SystemC, ranging from the higher system level to lower
component level. Moreover, to model and simulate continuous
perspective with SystemC, differential equations with respect to
time can be discretized and transformed into corresponding dif-
ference equations.

A drawback of SystemC is that it does not provide an asso-
ciated simulator, the designer is required not only to model the
system behavior, but also to build the model solver. However,
SystemC’s procedures allow us to describe ODAEs and PDAEs
easily, and then solve these equations.

In summary, as qualitatively shown in Table V, while evalu-
ating the suitability of these languages for MEFS hierarchical
design, we found that SLAM II, C/C++, and Matlab are not
suitable to handle the problem of MEFS modeling and simu-
lation. VHDL-AMS is a potential candidate; however, based on
the authors’s experience, it is not easy to use VHDL-AMS to
model and simulate the MEFS system. Therefore, we recom-
mend that SystemC is a viable candidate to develop a MEFS hi-
erarchical modeling and simulation environment, even though
it is the user’s responsibility to build the associated simulator
[14].

B. System-Level Modeling Package

System-level modeling involves the system-performance
modeling and the simulation of stochastic behavior inherent in
the execution of a specific biomedical and chemical application.
In addition, system-level modeling studies the reconfigurable
system-architecture performance, scheduling, and throughput.

1) MEFS Behavioral Description: Depending on the
system-level characteristics of MEFS, the fundamental ele-
ments for system modeling include: 1) the storage part, which
is used to temporarily store the fluidic samples, and examples
of which includes fluidic input buffers and containment reser-
voirs; 2) the transportation part, which is used to deliver fluidic
samples from one site to another; and 3) the processor part,
consisting of fluidic analyzers and mixers, which are key for
a MEFS bio/chemical application. All these functional blocks
are defined using processes. In addition, the basic elements
include: 4) the timing clock to synchronize simulation events
and 5) a complex but flexible fluidic sample data structure. It
contains the fluidic sample’s physical properties and simulation
procedure records.

2) MEFS Architectural Description: The Master and Slave
processes, which can perform data transactions based on an ad-
dress, are used to define the fluidic transaction between different
functional blocks. Module and Process can be used to reflect
the low-level parallelism of microfluidic components and the
high-level ordering of procedures and functions. By combining
these two mechanisms, system designers have the flexibility to
model the system behavior, instead of redesigning an applica-
tion to fit an inflexible system performance modeling language.

Furthermore, a mathematical package is built for MEFS
system-level stochastic behavior. It contains the common real
constants, and common real-probability functions. SystemC

supports the capacity to build this mathematical package with
the regular function procedures.

C. Component-Level Modeling Package

The goal of MEFS component modeling and simulation is
to study individual microfluidic components at the component-
level of abstraction, emphasizing the definition of physical prop-
erties and their relationships across multiple energy domains.

1) Energy-Domain Behavior Declarations: Based on
the microfluidic component modeling common issues [14],
coupled energy component modeling, which is Kirchoffian
in nature, requires the declaration of specific variables to
represent individual energy domains and disciplines. Similar
to the energy declaration in VHDL-AMS, SystemC makes
declarations for the variables for each energy domain. These
declarations use the signal construct of SystemC.

2) Coupled-Energy Modeling and Simulation: The cou-
pled-energy problems in MEFS, which require simultaneous
statements describing concurrent events, can be addressed
using the Process construct. We make use of three different
types of Process—Methods, Threads, and Clocked Threads.
Since the concurrent processes in SystemC are loosely coupled,
the sensitivity list for each process has to be expressed explic-
itly. Moreover, in contrast to VHDL-AMS, SystemC does not
directly provide constructs for defining energy-conservative
sets of simultaneous ODAEs. It is the user’s responsibility to
write and verify the energy-conservative models. SystemC does
not directly provide an associated simulator to solve simulta-
neous ODAEs over a series of intervals denoting a period of
time. Nevertheless, by using the regular function procedures or
Process, users can code various DAEs solvers with SystemC,
such as derivative and integral, and add them into a SystemC
component behavior model. Moreover, besides the original
simulation clock, SystemC can supply a higher-frequency
clock to provide a series of time intervals for more accurate
ODAEs function solutions. Here, we use the relaxation-based
numerical integration techniques [39] coded in SystemC to
solve these ODAEs. An example of solving the ODAEs which
represent the microvalve behavior is given in the next section.
Note that it is difficult to implement an efficient solver for all
biomicrofluidic applications.

Fig. 5 shows the program structure of a general MEF
system. Each function block is hierarchically connected to
the higher-level program. The connection between different
functional blocks is defined on the higher level. Associated nu-
merical simulation package and optimization package support
the system modeling, simulation, and optimization [40], [41].

VII. COMPARISON BETWEEN CONTINUOUS-FLOW

PCR AND DROPLET-BASED PCR

In this section, we compare two types of PCR systems: con-
tinuous-flow PCR systems and droplet-based PCR systems. The
evaluation is based on the system-design complexity, system
throughput, system-resource utilization, and system-correction
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Fig. 5. Description of a general MEF system model based on SystemC.

capacity. PCR system modeling and simulation are based on the
SystemC design environment [14].

A. System Modeling

As shown in Fig. 5, SystemC can be used to hierarchically
model general MEF systems. These models can target the
biomedical process-flow level, the complex reconfigurable
system-architecture level, and the more detailed and lower
component level. We next present the general PCR system ar-
chitecture model and an example of the function-block model.
More details on SystemC modeling for MEFS are presented in
[17].

1) System Architecture Modeling: The architectural simula-
tion model of the PCR system is developed using a combina-
tion of process, event, and continuous control paradigms. The
operation of the PCR system is modeled by the flow of entities
(clients) through a network structure consisting of nodes and
branches denoting resources, queues denoting resources, activ-
ities, and entity flow decisions.

Without loss of generality, Table VI shows a top-level pro-
gram structure of the PCR system based on SystemC. This pro-
gram structure also shows the general queuing network property
of the PCR system. The complete PCR process can be separated
into five stages based on the process routine. The first stage, the
initial sample creation, is coded in producer.h. The second stage
is the mixing stage. In this stage, the fluidic samples are moved
from containment reservoirs into the mixer that is not full. The
behavior of this stage is coded in mixing.h. When the PCR-pro-

cessor block is free, samples are transported to the appropriate
processor. The procedure, processor.h, is used for this stage.
It consists of all PCR processors. After processing, the fluidic
samples go to the fourth stage, the postprocessing block: detec-
tion and purification. The procedure, post-process.h, is used for
this stage. At the end, the targeted liquid sample is transported
to the terminal stage. This terminal stage is coded in terminal.h.
Simulation results also are recorded in this stage for data ana-
lyzes.

2) Functional Block Modeling: The PCR function units
consist of three processing steps:

• backward communication between PCR processors and
previous function blocks, such as mixers and channels;

• forward communication between PCR processors and the
next processing blocks, such as detectors and purifiers;

• PCR thermal cycle amplification processing.
The forward and backward communication processes require

the definition of the handshaking protocol between different
function blocks. The in SystemC can
be used to define communication signals. The related definition
of the synchronization clock is also needed. Another smaller in-
terval clock is necessary for the calculation related to the PCR
thermal cycle process. Fig. 6 shows these signal definitions.

Fig. 7 shows the header and implementation code for the PCR
functional block. The behavior of the thermal cycle process can
be defined using the general mathematical function, or complex
ODAEs depending on the design of the PCR system.

3) Microvalve Lumped-Element Nodal Modeling: MEFS-
performance analysis is difficult because coupled-energy be-
havior creates strong links between high-level architecture and
low-level component design parameters. We adopt the strategy
of trading-off behavioral fidelity with the efficiency of analysis,
“blinding” unnecessary low-level detail, and paying more
attention to certain tractable subsystems [42]. All operational
units need the nodal modeling to study their detailed behavior;
here, we focus only on the microvalve nodal model to study
the flowrate.

The pressure-driven check valves significantly affect the be-
havior of the micropump since they determine the micropump
flow rate. The major parts of the check valve are a cantilever
beam and valve seats. Normally, the cantilever lies against the
valve seat, thereby closing the port to fluid flow. During oper-
ation, the fluid flow exerts the pressure against the cantilever.
The cantilever, acting like a spring, deflects and allows the fluid
to flow through the valve. The flow rate can be treated as a
function of pressure difference and the displacement that is
the distance between the cantilever and the valve seat [25]

(5)

The displacement is determined partly by the pressure dif-
ference between the valves . The behavior of the cantilever can
be described by the following second-order differential equation

(6)
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TABLE VI
TOP-LEVEL STRUCTURE OF A GENERAL PCR SYSTEM BASED ON SYSTEMC. IT DEFINES THE COMMUNICATION PROTOCOL BETWEEN THE FUNCTIONAL BLOCKS

Fig. 6. Definition of the communication protocol between the PCR and related
function blocks.

where is the effective mass of the cantilever, including the
mass of cantilever and that of the liquid surrounding the can-
tilever. The parameter is the damping constant, determined by
the geometry of the cantilever. is the spring constant described
by the geometry of the cantilever, and product materials. We
build this microvalve analytical model with SystemC. Since the
cantilever model is inherently nonlinear and coupled, we solve
it numerically. Fig. 8 shows the microvalve model coded by

Fig. 7. PCR functional block model based on SystemC.

VHDL-AMS and SystemC, respectively. Since SystemC does
not provide an associated simulator, the simultaneous ODAEs
are combined with ODAE solver and solved by a Process:
ODAEs(). Fig. 9 illustrates the general signal communication
between the process and the ODAE solver. start_trigger signal
triggers the ODAE solver so it starts to solve the ODAE
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Fig. 8. Microvalve model coded by VHDL-AMS and SystemC.

equations, the higher-frequency clock is provided for the
ODAE solver calculation. After the ODAE solver reaches the
final solution, complete_signal changes to 1, and the process
continues.

Table VII shows the microvalve-determined design parame-
ters and their design value. In addition, the fluid density and
viscosity for each fluidic sample are assumed to be the same.
The microvalve operating frequency is set at 100 Hz. Since the
turn-on and shut-off times of the cantilever of the microvalve is
trivial compared to the transportation time, the delay of the mi-
crovalve is ignored.

4) Stochastic Acquisition Assumption: The PCR system can
process a series of DNA solutions. The DNA solutions are se-
quentially moved into the system, amplified, detected, and puri-
fied, At the end, the processed DNA solutions are moved out for
future processing, such as mutation analysis and genetic map-
ping [8]. The biomedical and chemical application always pos-
sess the stochastic behavior, especially the fluidic sample acqui-
sition [31].

Without loss of generality, the volume for each DNA solu-
tion is assumed to be the same and equal to 30 . In addi-
tion, the acquisition function, , for the DNA solution to the
PCR system is modeled by a traffic of liquid samples separated
by interarrival times, denoted by . These interarrival
variables are independent, identically distributed (IID) random
variables, and they are characterized by an exponential prob-
abilistic distribution given by (7), with a mean value of 4 min.
That is (Note the basic system time unit is a second).
The incoming DNA solution is moved into the system until the
associated system resources are available. The general C lan-
guage-based mathematical package can provide the common
real constants, and common real probability functions. SystemC
supports the capacity to build this mathematical package with
the regular function procedures. More details can be found in
[31]

(7)

B. System-Design Complexity

A reconfigurable continuous-flow PCR system needs a
total of 16 mechanical flow control devices: ten three-way
microvalves and six actuation micropumps, as shown in Fig. 2.
The area of the three-way microvalve is about 8.5 4.2 mm
[2], and the area of the actuation micropumps is about 7 7
mm [24]. In addition, each micropump must be connected to
a flow sensor to measure the flow rate [21]. Five independent
fluid-flow cycles dramatically increase the complexity of the
system design and fabrication. Based on the basic design size
for each processor: mixer, closed-chamber PCR, detector,
and purifier, the size of the flow-control devices for the
continuous-flow PCR is

mm

However, the droplet-based PCR system requires smaller and
more convenient electronic control components. The fluidic
flow is easy to control. Because the dimension of electrodes
ranges from hundreds of micrometers to one millimeter, the
size of flow-control devices for the droplet-based PCR system
is around several square millimeters.

C. Performance Evaluation

The performance evaluation of the system is useful in identi-
fying how the design parameters affect the overall system per-
formance, and it provides the guidance for system optimization.
Due to the reconfigurable nature of the hierarchical MEFS ar-
chitecture, and complex component behaviors represented with
ODAEs, it is almost impossible to derive the analytical models
to study the overall system performance. Hence, the numer-
ical model and simulation are necessary. In the following sec-
tions, the system performance is evaluated using the perfor-
mance-analysis metrics of system throughput, system-correc-
tion capability, and system-processing capability.

1) System Throughput: Fig. 10 and Table VIII show the
system throughput comparison between the continuous-flow
PCR system and the droplet-based PCR system. The slow
transportation speed and the complex structure limits the
reconfigurable continuous-flow system’s wider application.
The droplet-based system improves the system throughput, and
also enhances the system yield.

2) System Correction Capability: Because of the limitations
of UV absorbance and fluorescence in analysis [18], the backup
detector using the conductivity technique may determine that
the PCR product does not match the concentration requirement.
In contrast to the continuous-flow PCR system, there are no
limitations for droplet-flow movement. Therefore, if one of the
PCR units is available, the unqualified liquid is sent back for
another thermal cycling. System correction capability is an im-
portant measure of the system performance. Table IX compares
the system-correction capacity between two systems when the
interarrival time between fluidic samples is an exponential prob-
abilistic distribution, the mean is 12 min. Droplet-based systems
show very good correction capability, and higher yield.

The continuous-flow PCR system and the droplet-based
PCR system have nearly the same percentages of unqualified
fluidic samples after reaction: 12.2% and 14.4%, respectively.
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Fig. 9. ODAE solver and process communication illustration.

TABLE VII
ELEMENTAL PARAMETERS AND INITIAL NOMINAL-DESIGN VALUES

Fig. 10. System throughput comparison between the continuous-flow PCR
system and the droplet-based PCR system. The droplet PCR system shows
higher system throughput.

The continuous-flow PCR system does not have the correction
capability. However, in the droplet-based PCR system, 10
out of 13 unqualified DNA solutions go back for one more
thermal cycling, and 8 out of 10 unqualified fluidic samples
are corrected after reprocessing. The correction percentage of

TABLE VIII
SYSTEM-THROUGHPUT COMPARISON WITH 100 DNA SOLUTIONS

the droplet-based PCR is 61.5%, and the final percentage of
unqualified fluidic samples is reduced to 5.5%.

3) System-Processing Capacity: Acquisition rate (work-
load) is another important system-level design parameter
influencing system performance. For a given architecture, the
microfluidic system possesses a saturation-processing capacity
where resources are maximally utilized. Workloads less than
saturation capacity under-utilize resources, whereas workloads
greater than saturation capacity may decrease system quality.
For instance, incoming fluidic samples have to wait longer if
the system is saturated.

We assumed previously that the liquid sample acquisition rate
is modeled by an exponential probabilistic distribution. Fig. 11
shows the system processing capacity of the continuous-flow
PCR system and the droplet-based PCR system, respectively.
The acquisition rate ranges from 1/700 to 1/50.

Fig. 11 shows the system processing capability versus
different traffic rates. The vertical axis presents the system pro-
cessing capability, denoted by using the number of processed
fluidic samples per hour. The horizontal axis represents the
sample traffic rate, , meaning the number of fluidic sample
arriving per second. When the sample traffic rate is low, the
system throughput is nearly linear; the performance of the
system approximates is ideal. At increased input rates, i.e., re-
duced interarrival time, the actual system-processing capability
increases and soon reaches saturation. Fig. 11 shows that the
droplet-based PCR system has higher processing capacity.

VIII. CONCLUSION

We have demonstrated how MEFS can be modeled using Sys-
temC. We have presented a performance comparison between
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TABLE IX
SYSTEM-CORRECTION CAPACITY

Fig. 11. System processing capability versus different traffic rate �. After
the system reaches the saturation, system processing capability (throughput)
remains constant regardless of input rate variation.

two types of microfluidic systems: continuous-flow systems and
droplet-based systems. The comparison is based on a special mi-
crofluidic application—a PCR system. The modeling and sim-
ulation of PCR systems are based on the SystemC design en-
vironment. The performance comparison includes the system
throughput, system-correction capacity, system-processing ca-
pacity, and system-design complexity. We have demonstrated
that the droplet-based microfluidic system provides higher per-
formance, as well as lower design and integration complexity.
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RESUMEN 

En los últimos años, el control de los motores eléctricos es una aplicación que ha adquirido 

gran importancia tanto en la aplicación industrial como en la doméstica. Gracias a la 

velocidad con la que se esta desarrollando dicha aplicación, cada vez se consiguen mejores 

innovaciones. Éste hecho causa una dificultad a la hora de encontrar literatura didáctica y 

especifica en el mercado. Por este motivo resulta interesante crear una unidad didáctica que 

ayude a fomentar la educación en el campo del control vectorial. 

Dicho proyecto tiene como objetivo desarrollar un control vectorial con un DSP (Procesador 

Digital de Señal) para un motor síncrono de imanes permanentes. Por lo tanto, se desarrollará 

una metodología que ayudará a entender esta teoría y a poner en práctica el control vectorial. 

Dicha metodología se aplicará en la docencia de la carrera universitaria del Ingeniero. 

El método a seguir se compone de varios apartados, entre los cuales se encuentran la 

introducción teórica de los motores síncronos de imanes permanentes, el modelado y las 

ecuaciones del motor, descripción y análisis de la plataforma de trabajo con la que se realizará 

el control, implementación del control con el programa Code Composer Studio de Texas 

Instruments, y finalmente la introducción del control en lazo abierto, lazo cerrado de par y 

lazo de velocidad. 

El resultado obtenido se basa en la creación de un sistema de control de velocidad y par que 

permita controlar el motor designado, así como la elaboración de unos informes que permitan 

a cualquier usuario y al profesorado seguir paso a paso el desarrollo del control vectorial. 

Las conclusiones determinan que el campo del control vectorial es una técnica en desarrollo 

con infinitas aplicaciones importantes en el campo del control de motores y presumibles de 

ser introducidas en la docencia con el mayor rigor posible. 

 

 





Metodología para la docencia del control vectorial de la máquina síncrona de imanes permanentes 

 

Pág. 3

SUMARIO 

RESUMEN ................................................................................................................................1 

SUMARIO.................................................................................................................................3 

1. PREFACIO .......................................................................................................................7 

1.1. Origen del proyecto....................................................................................................7 

1.2. Motivación..................................................................................................................7 

1.3. Requisitos previos.......................................................................................................8 

2. INTRODUCCIÓN............................................................................................................9 

2.1. Objetivo ......................................................................................................................9 

2.2. Alcance .......................................................................................................................9 

3. DESCRIPCION DE LA PLATAFORMA ...................................................................11 

3.1. Hardware..................................................................................................................11 

3.1.1. Ordenador personal ..............................................................................................11 

3.1.2. Fuente de alimentación.........................................................................................11 

3.1.3. Testbed .................................................................................................................12 

3.1.4. Starter kit ..............................................................................................................17 

3.2. Software....................................................................................................................20 

3.2.1. Code Composer Studio.........................................................................................20 

3.2.2. La coma fija y el formato Q(x).............................................................................22 

3.3. Código y Librerías....................................................................................................24 

4. MOTOR BRUSHLESS AC ...........................................................................................27 



Memoria 

 

Pág. 4

4.1. Introducción previa del motor ................................................................................. 27 

4.1.1. Clasificación de los motores de imanes permanentes.......................................... 27 

4.1.2. Prestaciones del motor Brushless AC o PMSM................................................... 29 

4.2. Modelo y obtención de las ecuaciones..................................................................... 30 

4.2.1. Propiedades del motor.......................................................................................... 31 

4.2.2. Ecuaciones del motor ........................................................................................... 32 

4.2.3. Transformaciones matriciales. Clarke y Park ...................................................... 36 

4.2.4. Modelo del motor y expresión del par ................................................................. 40 

4.3. Control Vectorial del motor Brushless AC .............................................................. 43 

5. METODOLOGÍA PARA LA DOCENCIA DEL CONTROL VECTORIAL......... 45 

6. DISEÑO DE LAS PRÁCTICAS................................................................................... 49 

6.1. Programación básica............................................................................................... 49 

6.1.1. Introducción ......................................................................................................... 49 

6.1.2. Concepto de interrupción y su aplicación ............................................................ 50 

6.2. Control V/f en lazo abierto....................................................................................... 53 

6.2.1. Introducción ......................................................................................................... 54 

6.2.2. Descripción de los módulos ................................................................................. 55 

6.2.3. Procedimiento de la práctica ................................................................................ 63 

6.3. Lazo de par .............................................................................................................. 63 

6.3.1. Introducción ......................................................................................................... 64 

6.3.2. Descripción de los módulos ................................................................................. 65 



Metodología para la docencia del control vectorial de la máquina síncrona de imanes permanentes 

 

Pág. 5

6.3.3. Procedimiento de la práctica ................................................................................66 

6.4. Medida de posición y velocidad ...............................................................................66 

6.4.1. Introducción..........................................................................................................67 

6.4.2. Descripción de los módulos..................................................................................68 

6.4.3. Procedimiento de la práctica ................................................................................69 

6.5. Lazo de velocidad .....................................................................................................70 

7. PRESUPUESTO .............................................................................................................73 

8. IMPACTO AMBIENTAL .............................................................................................75 

CONCLUSIONES ..................................................................................................................77 

AGRADECIMIENTOS .........................................................................................................79 

BIBLIOGRAFÍA ....................................................................................................................81 

Referencias Bibliográficas ...................................................................................................81 

Bibliografía complementaria................................................................................................82 

ANEXO A 

ANEXO B 

 





Metodología para la docencia del control vectorial de la máquina síncrona de imanes permanentes 

 

Pág. 7

1. PREFACIO 

1.1. Origen del proyecto 

En la sociedad actual nos encontramos rodeados de constantes aplicaciones en la ingeniería 

que mencionan constantes avances en el control. Dotando una gran importancia al control, 

con respecto al elemento a controlar. En muchos ámbitos tecnológicos aparece la constante 

aplicación del DSP (Procesador Digital de Señal) como herramienta para aplicar controles 

basados en la teoría del control discreto, desarrollada mucho antes de la aparición del DSP.  

Dado que el DSP se está utilizando cada vez más en la industria del control de motores, es 

importante para ésta que existan profesionales con conocimientos sobre los DSP y sobre 

controles digitales de motores. Por el motivo anterior es necesario desarrollar una 

metodología que explique el control de un motor mediante un DSP. 

En el laboratorio del Departamento de Ingeniería Eléctrica, existe una placa diseñada y 

construida que permite aplicar el control vectorial con DSP a una máquina síncrona de imanes 

permanentes. Con esta placa tan solo se realizan pruebas experimentales hasta el momento. 

Pero debido a la necesidad de la industria, se necesitan profesionales con conocimientos de 

control con DSP aplicado a motores. Este hecho ha obligado a realizar un cambio en la 

docencia del control, de tal forma que se necesita construir unas prácticas que permitan a la 

docencia enseñar los conceptos básicos para utilizar la placa mencionada antes y el 

funcionamiento del DSP. 

Por lo tanto se creará, para la asignatura de Control de Máquina Eléctricas, una metodología 

para la docencia del control vectorial de la máquina síncrona de imanes permanentes. La 

metodología se basará en modificar las prácticas de la asignatura para dar conocimientos del 

control vectorial y del control digital de motores con DSP. 

 

1.2. Motivación 

Como todo ingeniero que se ve motivado por sus estudios, se hace grande la inquietud a la 

hora de conocer más acerca de los DSP, pero más grande se hace el interés por saber como 
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funcionan y así poder aplicar sus prestaciones, junto con nuestros conocimientos a un amplio 

campo de aplicaciones que día a día crecen en el mundo de las tecnologías. 

1.3. Requisitos previos 

No es solicitado ningún requisito distinto a los adquiridos previamente por un estudiante de 

ingeniería, pero si se hace notar una necesidad de haber cursado algunas asignaturas del 

ámbito electrónico, electrotécnico y del control en general. En su defecto, la asignatura más 

importante que ha introducido al autor del proyecto en el mundo del control de las máquinas 

eléctricas ha sido Control de Maquinas Eléctricas, donde se le mostró la placa anterior 

mencionada, como el control más novedoso existente en la industria ya que utiliza la 

herramienta del DSP. 
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2. INTRODUCCIÓN 

2.1. Objetivo 

El objetivo de este proyecto es desarrollar una metodología para la docencia del control 

vectorial de la maquina síncrona de imanes permanentes. Para el desarrollo de esta 

metodología se utilizarán conceptos teóricos del control vectorial, y para el desarrollo de la 

parte práctica se utilizará una plataforma de control de motores con DSP. 

Esta plataforma de control de motores con DSP actualmente esta siendo utilizada para realizar 

pruebas experimentales. Una vez se desarrolle esta metodología y la plataforma deje de 

utilizarse para realizar pruebas experimentales, será introducido todo en las prácticas de la 

asignatura de Control de maquina eléctricas. 

El presente proyecto obtendrá un análisis del control de velocidad, de par, así como todo lo 

necesario para entenderlo desde el punto de vista teórico y practico, y poder ser aplicado a la 

docencia de la asignatura de Control de Máquinas Eléctricas. 

2.2. Alcance 

El alcance del libro determina el material utilizado para cumplir el objetivo propuesto. Este 

material estará compuesto por unas transparencias para el personal docente y un libro de 

prácticas para los usuarios de la plataforma del control. Este material ha de contemplar la 

resolución de los siguientes aspectos: clasificación y descripción del motor síncrono de 

imanes permanentes, modelado, tratamiento y análisis de las ecuaciones del motor, 

descripción de la plataforma de trabajo así como del DSP, descripción del entorno de 

programación y de conceptos teóricos previos, descripción y implementación del control V/f 

en lazo abierto, introducción del control de par en el control anterior, medida de la posición y 

la velocidad, y introducción del ultimo control, el control de velocidad. 
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3. DESCRIPCION DE LA PLATAFORMA 

En este apartado se describirán y justificarán los elementos que forman la plataforma utilizada 

para la aplicación del control vectorial de la máquina síncrona de imanes permanentes. Se ha 

elegido esta plataforma porque es un recurso del laboratorio de la asignatura de Control de 

Máquinas Eléctricas.   

Existen tres grupos principales donde clasificar los diferentes componentes de la plataforma, 

los cuales son: Hardware, Software y Código. Dentro de cada grupo se explicarán los 

elementos que lo componen y que a la vez conforman la plataforma. 

3.1. Hardware 

Este grupo engloba todos los componentes físicos y manipulables de la plataforma. Los 

componentes necesarios para componer y hacer funcionar la plataforma son los descritos a 

continuación. 

3.1.1. Ordenador personal 

Se utiliza un ordenador personal, con las prestaciones de cualquier ordenador actual, que 

disponga de un puerto paralelo mediante el cual se transmitirá y depurará el código del 

programa implementado para el control. También permite visualizar la información recibida 

de la plataforma a modo de osciloscopio. En concreto, se utilizarán los ordenadores del 

laboratorio anteriormente mencionados, que ya están adecuados con el software necesario 

para trabajar con la plataforma. 

3.1.2. Fuente de alimentación 

En la plataforma se utilizarán dos alimentaciones bien diferenciadas. La primera tiene un 

valor constante de 5 voltios, y corresponde a la alimentación de la parte del control, es decir, a 

la placa DSK (DSP Starter kit) que contiene el DSP. La segunda es la alimentación de la parte 

de potencia, o placa CDM2480 (Control de Motores 24 V 80 W), que se efectúa con una 

fuente de tensión variable PSU (Power Suply Unit) de 0 a 30 V, la cual dispone también de un 

limitador de corriente necesario durante la realización de cualquier práctica sobre la 

plataforma. En las prácticas la tensión nominal utilizada será de 24 voltios y la corriente de 1 

amperio, siendo esta última limitada por cuestiones de seguridad. 
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Se han seleccionado dos fuentes de alimentación que disponen de rangos de voltaje muy 

comunes de encontrar en cualquier fuente de alimentación de un laboratorio de electrotecnia, 

además de favorecer el diseño de la placa CDM2480 (Control De Motores 24 V 80 W), 

reducir los costes y minimizar la peligrosidad para los usuarios del sistema. 

3.1.3. Testbed 

El Testbed es el conjunto de elementos utilizados en el desarrollo práctico de un ensayo de 

laboratorio, en definitiva se trata de un banco de pruebas. En el caso tratado el banco de 

pruebas o Testbed tan solo esta preparado para ensayar sobre un motor síncrono de imanes 

permanentes un control vectorial. Esta parte es la compuesta por la placa de potencia 

CDM2480, la placa de control DSK TMS320F2812 (Starter Kit) que incluye el DSP, el Motor 

Brushless, y un encoder incremental con señal de índice.  

La placa CDM2480 ha estado desarrollada por componentes del Centro de Innovación 

Tecnología en Convertidores Estáticos y Accionamientos (CITCEA-UPC), en un primer 

acercamiento a la aplicación práctica del control vectorial. El motor brushless, de la casa 

MAXON, es  ideal para este tipo de control porque su control es relativamente sencillo y, una 

vez hechas una serie de transformaciones, parecido al control del motor de corriente continua. 

El encoder servirá para la medida de la posición y la velocidad necesaria en la 

implementación del control vectorial.  

El Testbed si se analizara en términos generales, englobaría todos los elementos necesarios 

para poder realizar su función, pero en este caso, tan solo se engloban los elementos más 

relevantes e innovadores. Esta clasificación tan solo se realiza para agilizar la explicación del 

conjunto, pero no se tiene que menospreciar los elementos que quedan fuera del conjunto que 

forma el Testbed, como podrían ser las fuentes de alimentación, el ordenador personal o el 

software.  

La fotografía, Fot. 3.1, muestra la parte del circuito de la plataforma y el control, compuesto 

por dos placas: la CDM2480 y la DSK. Es la que va a realizar el control del motor que se 

encuentra situado en la parte inferior derecha de la fotografía. Anexo a este en su lado derecho 

según la fotografía, se sitúa el enconder incremental. 
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Fot. 3.1. Testbed. En la parte derecha inferior se aprecia el Motor brushless Maxon y anexo a 

este el encoder. En el resto de la fotografía se encuentran las dos placas, la inferior es la 

CDM2480 y la superior es la DSK TMS320F2812 (starter kit) 

También se pueden ver en la fotografía, Fot. 3.1 , dos partes muy diferenciadas del Testbed, 

pues el circuito impreso inferior es la parte de potencia y el circuito impreso inmediatamente 

superior a éste es la parte del control.  

Claramente se puede apreciar que el circuito inferior, denominado CDM2480, es la interfaz de 

potencia y de medidas entre el DSP y el motor. Dispone de la circuiteria necesaria para 

completar la plataforma integral para el control de motores.  

La placa CDM2480 está dividida básicamente en dos partes: la primera es la encargada de 

suministrar la tensión y corriente necesaria al motor para que este gire de forma adecuada, y la 

segunda es la encargada de medir tensiones y corrientes en los bornes del motor y suministrar 

estos datos de forma correcta para que el DSP los pueda entender bien. Un diagrama de 

bloques de la placa y su interacción con los periféricos del DSP se pueden ver en la Fig. 3.1. 
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Fig. 3.1. Diagrama de bloques de la placa CDM2480 

La primera parte, la de potencia, tiene tres elementos básicos: el bus de continua, los drivers y 

el puente trifásico de transistores. El bus de continua está formado básicamente por una 

batería de condensadores electrolíticos, capaces de suministrar los picos de corriente que el 

puente trifásico demande, y que la fuente de alimentación no pueda aportar. Además, dispone 

de algunos elementos de autoprotección para hacer más robusto el sistema. El puente trifásico 

está formado por seis transistores MOSFET en forma de puente trifásico. Los drivers son los 

encargados de adaptar las señales de conmutación provenientes del DSP, con niveles lógicos, 

a niveles entendibles por los transistores. 

Por lo que respecta a las medidas, hay que decir que se miden gran cantidad de variables, para 

poder implementar los algoritmos más dispares. Se mide tensión y corriente del bus de 

continua, y tensión y corriente de cada fase del motor. Además, la medida de la corriente del 

bus de continua tiene una función de protección. Cuando la corriente del bus de continua 

supera un límite, automáticamente los drivers abren todos los transistores, y se informa al 

DSP de lo ocurrido. Esto previene de cortocircuitos en el bus, que podrían destruir los 
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condensadores del bus y los transistores, y también de posibles cortocircuitos en las fases del 

motor. 

Para la medida de tensiones se han escogido simples divisores resistivos, que es un método 

muy simple de medir la tensión, así como barato. Para las corrientes, tanto de fase como de 

bus, se han escogido shunts, resistencias de pequeño valor óhmico en serie con la corriente 

que se quiere medir. 

El circuito superior de la Fot. 3.1, denominado DSK TMS320F2812 (starter kit), es donde se 

ubica el procesador, es decir el DSP, por lo tanto se puede observar que el zócalo que es 

donde se ubica dicho DSP, es la parte que ocupa más superficie de la placa. Además se ha de 

prestar atención al puerto paralelo, que será el que proporcione el camino para la 

comunicación entre el ordenador y el DSP, y así poder introducir el código del control 

vectorial.  

La placa DSK TMS320F2812 incorpora todos los elementos auxiliares que necesita el 

dispositivo DSP para funcionar, como por ejemplo el oscilador y las fuentes de alimentación, 

con la estabilización y secuenciación necesaria en el arranque. Además, incluye la electrónica 

necesaria para el depurado en tiempo real del programa. Esta electrónica incluye memoria 

RAM (Random Acces Memory) para la carga rápida del código y una CPLD (Complex 

Programable Logic Device) que implementa las funciones lógicas necesarias para la 

comunicación entre el DSP y el PC, que servirá como estación de trabajo para las tareas de 

programación y depuración. Debido a la gran extensión que ocupa este elemento se explicará 

con detalle en el siguiente apartado. 

La plataforma de trabajo expuesta en la fotografía, Fot. 3.1,  se puede resumir su 

funcionamiento con un esquema eléctrico muy simplificado como el que se muestra en la 

figura Fig. 3.2 
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Fig. 3.2. Esquema eléctrico básico de la plataforma de trabajo 

En esta Fig. 3.2 se muestra el puente trifásico que aplicará las tensiones necesarias a cada fase 

del motor. Cada conjunto transistor MOSFET y diodo del puente trifásico dispone de un 

driver que se encarga de aplicar en el MOSFET una tensión entre 0 y 15 V, entre la puerta y el 

surtidor de cada transistor. Ésta es la complicada tarea del driver, ya que el DSP tan solo 

proporciona una tensión de salida entre 0 y 3,3 V, tensión que se ha de convertir al rango del 

motor.  

A partir de este puente trifásico se obtienen las medidas de las tres corrientes de fase que se 

inyectan en el motor. La medida de corriente de fase se realiza con un shunt, resistencia de 

muy bajo valor óhmico (0.05 ohm), la cual tiene una caída de tensión proporcional a la 

corriente.  

Anexo al motor se ha dibujado el encoder incremental con señal de índice que realiza la 

medida de posición y velocidad del rotor, la cual se verá mas adelante que es imprescindible 

para realizar un control total en lo que es el control vectorial.  

En la Fig. 3.3 se presenta un diagrama de bloques del entorno de trabajo (Testbed) y sus 

conexiones, que ayudará a aclarar la definición de Testbed ahora que ya se ha acabado el 

análisis de cada uno de los elementos que forman la plataforma de trabajo. 

C
on

de
sn

ad
or

es
 b

us
 D

C

Medida de 
corriente Motor Encoder

Driver

Driver

Driver

Driver

Driver

Driver



Metodología para la docencia del control vectorial de la máquina síncrona de imanes permanentes 

 

Pág. 17

 

Fig. 3.3. Diagrama de bloques del entorno de trabajo (Testbed) 

 
3.1.4. Starter kit 

Se trata de la parte más importante para realizar el control, pues incluye el DSP 

TMS320F2812 y su placa de control. Todo el starter kit es de Texas Instruments, una de las 

mejores compañías fabricadoras de últimas tecnologías, la cual ha ofrecido a la universidad 

éste material para poder utilizarlo en la docencia de las tecnologías más novedosas. 

Todo el entorno de trabajo o Testbed está en la vanguardia de los DSP para aplicaciones de 

control en tiempo real. Está basado en un DSP Starter Kit del TMS320F2812 de Texas 

Instruments. Para interaccionar el DSK con el motor hace falta lo que se llama placa de 

potencia y de medidas, mencionada anteriormente como CDM2480. Como se puede ver en 

[1] y [9], la gran mayoría de los sistemas de desarrollo están pensados o para el tratamiento de 

la señal en telecomunicaciones, o para el control con computador de propósito general, lo que 

ha hecho adaptar el starter kit con la inclusión de la placa CDM2480 para crear la plataforma 

de trabajo o Testbed, específicamente diseñada para el control de motores brushless. 

Como bien se puede observar en [5], el starter kit está compuesto de la placa superior DSK 

TMS320F2812 y del DSP, además del alimentador y el software Code Composer Studio. El 

DSP va integrado en la placa de la fotografía vista en [5], a diferencia del que se utilizará que 

va incorporado a la placa mediante un zócalo que permite la extracción del DSP cuando sea 
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necesario, además de proteger el DSP en un entorno más delicado que el industrial como 

puede ser el del laboratorio de estudiantes.  

En la Fig. 3.4 se muestra la arquitectura del TMS320F2812. Utilizando la información 

proporcionada por [5] y con ayuda de la Fig. 3.4 se explicarán las prestaciones más relevantes 

del starter kit  utilizadas por el Testbed. 

 

Fig. 3.4. Arquitectura del TMS320F2812 
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El DSK TMS320F2812 es la herramienta más sencilla de las que dispone el fabricante del 

DSP, Texas Instruments, para este dispositivo en concreto. A pesar de ser la más sencilla, 

ofrece todo lo necesario para el desarrollo de esta plataforma y las más completas no ofrecen 

ninguna ventaja respecto a ésta en este caso. 

El DSP TMS320F2812, del que se puede ver una completa descripción en [6], es el 

dispositivo más potente de la familia C2000 de Texas Instruments de DSP orientados al 

control de procesos. Incorpora un núcleo de arquitectura Harvard de 32 bits como fija a 150 

MHz, capaz de ejecutar funciones MAC (multiplicar y acumular) en un solo ciclo de trabajo. 

Además, incorpora todos los periféricos necesarios para el control de motores: generadores de 

señales PWM (Pulse Width Modulation) con tiempo muerto, conversores A/D (Analogic to 

Digital converter) y capturadotes para encoder, además de algunas funciones de protección 

para el convertidor. Cada parte de la arquitectura del Starter kit mencionada durante la 

explicación, se muestra en el diagrama de bloques de la Fig. 3.4. 

Incorpora memoria Flash para el código y memoria RAM para las variables. También 

incorpora una pequeña memoria ROM (Read Only Memory) donde se albergan los modos de 

arranque y unas tablas para el cálculo matemático de algunas funciones mediante 

interpolación numérica. 

Como periféricos de comunicación incorpora controladores para distintos estándares de 

comunicación, como puede ser UART (Universal Asynchronous Receive and Transmit), 

CAN (Controller Area Network) y McBSP (Multi-channel Buffered Serial Port). En este 

dispositivo concreto, además, el bus de direcciones y de datos, es accesible, con lo que se 

pueden ampliar sus recursos de forma casi infinita. 

Pero los periféricos que interesan más en este caso, como ya se ha dicho antes, son tres: los 

generadores de señales PWM, los conversores A/D y los capturadores para encoder. Los 

generadores de señales PWM y los capturadores para encoder están englobados en lo que se 

llaman Event Manager. El TMS320F2812 dispone de dos Event Manager, el A y el B. Cada 

uno de ellos funciona como una unidad independiente, capaz de generar sus interrupciones, y 

gestionar todos sus recursos. Tanto el A como el B funcionan de la misma manera, con lo que 

con un solo DSP es posible controlar dos motores a la vez [1].  
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Los Event Managers disponen de dos Timers de 16 bits con los que se generan las bases de 

tiempo tanto para los registros de comparación como para el capturador para el encoder. Tres 

registros de entrada (CMPR1, CMPR2 y CMPR3) generan las seis señales complementarias 

dos a dos y se añade un tiempo muerto totalmente programable, desde 0 µs hasta 12 µs.  

Además, dispone de una señal de entrada de fallo del convertidor que automáticamente, y sin 

uso de la CPU (Central Proces Unit), pone en alta impedancia las seis salidas PWM y genera 

una interrupción software, que permite gestionar el fallo de forma rápida y segura para el 

entorno. 

El capturador para el encoder funciona de forma muy sencilla. Se limita a medir el tiempo 

entre dos pulsos consecutivos provenientes del encoder. Dispone de una lógica interna para 

descodificar el sentido de giro. 

El conversor A/D es de 12 bits y dispone de dos S/H (Sample and Hold). La entrada analógica 

tiene un margen dinámico de 0.0 V a 3.0 V, y es capaz de operar a 12.5 MSPS 

(MegaSamplesPerSecond, millones de muestras por segundo), velocidad suficiente para esta y 

muchas aplicaciones de control de procesos industriales. Tiene varios modos de 

funcionamiento y de sincronización con otros periféricos, en especial los Event Managers, 

con lo cual se pueden muestrear las señales en el instante adecuado sin necesidad de usar la 

CPU para nada. 

3.2. Software 

En este apartado se analizará toda la parte no susceptible de ser tangible pero si lo suficiente 

importante como para ser un componente esencial en la plataforma de trabajo. Los aspectos a 

destacar del software son los siguientes: 

3.2.1. Code Composer Studio 

El software que proporciona el fabricante para interaccionar con el DSP es el Code Composer 

Studio. El mismo programa sirve para todas las familias de DSPs de Texas Instruments. El 

Code Composer Studio forma lo que se llama un sistema integrado de desarrollo (IDE, 

Integrated Development Environment), ya que desde él se puede escribir, compilar y cargar el 

código al DSP en C y en ensamblador. Además, es una potente herramienta para el análisis y 

el depurado del código en tiempo real mediante puntos de detención (breakpoints o 
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interrupciones). Permite visualizar y modificar variables internas en tiempo real sin detener la 

CPU.  

Las funciones permitidas por el entorno tienen como objetivo facilitar la sintonización de los 

valores influyentes en el control y el ajuste de los valores de los PID (controlador 

proporcional, integral y derivativo) en tiempo real de la forma más eficaz. 

En la Fig. 3.5 se muestra una imagen de la ventana principal del programa Code Composer 

Studio (abreviado como CCS), la cual a su vez está dividida en diferentes ventanas que 

muestran la información necesaria para  un perfecto seguimiento del control. 

 

Fig. 3.5. Aspecto de las ventanas del Code Composer Studio 

En la Fig. 3.5 se puede ver el aspecto de la pantalla del CCS. Como se puede observar en la 

parte de más a la izquierda de la Fig. 3.5, el CCS trabaja en entorno proyecto, con lo que se 

puede dividir el código necesario en distintos archivos para una mayor claridad. En la parte 

central hay tres ventanas que proporcionan tres tipos de información distinta. La de más arriba 

permite visualizar y modificar el valor de cualquier variable o registro del DSP. De esta 
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manera se pueden cambiar valores de referencia, o sintonizar controladores sin tener que 

compilar y grabar el código cada vez que se cambia el valor de la constante. La ventana del 

medio muestra el código en lenguaje ensamblador y máquina, así como la dirección en la 

memoria del programa donde está guardado el código. Esta ventana es útil de cara a depurar 

un poco más el programa, o para entender como trabaja el compilador de C.  

La ventana de más abajo es un archivo con el código que ha escrito el usuario. En este caso el 

programa principal. En ella se puede ver el sencillo uso de las librerías especializadas 

proporcionadas por el fabricante. En este caso se puede ver como se genera la modulación 

SVPWM (Space Vector Pulse Width Modulation) a partir de las variables provinentes de la 

función que calcula la inversa de Park, un simple paso de variables, y la llamada a la función 

que realiza los cálculos. 

A la derecha hay tres ventanas con el fondo de color amarillo. En estas ventanas podemos ver 

seis variables internas del DSP a tiempo real, con una frecuencia de muestreo de 20 kHz. En 

la ventana central se puede ver el ángulo eléctrico de las tensiones del estator y el ciclo de 

trabajo que se aplica a los transistores de la fase a. En la ventana de más abajo se pueden ver 

las corrientes de las fases a y b. Además de estas funcionalidades básicas, el CCS presenta 

muchas más características que hacen de él uno de los entornos de desarrollo DSP más 

completos del mercado. 

3.2.2. La coma fija y el formato Q(x) 

La coma fija es utilizada en el DSP por razones tan concretas como: menor complejidad de la 

arquitectura del procesador, cálculos más rápidos y un bajo coste en la fabricación de los 

DSP. Pero el DSP tiene problemas a tener en cuenta como son: el overflow (exceso del rango 

de bits disponibles al realizar una operación matemática), errores de cuantificación 

(imposibilidad de tener un rango de valores con la precisión deseada debido al limite del 

número de bits), tiene un rango limitado pues no es posible representar números grandes y 

pequeños con la misma representación (al operar un número grande con otro pequeño, el 

pequeño siempre se considera despreciable). 

Normalmente se usa la representación binaria en complemento a dos al trabajar con el DSP. 

Esta representación proporciona la capacidad de  operar los números con signo. La ALU 

(Unidad Aritmética Lógica) del DSP es capaz de operar con números en complemento a dos. 
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Por lo tanto el DSP utilizará dos tipos de representación binaria a la vez, la coma fija y el 

complemento a dos. 

El formato Q(x) es una herramienta que soluciona o minimiza los problemas planteados, al 

inicio de este apartado, utilizando la técnica de desplazar la coma binaria hacia la izquierda. 

Normalmente se dispone de un número de bits concreto y limitado, por ejemplo el DSP utiliza 

32 bits. La limitación del número de bits puede ser compensada con esta herramienta ya que 

permite la creación de diferentes rangos de números en función de donde se introduzca la 

coma binaria. Con el formato Q(x) se pueden representar números pequeños, incluso 

decimales, ya que lo único que realiza es un reescalado dentro del rango de bits disponible. La 

técnica Q(x) permite trabajar en p.u.(valores unitarios), ya que ahora se pueden representar 

valores pequeños sin sufrir los problemas presentados anteriormente. 

En la Fig. 3.6 queda demostrado que la misma secuencia de números binarios representa 

varios números en función de la posición de la coma binaria. La x tan solo indica la posición 

de la coma binaria, por lo tanto indica a que formato Q(x) pertenece el número binario 

representado. 

875.0100,1

75.110,01

5.31,001

7,1001

)3(

)2(

)1(

)0(

−⇒

−⇒

−⇒

−⇒

Q

Q

Q

Q

 

Fig. 3.6. Representación de varios números en función de la coma binaria o formato Q(x) 

Con un ejemplo mostrado en la Fig. 3.7, se entenderá mejor la idea introducida con el formato 

Q(x). Si se dispone de 4 bits, se pueden obtener 4 rangos distintos en función de la posición 

de la coma binaria. Por lo tanto el valor de la x tan solo indica la posición de la coma binaria. 
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Fig. 3.7. Ejemplo de la representación de diferentes rangos en formato Q(x) 

De esta forma se ha conseguido tener diferentes rangos, pero con el mismo número de bits, 

permitiendo elegir en que rango se incluirá un número decimal para que su precisión sea la 

mejor. El formato Q(x) no aumenta la precisión de los números de cada rango, sino que 

obtiene diferentes rangos que permiten ser más precisos al elegir un rango que represente un 

número decimal con el menor error posible. 

Las operaciones en formato Q(x) tan solo necesitan un requisito el cual es tener en cuenta 

donde está la coma binaria de cada número, antes de operar con otro número. Tan solo se 

pueden operar (sumar, restar) los números que tengan el mismo formato Q(x). 

En la suma se tiene que transformar el número que esté en el formato Q(x), de inferior valor x 

que el resto, al formato Q(x) de valor más alto, consiguiendo que la coma binaria este en la 

misma posición en todos los operandos. 

En la multiplicación no se ha de realizar la misma transformación que en la suma, pero el 

resultado de la operación tendrá el formato Q(x), suma de las dos x de los operandos. La 

multiplicación necesita el doble de bits para representar el resultado de la operación entre dos 

operandos, tal que la suma de sus x sea mayor que el número de bits disponibles. 

El formato Q(x) utiliza la misma filosofía a la hora de operar que cuando se hace con números 

decimales, la única diferencia es el concepto utilizado en la representación de la coma y de los 

números. Por lo tanto la comprensión del modo de operar no presenta ninguna dificultad 

adicional una vez se ha conocido. 

3.3. Código y Librerías 

El código es el elemento de programación que realiza el control, es decir, mediante un 

programa implementado e introducido en el DSP se pretende realizar el control vectorial de la 

máquina síncrona de imanes permanentes. El código se implementará con la ayuda del Code 
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Composer Studio y con la ayuda de las herramientas matemáticas que permiten simular el 

motor y el sistema a controlar. El código se puede consultar en el Anexo B. 

La forma de trabajar del código implementado es mediante módulos. Cada módulo está 

conocido como un objeto. Los módulos definen una estructura que contiene: las variables de 

entrada y salida, los parámetros del modulo, la llamada a la función de inicialización y la 

llamada a la función ejecución. Los parámetros están ya inicializados, pero pueden ser 

modificados. Esta estructura de programación orientada a objetos permite utilizar varias veces 

un mismo módulo y usarlo en tareas distintas. En definitiva, la estructura utilizada permite 

programar una aplicación en forma de bloques modulares. 

La utilización de módulos es posible gracias a que Texas Instruments proporciona numerosas 

librerías optimizadas, [7] y [8], que ya tienen implementados los módulos necesarios para 

realizar cálculos matemáticos complejos, imprescindibles en aplicaciones de control en 

tiempo real. El uso de estas librerías es muy importante a la hora de minimizar el tiempo de 

desarrollo de cualquier aplicación y poderla programar en forma de bloques modulares. Estas 

librerías suelen ser de cálculo matemático, para el control de motores, para el análisis de 

señales, etc. Además, existen un conjunto de archivos ya programados como módulos que 

permiten un acceso fácil a los registros tomados por el DSP.  

Todas estas librerías están implementadas en lenguaje ensamblador o en C optimado para el 

compilador de forma que ocupe el mínimo espacio posible, y minimice el tiempo de 

ejecución. El uso de estas librerías es muy sencillo, y aligera la carga de trabajo del 

programador. Sólo hay que tener en cuenta que se trabaja en coma fija, y que hay que tener 

cuidado con el escalado del número que se pasa a las funciones. 

Las librerías usadas, en la programación del control vectorial, son la librería IQMath que 

proporciona las funciones matemáticas más habituales y la librería DMC que proporciona los 

módulos necesarios en el cálculo a la hora de implementar el control del motor. El fabricante 

proporciona otras librerías con funciones adicionales, pero que en este caso no interesan para 

la aplicación desarrollada. 

La librería IQMath realiza cálculos matemáticos complejos, como atan, sin, cos, sqrt, y 

conversiones de tipos de datos (por ejemplo: de float a int). Básicamente la librería esta 

compuesta por funciones matemáticas que proporcionan un entorno de trabajo casi como si se 
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estuviera trabajando en coma flotante, esto muestra el grado de optimización de las funciones 

proporcionadas por Texas Instruments. 

La librería DMC, aporta las funciones básicas para el control de motores. Dentro de estas 

funciones cabe destacar transformada de Park, inversa de Park y Clarke, controladores PI 

(proporcional-integral) con anti wind-up, generadores SVPWM (Space Vector Pulse Width 

Modulation), medición de la velocidad a partir de la señal proporcionada por el encoder, y 

otras, como por ejemplo generadores de rampas, para ayudar al desarrollo de la aplicación 

final, sin olvidar las funciones que gestionan los periféricos del DSP (QEP (Quadrature 

Encoder Pulse), PWM Driver, medidas analógicas). 

 



Metodología para la docencia del control vectorial de la máquina síncrona de imanes permanentes 

 

Pág. 27

4. MOTOR BRUSHLESS AC 

En este apartado se desarrolla toda la explicación teórica necesaria para llegar a justificar, 

entender y explicar el control del motor Brushless AC, desarrollado en la plataforma expuesta 

en el apartado anterior.  

Primero se clasificará el motor utilizado en la plataforma dentro de los motores de imanes 

permanentes. Seguidamente se justificará la elección del motor con las prestaciones del 

mismo y finalmente se desarrollarán todas las ecuaciones del motor. Una vez se obtenga el 

modelo del motor mediante las transformaciones matemáticas necesarias aplicadas a las 

ecuaciones del motor, se pasará a la deducción del control vectorial aplicado sobre le motor 

Brushless AC. 

4.1. Introducción previa del motor 

En este apartado se explica lo necesario para situar el motor dentro de la gama de motores de 

características similares. Además se justificará y explicará las prestaciones del motor 

seleccionado comparando con otros motores. 

4.1.1. Clasificación de los motores de imanes permanentes 

Se muestra en la Fig. 4.1 la clasificación de los motores de imanes permanentes para poder 

situar el tipo de motor brushless AC dentro de la gama de los motores de imanes permanentes. 

El motor brushless AC es la máquina síncrona de imanes permanentes utilizada en la 

plataforma de trabajo. La primera división, como es evidente, se encuentra en si el motor es 

de corriente continua o corriente alterna. 

Existen dos tipos de motores con nomenclaturas diferentes, los PMDC y los PMAC. Las 

siglas PM significan “permanent magnet”, que como bien se supondrá significa imanes 

permanentes, y las ultimas siglas DC y AC indican el tipo de corriente utilizada. La 

clasificación se centra en los PMAC, ya que son los que interesan en el tipo de control que se 

aplicará, pues aparece otra subdivisión llamada BLDCM y PMSM. 
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Fig. 4.1. Clasificación de los motores de imanes permanentes 

Los motores BLDCM son los llamados Brusless DC Motors, motivo de sus siglas, o como se 

diría en nuestro idioma, motor sin escobillas. También se les suele clasificar por la forma 

trapezoidal de la fuerza contraelectromotriz, que se genera en los devanados del estator 

cuando el rotor gira. Tan solo se ha de observar la figura izquierda de la Fig. 4.1 para entender 

lo mencionado. 

Los motores PMSM o Permanent Magnet Synchronous Motor, son los que interesan para el 

control vectorial que se aplicará. También se les conoce como motores sinusoidales, ya que la 

forma de onda de la fuerza contraelectromotriz que se genera en los devanados del estator 

cuando el rotor gira, es sinusoidal. Observar la parte derecha de la Fig. 4.1 para completar la 

comprensión de la forma sinusoidal de las tensiones. 

Los PMSM se subdividen en los SPMSM y los IPMSM. El SPMSM o Surface Permanent 

Magnet Synchronous Motor es conocido como motor de polos lisos y el IPMSM o Interior 

Permanent Magnet Synchronous Motor es conocido como motor de polos salientes. El control 

vectorial se aplicará al motor brushless de la casa Maxon mostrado en la Fot. 3.1. Este motor 

de la plataforma es del tipo SPMSM o motor de polos lisos. 

El motor que se modelará con ecuaciones es de polos salientes ya que el motor de polos lisos 

es un caso particular de éste. El control vectorial se puede aplicar tanto al motor de polos lisos 

como al motor de polos salientes, tan solo se ha de adaptar el control a las particularidades de 

cada motor. La diferencia entre el motor de polos salientes y el de polos lisos se aprecia en la 
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Fig. 4.2. El motor de polos lisos tiene los imanes permanentes montados en la superficie del 

rotor, mientras que el motor de polos salientes tiene los imanes montados en el interior del 

rotor, de aquí proviene el nombre de polos salientes. 
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Fig. 4.2. Clasificación de los motores PMSM y diferencia constructiva 

4.1.2. Prestaciones del motor Brushless AC o PMSM 

La elección del motor PMSM, al que se le aplicará el control vectorial, y no otro tipo de 

motor es justificado por las prestaciones que ofrecen los motores PMSM y en el caso 

particular del motor de la plataforma, serían las prestaciones más generales del motor Maxon. 

Estas prestaciones son las siguientes: 

- La alta densidad de potencia viene inducida gracias a que los motores PMSM tienen 

una relación tamaño potencia muy buena, es decir son motores muy pequeños para la 

potencia desarrollada. 

-  También es gratificante e ideal la relación par/inercia que proporcionan, la cual es 

muy elevada en comparación con otros motores de mayor tamaño.  

- Todo esto se consigue gracias al diseño del motor, diseño que ha cuidado todos los 

detalles necesarios para obtener una alta eficiencia en un motor tan pequeño 

-  Además de conseguir que tenga una alta fiabilidad.  

- El motor PMSM dispone de facilidad para su control. 
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Un detalle a tener en cuenta es que al se un motor síncrono hace falta sincronizar siempre las 

tensiones del estator aplicadas con la posición del rotor para asegurar un par adecuado en todo 

momento. 

Si se compara el motor PMSM frente a la Máquina de inducción se encuentran prestaciones a 

favor del  PMSM y alguna que no lo favorece tanto. Las comparaciones son las siguientes: 

- El motor PMSM no requiere corriente magnetizante gracias a que tienen imanes 

permanentes, por lo tanto presentan un peso menor y un volumen más reducido. 

-  Aún siendo el rotor más pequeño que en otras máquinas como la de inducción, se 

consigue una alta relación par/inercia. Ésta es una de las prestaciones más 

importantes a tener en cuenta. 

- El único inconveniente es que el control vectorial aplicado sobre los motores PMSM 

requiere el conocimiento de la posición del rotor en todo momento. Se verá mas 

adelante que este hecho tan solo complica la implementación del control, pero como 

todo control, es algo que ya tiene solución y tan solo se ha de saber como se resuelve a 

través del control vectorial y el uso del DSP. 

4.2. Modelo y obtención de las ecuaciones 

En el siguiente apartado se abordan todas las ecuaciones necesarias para modelar el motor y 

poder analizarlas, para así obtener el sistema modelo, el cual será susceptible de que se le 

aplique el control vectorial que más adelante se detallará. El motor que se modelará con 

ecuaciones es de polos salientes ya que el motor de polos lisos es un caso particular de éste. 

Al final del desarrollo se particularizarán las ecuaciones para el motor de polos lisos que es el 

motor de la plataforma de trabajo (Testbed). 

Al trabajar con una máquina síncrona, se necesita en todo momento que las tensiones del 

estator estén sincronizadas con el imán del rotor. Justamente todo esto es lo que se pretende 

demostrar y explicar de una forma más amplia con el desarrollo de ecuaciones mostrado a 

continuación. 
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4.2.1. Propiedades del motor 

Con un simple esquema del rotor y del estator del motor, mostrado en la Fig. 4.3, se empiezan 

a deducir propiedades del motor. En el estator, el motor tiene tres devanados con distribución 

sinusoidal, esta distribución significa que están separados 120º eléctricamente. La distribución 

de los devanados permite que el flujo del imán induzca en el estator tres tensiones 

sinusoidales desfasadas 120º entre si. En la Fig. 4.3 esta esquematizado el devanado de la fase 

a (o el sentido del campo magnético) con su distribución sinusoidal con respecto a los otros 

devanados y además as, bs y cs corresponden a los ejes magnéticos del estator de sus 

respectivas fases. Los ejes dr y qr corresponden a los ejes magnéticos del rotor.  

 

Fig. 4.3. Devanado de la fase a. Distribución sinusoidal 

 

 

 

 



Memoria 

 

Pág. 32

4.2.2. Ecuaciones del motor 

En este apartado se desarrollarán las ecuaciones básicas del motor PMSM o motor Brushless 

AC que permitirán obtener un modelo del motor. Las ecuaciones del motor se deducen bajo 

las siguientes suposiciones, según indica [3]: 

- La distribución espacial de los devanados por fase del estator se asume que es 

sinusoidal, por lo tanto la fuerza magnetomotriz producida por el estator se considera 

sinusoidal 

- No existe ningún efecto térmico sobre las resistencias del estator ni sobre el imán 

permanente. 

- El material magnético se supone lineal, es decir, que no existe efecto de saturación. 

- No existen perdidas en el hierro de la máquina. 

Con estas suposiciones es posible obtener las ecuaciones del voltaje para el bobinado del 

estator. Las ecuaciones en forma matricial según [3], donde el subíndice s indica que se 

refieren al estator, son las siguientes:  

abcs s abcs abcs
dV R I
dt

λ= ⋅ +      (Ec. 4.1) 

Donde el vector vabcs es el voltaje del estator por fase, Rs es la matriz de resistencias de las 

bobinas del estator, iabcs es el vector de corrientes por fase del estator,y λabcs es el vector del 

flujo concatenado del estator. Estos vectores y matrices son definidos como los siguientes: 

0 0
;   0 0 ;   ;   

0 0

as s as as

abcs bs s s abcs bs abcs bs

cs s cs cs

v r i
V v R r I i

v r i

λ
λ λ

λ

⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥= = = =⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

   (Ec. 4.2) 

El flujo concatenado del estator en parte es creado por el mismo flujo del estator y en parte 

por el flujo de los imanes permanentes del rotor. Por este motivo existen dos subíndices 

diferentes, el r (rotor) y el s (estator). El flujo concatenado creado por el estator se obtiene de 

la matriz de inductancias de las bobinas del estator y el vector corriente del estator. El flujo 

concatenado creado por el rotor se obtiene de un vector que contempla el ángulo eléctrico del 

rotor (θr) y la amplitud del flujo vista desde el estator, que es creada por los imanes del rotor 
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(λm). Las ecuaciones que definen el flujo concatenado en el estator y el rotor se muestran a 

continuación, donde la (Ec. 4.4) define el flujo creado por el estator y la (Ec. 4.5) define el 

flujo creado por el rotor. 

( ) ( )abcs abcs s abcs rλ λ λ= +      (Ec. 4.3) 

( )

aas abs acs

abcs s bas bbs bcs abcs

cas cbs ccs

L L L
L L L I
L L L

λ
⎡ ⎤
⎢ ⎥= ⋅⎢ ⎥
⎢ ⎥⎣ ⎦

   (Ec. 4.4) 

( )

sin( )
2sin( )3
2sin( )3

r

abcs r m r

r

θ
πλ λ θ

πθ

⎡ ⎤
⎢ ⎥
⎢ ⎥= −
⎢ ⎥
⎢ ⎥+⎢ ⎥⎣ ⎦

    (Ec. 4.5) 

Según [3] las auto inductancias y inductancias de las bobinas del rotor son resumidas en las 

ecuaciones (Ec. 4.6) y (Ec. 4.7) respectivamente, donde las inductancias son función de la 

posición del rotor o ángulo eléctrico del rotor (θr). 

( )
( )

cos 2
2cos 2 3
2cos 2 3

aas ls A B r

bbs ls A B r

ccs ls A B r

L L L L

L L L L

L L L L

θ
πθ

πθ

= + −

= + − +

= + − −

    (Ec. 4.6) 

( )
( )

1 2cos 2 32
1 2cos 2 32
1 cos 2
2

abs bas A B r

acs cas A B r

bcs cbs A B r

L L L L

L L L L

L L L L

πθ

πθ

θ

= = − − −

= = − − +

= = − −

   (Ec. 4.7) 

El termino Lls es la inductancia de dispersión (las líneas de flujo que se cierran sin pasar por 

otra bobina, perdidas desde el punto de vista del flujo) igual para cada una de las tres fases del 

estator. El término corresponde a θr que es el ángulo eléctrico del rotor o el mecánico, 

siempre y cuando el número de polos sea el mismo. Los términos LA y LB son las 

inductancias de las bobinas, que vienen dadas por: 
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2

0 1

2

0 2

1 2
min max min max

2

1
2 2

1 1 1 1 1 1;   
2 2

s
A

s
B

NL rl

NL rl

g g g g

πµ ε

πµ ε

ε ε

⎛ ⎞= ⎜ ⎟
⎝ ⎠

⎛ ⎞= ⎜ ⎟
⎝ ⎠

⎛ ⎞ ⎛ ⎞
= + = −⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠

   (Ec. 4.8) 

Los datos que contempla la (Ec. 4.8) son: el número de vueltas en las bobinas (Ns), el radio 

desde el centro hasta la circunferencia interior del estator (r), la longitud axial del entrehierro 

(l), µ0 corresponde a la permeabilidad del aire, y las ε son definidas con el grosor máximo y 

mínimo del entrehierro. 

Según la (Ec. 4.1) y sustituyendo los términos que corresponde dentro de la misma, se obtiene 

la siguiente ecuación que expresa en forma matricial el conjunto de ecuaciones del motor. La 

ecuación final es: 

( )
( )
( )

sin0 0
20 0 sin - 3

0 0 2sin 3

ras s as aas abs acs as

bs s bs bas bbs bcs bs m r

cs s cs cas cbs ccs cs
r

v r i L L L i
dv r i L L L i
dt

v r i L L L i

θ
πλ θ

πθ

⎛ ⎞⎡ ⎤
⎜ ⎟⎢ ⎥⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎜ ⎟⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥= ⋅ + ⋅ +⎜ ⎟⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎜ ⎟⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦⎜ ⎟+⎢ ⎥⎣ ⎦⎝ ⎠

 (Ec. 4.9) 

El sistema de ecuaciones final o (Ec. 4.9) tiene las siguientes dificultades: sistema de 

ecuaciones diferenciales no lineal, términos que dependen del ángulo θr, dificultad para 

calcular el par y sistema no apto para el análisis. 

Es necesario resolver los problemas que presenta la (Ec. 4.9) antes de proseguir con el análisis 

y obtener el modelo correcto del motor. El primer problema a resolver es la dificultad que 

presentan las ecuaciones para calcular el par.  

Para obtener par constante el flujo creado por el estator también tiene que girar, al igual que el 

flujo del imán gira con el rotor. Para que el flujo del estator sea giratorio hay que crear tres 

corrientes sinusoidales en el estator desfasadas 120º.  

Pero existe otra dificultad, la dependencia de los términos del ángulo θr. Como se observa en 

la Fig. 4.4 las corrientes sinusoidales que se han de aplicar en cada una de las fases del estator 

dependen del ángulo θr. 
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Fig. 4.4. Representación del vector Iabcs y su dependencia del ángulo θr 

Es imprescindible resolver este último problema planteado. Al eliminarlo se conseguirá 

obtener unos términos que no dependan del ángulo θr, en concreto las corrientes del estator. 

Una vez desaparezca la dependencia del ángulo θr quedarán resueltos otros problemas como 

la obtención de par constante así como su expresión, la obtención de un sistema de ecuaciones 

diferenciales lineal y un sistema apto para el análisis.  

Finalmente se obtendrá un modelo del motor que será representado por unas ecuaciones 

sencillas de analizar y tratar. Para poder cumplir este objetivo se ha de transformar la (Ec. 4.9) 

con las transformaciones matriciales de Clark y Park explicadas en el siguiente apartado. El 

cual se basa en la interpretación física para estas transformaciones encontrada en [2] 
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4.2.3. Transformaciones matriciales. Clarke y Park 

El vector Is de corrientes mostrado en la Fig. 4.5, es un vector formado por tres componentes 

sinusoidales, las cuales están englobadas dentro de un plano, que esta formado por los ejes a, 

b y c, los cuales no son ortogonales. Con objetivo de simplificar las ecuaciones del motor, se 

realiza una transformación, llamada Clarke, que transforma un sistema no ortogonal a un 

sistema ortogonal. En el caso tratado se transforma el vector Iabcs de tres componentes en un 

vector que tan solo tiene dos componentes, α y β,  con valor numérico diferente de cero ya 

que la tercera componentes es cero. 

 

Fig. 4.5. Representación del vector Iabcs y el efecto de la transformación de Clarke. Presencia 

de los ejes dr y qr al aplicar la matriz del giro 

La transformación de Clarke se realiza utilizando las (Ec. 4.10) y (Ec. 4.11), sencillas 

ecuaciones que convierten Iabcs formada por tres vectores, contenidos en un plano, en un 

vector Iαβ de tan solo dos componentes con valor diferente de cero y que pertenece a un 

sistema ortogonal. 
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0 0
2 1 1
3 2 2

2 3 3
3 2 2

a b c

a b c

b c

i i i i

i i i i

i i i

α

β

= + + =

⎛ ⎞= − ⋅ − ⋅⎜ ⎟
⎝ ⎠
⎛ ⎞

= ⋅ − ⋅⎜ ⎟⎜ ⎟
⎝ ⎠     (Ec. 4.10) 

0 0

2
3

a

b a

i
i i

i ii

α

β

=

=
⋅ +

=

     (Ec. 4.11) 

La transformación de Clarke ha convertido un sistema trifásico de corrientes, a 120 º en un 

plano, a un sistema trifásico ortogonal. Además, es una transformación que no modifica el 

módulo del vector. Pero no resuelve el problema de la dependencia del ángulo θr.  

Se elimina la dependencia haciendo girar todo el sistema de referencia α y β, con el ángulo 

θr. Para realizar esto tan solo se ha de conseguir que los ejes de referencia α y β giren con 

este valor de ángulo θr, y es tan fácil como aplicar la matriz de un giro, (Ec. 4.12). Se observa 

en la Fig. 4.5 que a partir de ahora se trabajará con los ejes dr y qr que son los ejes magnéticos 

del rotor, esto quiere decir que los ejes α y β pasan a denominarse dr y qr en el momento de 

aplicar la matriz del giro, (Ec. 4.12). 

( )
1 0 0
0 cos sin
0 sin cos

r r r

r r

ρ θ θ θ
θ θ

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥−⎣ ⎦

    (Ec. 4.12) 

Para resumir se muestra una figura, Fig. 4.6, donde queda esquematizado el proceso seguido 

con las transformaciones matriciales de Clarke y el giro. Se observa que con la transformación 

de Clarke, se pasa de un sistema trifásico de ondas sinusoidales a un sistema en el plano de 

ondas sinusoidales y, finalmente, con el giro se consigue que estas ondas se conviertan en 

rectas y valores constantes. 
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Fig. 4.6. Proceso de la transformación matricial de Clarke y la matriz de giro 

La transformada de Park es la combinación de la transformada de Clarke y el giro. 

Transformada que convierte un sistema trifásico estacionario en un sistema trifásico ortogonal 

que gira en sincronismo con la θr del rotor. Además esta transformación se aplica en forma de 

matriz a cualquier variable v y i. Obsérvese el cambio de nomenclatura de las tensiones y las 

corrientes, pues tan solo viene a ser un cambio de ejes y un giro, sencillas operaciones 

algebraicas y geométricas, pero con un claro significado físico. Las ecuaciones de la 

transformación de Park son las siguientes: 

( ) 1
0dq r abcsi P iθ −= ⋅      (Ec. 4.13) 

( ) ( )
( ) ( )

0 1 2 1 2 1 2
2 cos cos 2 3 cos 2 3
3

sin sin 2 3 sin 2 3

as

d r r r bs

q r r r cs

i i
i i
i i

θ θ π θ π
θ θ π θ π

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= − + ⋅⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥− − − − + ⎣ ⎦⎣ ⎦⎣ ⎦

  (Ec. 4.14) 

A continuación se aplicará la transformación de Park, (Ec. 4.14), al sistema de ecuaciones del 

motor, (Ec. 4.9). Los pasos seguidos en la aplicación de la transformación se ha desglosado en 

las partes más elementales para facilitar el seguimiento. 

Clarke

Giro 
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( ) ( )
( ) ( )

( ) ( )

( ) ( )
( ) ( ) ( ) ( )

( ) ( ) ( )( )
( )

( )

1 1

1

1
( )

1 1 1

1 1

1

abcs s abcs abcs

s abcs abcs abcs abcs r

r abcs r s abcs

r abcs abcs

r abcs r

r abcs r s r r abcs

r abcs r r abcs

r ab

dV R I
dt
d dR I L I
dt dt

P V P R I
dP L I
dt
dP
dt

P V P R P P I
dP L P P I
dt

P

λ

λ

θ θ

θ

θ λ

θ θ θ θ

θ θ θ

θ λ

− −

−

−

− − −

− −

−

= ⋅ +

= ⋅ + ⋅ +

⋅ = ⋅ ⋅

+ ⋅ ⋅

+ ⋅

⋅ = ⋅ ⋅ ⋅

+ ⋅ ⋅ ⋅

+ ⋅ & ( )cs r

   (Ec. 4.15) 

( ) ( )

( ) ( )( )

( ) ( )

( ) ( ) ( )

( ) ( )( )

( ) ( ) ( )

1
0 0

1
0

0 ( )

1
0 0

1
0

1
0

1
0

0 ( )

r r
dqs r s r dqs

r
r abcs r dqs

r
dqs r

r r
dqs r s r dqs

r
r abcs r dqs

r
r abcs r dqs

r
r abcs r dqs

r
dqs r

V P R P I

dP L P I
dt

V P R P I

dP L P I
dt

dP L P I
dt

dP L P I
dt

θ θ

θ θ

λ

θ θ

θ θ

θ θ

θ θ

λ

−

−

−

−

−

−

= ⋅ ⋅ ⋅

+ ⋅ ⋅ ⋅

+

= ⋅ ⋅ ⋅

+ ⋅ ⋅ ⋅

+ ⋅ ⋅ ⋅

+ ⋅ ⋅ ⋅

+

&

&

   (Ec. 4.16) 

( ) ( ) ( ) ( ) ( )

( ) ( )( )

( ) ( )

1 1

1

1

0 0 0 0 0
0 0 ;      0 0 3
0 0 0 3 0

0 0 0
3 30 0

2 2
3 30 0

2 2

0 0
3 30

2

s

r s r s s r abcs r r B

s r B

A B
r abcs r r ls

A B
ls

ls

A B
r abcs r

r
dP R P R r P L P L
dt

r L

L LdP L P L
dt

L L L

L
L LP L P

θ θ θ θ ω
ω

θ θ ω

θ θ

− −

−

−

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥⋅ ⋅ = = ⋅ ⋅ =⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

⎡ ⎤
⎢ ⎥
⎢ ⎥

⎛ ⎞⎢ ⎥⋅ ⋅ = ⋅ − + +⎜ ⎟⎢ ⎥⎝ ⎠⎢ ⎥
⎢ ⎥− +⎢ ⎥⎣ ⎦

⋅ ⋅ = + 0 ( )

0
0 ;      0

2
3 30 0

2 2

r
ls dqs r

r m
A B

ls

L

L L L

λ
ω λ

⎡ ⎤
⎢ ⎥

⎡ ⎤⎢ ⎥
⎢ ⎥⎢ ⎥+ = ⎢ ⎥⎢ ⎥
⎢ ⎥⎢ ⎥ ⎣ ⎦

⎢ ⎥− +
⎣ ⎦

&

(Ec. 4.17) 
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Finalmente se obtiene un sistema de ecuaciones con las propiedades deseadas, las cuales eran: 

hacer desparecer los términos que dependen del ángulo θr (que es variable en el tiempo), los 

valores de las tensiones y las corrientes son constantes y no variables, el sistema de 

ecuaciones pasa a ser lineal por lo tanto más manipulable y analizable. Obsérvese que el único 

término que no había aparecido hasta el momento es ωr, éste término tan solo es la derivada 

de θr, además se trabajará con los nuevos ejes 0, d y q que viene a ser los mismos ejes dr y qr 

pero adaptados a las matrices. El sistema de ecuaciones final es el siguiente: 

( )

0 0 0 00 0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0

3            ;         
2

s ls

d s d d d r q d

q s q q q r d q r m

d ls A B q

v r i L i i
v r i L i L i
v r i L i L i

L L L L L L

ω
ω ω λ

⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥= ⋅ + ⋅ + − ⋅ +⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥
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4.2.4. Modelo del motor y expresión del par 

Mediante la transformación de Park y la aplicación de la misma al sistema de ecuaciones 

inicial (Ec. 4.9), se obtiene un nuevo sistema de ecuaciones (Ec. 4.18) que se puede 

representar a partir de tres ecuaciones en lugar de la representación matricial, además de ser 

más sencillo de analizar. Estas ecuaciones según [3] son: 

0 0 0
r r r
s s s ls s

r r r r
ds s ds d ds r q qs

r r r r
qs s qs q qs r d ds r m

dv r i L i
dt
dv r i L i L i
dt
dv r i L i L i
dt

ω

ω ω λ

= +

= + −

= + + +

   (Ec. 4.19) 

En las ecuaciones (Ec. 4.19) los subíndices s indican que las tensiones y corrientes son del 

estator, y los superíndices r quieren decir que todo está referenciado al rotor (θr), es decir, con 

la transformación de Park aplicada. Con las ecuaciones anteriores, (Ec. 4.19), se puede 

obtener el modelo del motor, el cual viene representado con el circuito equivalente mostrado 

en las figuras Fig. 4.7. 
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Fig. 4.7. Modelo del circuito equivalente del motor PMSM en la referencia del rotor (ejes d y 

q) 

A continuación se muestra el desarrollo de la expresión del par, (Ec. 4.20), según [3]. Como 

bien se sabe, el par se obtiene a partir de la potencia, por lo tanto el primer término obtenido 

es la potencia desarrollada, la cual se calcula multiplicando cada corriente y cada tensión de 

cada fase; la corriente en el eje 0 vale cero por este motivo no aparece en la expresión. 
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1444442444443 (Ec. 4.20) 

Se analiza a que corresponde cada término de la ecuación de la potencia, (Ec. 4.20), para 

llegar a obtener la parte que corresponde a la conversión de energía. El primer término 

contempla la potencia debida a las pérdidas por efecto Joule que introducen las resistencias. 

El segundo término contempla la variación temporal de las intensidades con el tiempo, por lo 

tanto es la variación de la energía magnética almacenada. El último término resulta ser el 
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término de la conversión de la energía eléctrica en energía mecánica, éste se utiliza para 

obtener la expresión del par mostrada en (Ec. 4.20). 

Para obtener la expresión del par tan solo se ha de escoger la última parte de la expresión de la 

potencia y dividirla por la velocidad angular mecánica del motor. Se recuerda la ωrm es la 

velocidad mecánica del rotor, la ωr es la omega eléctrica del rotor o estator, ya que es un 

motor síncrono, y la n es el número de polos que relaciona estas dos ω. El valor de 3/2 se 

obtiene por los cálculos numéricos realizados en la transformación de Park, la cual no es 

ortonormal, por lo tanto no se conserva la potencia pero si que se conserva el módulo de los 

vectores tensión y corriente, ya que la matriz de la transformación es ortogonal. 

Analizando la expresión del par, (Ec. 4.20), se puede apreciar que el par tan solo depende de 

parámetros físicos del motor y de las corrientes del mismo, además de ser proporcional a 

éstas. Pues se tiene par creado por el imán y par creado por la reluctancia, denominado 

reluctante. La parte correspondiente a λm es la parte del par creado por el imán, y la demás es 

la parte del par reluctante. 

Todo el análisis de las ecuaciones se ha realizado para el motor de polos salientes, que es un 

caso general. A continuación se particularizará el análisis al motor de polos lisos, caso 

particular del motor de polos salientes, y que además es el motor de interés para el Testbed. 

El motor de polos lisos físicamente tiene unas características constructivas muy concretas que 

desvelara las claves de control que se le puede aplicar. En este tipo de motor la ε2 es cero, por 

lo tanto Ld = Lq, según la (Ec. 4.8). Introduciendo la particularidad del motor de polos lisos 

se obtiene una nueva ecuación de par: 

( )3
2 2e m q

nT iλ=     (Ec. 4.21) 

A partir de la ecuación (Ec. 4.21), se define la estrategia de control, que es controlar iq para 

obtener el valor del par deseado y controlar que id tenga valor cero. El valor de id tan solo 

interesa que sea mayor que cero en casos donde interese que la velocidad de giro del motor 

esté por encima de la nominal, pero para realizar esto también es necesario debilitar el campo 

del imán. Obsérvese que en la nueva ecuación de par (Ec. 4.21) no hay par reluctante, 

justamente es la parte que diferencia esta ecuación de la (Ec. 4.20). 
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4.3. Control Vectorial del motor Brushless AC 

Finalmente el análisis de las ecuaciones del motor y la particularización de las ecuaciones del 

par al motor de polos lisos ha permitido definir la estrategia de control que se aplicará sobre el 

motor Brushless AC (motor de polos lisos) utilizado en la plataforma.  

En la Fig. 4.8. se puede observar el control implementado en forma de esquema de bloques. 

Los niveles indican el progreso del control ya que metódicamente se implementan diferentes 

controles, empezando desde el sistema en lazo abierto (nivel 1) y acabando con un control 

total de velocidad (nivel 5). 
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Fig. 4.8. Esquema de bloques del control vectorial del motor PMSM, en particular para el 

motor de polos lisos 

 
El modulo SVPWM es el encargado de calcular y proporcionar los tiempos de obertura de los 

transistores para crear las tensiones que se le han de aplicar al motor en cada una de las fases 

(a, b, c). Se puede observar que del valor de estar tensiones se pueden obtener los valores de 

las corrientes y tratarlas mediante las ecuaciones y las transformaciones de Park y Clarke para 

obtener las corrientes que se han de controlar mediante módulos PID. Mediante este proceso 

se puede controlar el par proporcionado, el cual se ha de adecuar al ángulo θr impuesto.  
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Como último paso del control, se añade al motor un encoder que medirá el valor exacto de θr 

y de la velocidad, pues con esta medida se podrá realizar un control de la velocidad al igual 

que del par mucho más preciso ya que se trabaja con el ángulo real medido. 

 



Metodología para la docencia del control vectorial de la máquina síncrona de imanes permanentes 

 

Pág. 45

5. METODOLOGÍA PARA LA DOCENCIA DEL CONTROL 

VECTORIAL 

Este apartado explica cual ha sido la metodología elegida para la docencia del control 

vectorial de la máquina síncrona de imanes permanentes. El objetivo principal del diseño de la 

metodología es proporcionar al usuario aprendiz, el alumno, una guía para poder aprender, 

junto con la plataforma del control de motores con DSP, todos los conceptos teóricos y 

prácticos básicos que le permitan conocer el significado y funcionamiento del control 

vectorial del motor de imanes permanentes. 

La metodología es una herramienta que servirá tanto para el aprendiz como para el personal 

docente. Quien utilizará la metodología como referencia gráfica y esquemática a seguir 

durante transmisión de los conocimientos. De la misma forma el aprendiz utilizará la 

metodología como referencia complementaria a los conocimientos que captará durante el 

desarrollo de las sesiones teóricas y prácticas. 

Una vez definido el perfil de la metodología, tan solo hace falta definir cual será la 

herramienta escogida. Ésta tiene un doble perfil porque para el personal docente será una guía 

gráfica y esquemática, mientras que para el usuario será una guía escrita de los conceptos más 

importantes. Los soportes más adecuados para cumplir el doble perfil son la transparencia y el 

libro de prácticas. 

Al igual que en muchas otras docencias, se apunta por estos dos soportes. De nuevo se 

confiará en el apoyo que ofrecen y en el buen resultado que han ofrecido hasta el momento. 

Las transparencias servirán como apoyo gráfico y a la vez serán un esquema visual del 

contenido transmitido por el personal docente. El libro de prácticas permitirá al usuario 

disponer de un guía de referencia donde consultar los conceptos básicos necesarios para el 

aprendizaje del control vectorial de la máquina síncrona de imanes permanentes. 

El diseño de las transparencias y del libro de prácticas seguirá el mismo esquema de 

contenidos. Cada transparencia expuesta durante las sesiones de clase será incluida en el 

libreo de prácticas, el cual se encargará de explicar por escrito el contenido de las 

transparencias.  



Memoria 

 

Pág. 46

Las transparencias tan solo mostrarán los elementos necesarios para agilizar y facilitar la 

explicación del personal docente. Estos elementos podrán ser: ecuaciones, tablas, gráficos, 

figuras, fotografías, etc. Cada grupo de transparencias estará clasificado dentro de un apartado 

diferente, a modo de capítulos. El libro de prácticas estará dividido en los mismos capítulos 

que las transparencias del personal docente. La transparencia será mostrada como primera 

instancia, seguida de las explicaciones que aclaren su contenido.  

El esquema de contenidos, tanto de las transparencias, como del libro de prácticas estará 

dividido por dos tipos de sesiones. El primer tipo de sesiones se encargará de transmitir al 

usuario todos los conceptos teóricos, mientras que el segundo tipo de sesiones englobará todas 

las prácticas a realizar con la plataforma de trabajo. 

Las sesiones teóricas son imprescindibles para introducir a los usuarios, el tema y todos los 

conceptos previos que han de conocer antes de realizar las prácticas con la plataforma. Los 

capítulos tratados durante las sesiones teóricas son: introducción previa del motor síncrono de 

imanes permanentes,  modelado y obtención de las ecuaciones, la plataforma de trabajo, la 

coma fija y el formato Q(x) y Code Composer Studio entorno de programación. El contenido 

de cada uno de los capítulos será básicamente el mismo contenido que el expuesto en los 

capítulos previos al capítulo 6 de la memoria. 

Las sesiones prácticas pondrán al usuario en contacto con la plataforma de trabajo. En estas 

prácticas el usuario deberá aprender a utilizar la plataforma y a la vez poner en práctica los 

conocimientos adquiridos en sesiones previas y los adquiridos durante la sesión de prácticas. 

Lo capítulos tratados durante las sesiones prácticas son: programación básica, control V/f en 

lazo abierto, lazo de par, medida de la posición y la velocidad, y lazo de velocidad. El 

contenido y diseño de cada uno de los capítulos de las sesiones prácticas se expone en el 

capítulo 6 de la memoria. 

En las sesiones teóricas el usuario tan solo deberá asistir a las clases de teoría y escuchar las 

explicaciones que realizará el personal docente con ayuda de las transparencias. El usuario 

dispondrá del libro de prácticas para realizar las consultas oportunas a todos los capítulos 

referentes a las sesiones de teoría. 

En las sesiones prácticas el usuario deberá asistir a las prácticas y además deberá traer 

preparadas las sesiones de prácticas antes de asistir, así como el código del control que lo 
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deberá de programar previa asistencia. El personal docente se encargará de informar y ofrecer 

al usuario la información necesaria para la preparación de las sesiones de prácticas, aunque el 

usuario deberá y podrá consultar en el libro de prácticas la información referente a la 

preparación que debe realizar. Como ayuda extra, el personal docente repartirá unos 

documentos, donde se explicará cada módulo utilizado en la programación del código del 

control. La explicación de cada módulo se basará en una declaración de la función y sus 

variables, así como otros parámetros. 

Se ha definido el diseño de la metodología mediante los elementos escogidos para componer 

la docencia del control vectorial de la máquina síncrona de imanes permanentes elegida, pero 

es difícil definir el número de sesiones y horas que compone cada sesión ya que es un factor 

que depende en el mejor de los casos del personal docente y del usuario, y en el peor de los 

casos de factores imposibles de predecir. A modo orientativo, se aconseja que todo el 

contenido de las transparencias se de en seis sesiones de dos horas cada una. Distribuyéndolas 

de una forma eficiente para que de tiempo a explicar toda la teoría y a realizar todas las 

prácticas. 

El resultado final del diseño de la metodología, se encuentra en los Anexos A y B. En el 

Anexo A se incluyen las transparencias del personal docente y el libro de prácticas del 

usuario. En el Anexo B se incluye el código del control que el usuario ha de programar a 

modo de solución del ejercicio planteado al usuario, y también se incluye los documentos de 

programación de los módulos ofrecidos como soporte de ayuda extra. 
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6. DISEÑO DE LAS PRÁCTICAS 

En el siguiente apartado se explica el desarrollo del diseño de las prácticas. Éstas han de ser la 

metodología seguida por cualquier usuario aprendiz de la plataforma Testbed. En todo 

momento se justificarán los pasos seguidos en el desarrollo de las prácticas. 

6.1. Programación básica 

El primer contacto entre el usuario y la plataforma siempre es el más difícil de superar ya que 

por mucha preparación teórica previa que se haya realizado, nunca es suficiente para conocer 

el manejo con total seguridad. Por este motivo se ha diseñado una práctica previa donde el 

usuario deberá habituarse al entorno de trabajo y su puesta en marcha. Se pretende que el 

usuario adquiera seguridad y los conocimientos básicos frente a la plataforma para que las 

siguientes prácticas sean satisfactorias en cuanto a conocimientos adquiridos. 

6.1.1. Introducción 

La práctica tiene una doble finalidad, la cual es introducir al usuario la plataforma de una 

forma sencilla y didáctica, y habituar al usuario al entorno de programación Code Composer 

Studio. 

Se realizará una práctica muy sencilla en la que se lleva a cabo una programación básica. La 

programación básica consiste en programar el encendido y apagado de un LED en función del 

valor de una variable. El valor de la variable se modificará con el programa Code Composer 

Studio en tiempo real para comprobar que la estructura del programa realiza correctamente su 

funcionamiento. 

Se mostrará al usuario la estructura del programa, el código de programación y el 

procedimiento de la práctica. El usuario tan solo debe prestar atención en todos los ámbitos 

durante la explicación de la práctica y ejecutar de forma rigurosa los pasos expuestos. 

La estructura del programa tendrá los siguientes pasos: inicializar el sistema, configurar las 

entradas y salidas, configurar las interrupciones y ejecutar el bucle infinito el cual se basa en 

modificar el estado del LED en función de la variable (activa). En éste primer programa 

implementado no se realiza el paso de configuración de interrupciones ya que se realizará en 

una práctica posterior previa explicación teórica. 
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El código de programación tan solo se compone de los siguientes apartados: el código del 

bucle infinito, declaración y inicialización de las variables, y declaración global de las 

variables y las estructuras. 

El código del bucle tan solo modifica el valor del bit que controla el LED según el valor de la 

variable activa. Si activa vale 1 el bit set se pondrá a valor 1 y el LED se encenderá, pero si 

activa es cero el bit clear se activará y le led se apagará 

El procedimiento de la práctica contempla los pasos siguientes: enchufar solo la fuente de 

alimentación de 5 V, arrancar el Code Composer Studio, abrir el archivo con el programa 

escrito, compilar y cargar el programa, ejecutar el programa, cambiar el valor de la variable 

activa de 0 a 1 para apagar y encender el LED. 

6.1.2. Concepto de interrupción y su aplicación 

Una vez finalizado el punto anterior, el usuario debe aprender y entender el concepto de 

interrupción. Para ello se realizará la explicación teórica del concepto interrupción y una 

práctica de programación con el estilo de la realizada en el apartado 6.1.1 donde se incluirá el 

elemento interrupción, tal y como ya se comentaba anteriormente.  

Una interrupción es una rutina que interrumpe la ejecución del bucle principal (acciones no 

prioritarias y sin frecuencia fija) para realizar otra acción que se considera prioritaria. Una vez 

la interrupción ha acabado su tarea, se vuelve al programa principal para continuar 

aplicándolo desde el punto donde se había dejado. Las interrupciones son provocadas por 

eventos, que  normalmente son timers, es decir, cada cierto tiempo se programa el 

lanzamiento de la interrupción. En el caso del control vectorial que se realizará en la 

plataforma, la interrupción que lanza todos los pasos del control se realiza cada 50 µs (a una 

frecuencia de 20 kHz). Las interrupciones pueden ser programadas síncronas o asíncronas. 

Para entender mejor el proceso de la interrupción basta con observar el diagrama de bloques 

representado en la Fig. 6.1 e imaginarse el control que se realizará sobre la plataforma, el cual 

está dentro del bloque de interrupción. Dentro del bloque bucle principal no habrá nada, ya 

que tan solo se está programando el control, aunque si se deseara se podrían programar tareas 

concretas a realizar por el motor. 
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Fig. 6.1. Diagrama de bloques del proceso interrupción 

La aplicación de la interrupción permite reaccionar rápidamente sobre posibles alteraciones 

sobre el sistema, ya sea por causa de eventos internos, como externos. La interrupción se 

puede programar de forma periódica y sincronizada para realizar las tareas del control 

consideradas importantes. Además posibilita la implementación de rutinas de control en 

tiempo real. 

El objetivo de la nueva configuración de la práctica del LED, es hacer que el LED se apague y 

se encienda a una frecuencia fija. Se consigue realizar este proceso con una interrupción que 

incrementará el valor de un contador, a partir del cual se decida el estado del LED. A 

continuación se describirá como aplicar el concepto de interrupción a la práctica del LED 

realizada en el apartado 6.1.1. 

Se mostrará al usuario la estructura del programa, el código de programación y el 

procedimiento de la práctica. El usuario tan solo debe prestar atención en todos los ámbitos 

durante la explicación de la práctica y ejecutar de forma rigurosa los pasos expuestos. 

La estructura del programa tendrá los siguientes pasos: inicializar el sistema, configurar las 

entradas y salidas, configurar las interrupciones, configurar los temporizadores del sistema 

(Timer0), ejecutar el bucle infinito el cual se basa en modificar el estado del LED en función 

del valor de un contador, configurar la rutina de interrupción la cual se basa en incrementar el 
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contador. A continuación se describen los conceptos necesarios que el usuario ha de conocer 

para entender el código del programa. 

Se pretende que el LED esté encendido 500 ms y 500 ms apagado. Para realizar esta acción se 

dispone de un contador que será incrementado cada vez que la interrupción se ejecute. La 

interrupción se ejecuta a 1 kHz, por lo tanto cada 1 ms el contador se incrementará en 1 ms 

hasta llegar a 1 segundo, que es cuando se volverá a poner a cero el contador. La interrupción 

se usa como base de tiempo. 

En la Fig. 6.2 se observa la evolución del LED en función de la evolución del contador. 

Mientras el contador sea inferior a un valor de 500 ms el LED permanecerá encendido y a 

partir de 500 ms el LED permanecerá apagado. Al llegar a 1000 ms, es decir al segundo, el 

proceso volverá a comenzar de nuevo. De esta forma se crea la intermitencia del LED.  

 

Fig. 6.2. Evolución del LED en función de la evolución del contador (cont_T0)  

El código de programación se compone de los siguientes apartados: el código del bucle 

principal, código a implementar en la interrupción, declaración y inicialización de las 

variables, y declaración global de las variables y las estructuras. 

El cuerpo del programa es muy sencillo y similar al realizado en el apartado 6.1.1. La única 

diferencia es que en este caso la interrupción controla la variable que hará encender el LED. 

Cada 1kHz se ejecutará el código de la interrupción que incrementará la variable contador en 

1 ms. En el bucle principal del programa es donde se realiza la acción de poner en activo el bit 

que controla el LED. Mientras la variable contador sea menor que 500 ms la función set 
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continuará con valor 1 y en el momento que se supere el valor de 500 ms se ejecutará la 

función clear que pondrá el valor del bit a cero, apagando el LED. Además en el cuerpo 

principal se realiza la puesta a cero del contador al llegar al valor 1000 ms. Con este ejercicio 

tan sencillo se ha creado un LED intermitente utilizando el concepto de interrupción. 

El procedimiento de la práctica contempla los pasos siguientes: enchufar solo la fuente de 

alimentación de 5 V, arrancar el Code Composer Studio, abrir el archivo con el programa 

escrito, compilar y cargar el programa, ejecutar el programa, cambiar el valor de la variables 

adecuadas para variar la frecuencia y el tiempo de encendido del LED. 

6.2. Control V/f en lazo abierto 

Durante el segundo contacto del usuario con la plataforma se introduce el control vectorial. El 

usuario ya deberá haber adquirido los conocimientos teóricos y prácticos básicos para 

desenvolverse con soltura durante las siguientes sesiones donde pondrá en práctica el control 

vectorial de la máquina síncrona de imanes permanentes. 

Es requisito indispensable que el usuario realice las tareas previas a cualquier sesión de 

laboratorio, como prepararse el guión antes de comenzarla. Pero esta vez se exige al usuario 

que realice un esfuerzo más, ya que antes de asistir a la sesión de prácticas debe haber 

consultado el código del control para tenerlo entendido cuando se ejecute con el programa 

Code Composer Studio durante la sesión. Se le indicará al usuario que el código del control en 

lazo abierto se le proporciona, pero que lo siguientes códigos los tendrá que completar a partir 

de éste, de aquí el motivo de la atención que le ha de prestar al código el usuario Con esta 

técnica se pretende captar la atención del usuario y mejorar el aprendizaje del control 

vectorial. 

A continuación se describirán todos los conceptos necesarios para ayudar al usuario en la 

tarea asignada. Primero se aplicará el control vectorial en lazo abierto. En posteriores sesiones 

se cerrarán los sucesivos lazos de par y velocidad para poner en práctica el control en lazo 

cerrado. 
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6.2.1. Introducción 

Llegados a este punto ya se puede empezar a programar el control vectorial. Se empezará por 

hacer girar el motor en lazo abierto y por experimentar los efectos de las tensiones 

transformadas sobre el motor.  

Comparando el esquema de bloques de este apartado, Fig. 6.3,  con el esquema de bloques 

presentado en el apartado 5.3, Fig. 4.8, se observa que el lazo de control aún no está cerrado. 

Con ésta práctica se pretende explicar y entender cual es la función de cada uno de los 

módulos que representa el esquema para finalmente poder cerrar el lazo. De esta forma se 

facilita la comprensión de cada una de las partes del control vectorial, además de ver las 

diferencias entre lazo abierto y lazo cerrado. 

 

Fig. 6.3. Esquema de bloques del control vectorial en lazo abierto 

En este punto hay que hacer notar que el motor brushless es autopilotado y que, por tanto, a 

medida que aumenta la velocidad se pierde el sincronismo y el motor deja de girar. Este hecho 

hace necesario medir la posición del rotor para no perder el sincronismo y que el rotor pueda 

girar a cualquier velocidad. Este razonamiento es el que deberá comprobar el usuario durante 

la sesión de prácticas realizando las pruebas que se indicarán más adelante. 

A continuación se analizará cada uno de los módulos, tanto de la parte software como de la 

parte hardware, y se explicará lo necesario para entender el funcionamiento de cada uno de 
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ellos. Con las explicaciones se pretende dar una idea al usuario de los parámetros con los que 

puede interactuar en el control utilizando el programa Code Composer Studio. 

6.2.2. Descripción de los módulos 

Módulo Park Inversa: 

El módulo Park inversa es el primer módulo que se encuentra en el control mirando la primera 

línea de la Fig. 6.3 en sentido de izquierda a derecha. Este módulo es una función que realiza 

en parte el paso inverso a la transformada de Park, ya que tan solo se invierte el giro realizado 

con la transformada de Park. 

Dentro del código a implementar con el software, la función se llama ipark. Ésta transforma 

las variables (las tensiones Vd i Vq según la Fig. 6.3) de la referencia en sincronismo con el 

rotor a la referencia estacionaria (ejes α y β). Las ecuaciones que la función ipark son 

cos sin

sin cos
d r q r

d r q r

f f f

f f f
α

β

θ θ

θ θ

= ⋅ − ⋅

= ⋅ + ⋅
     (Ec. 6.1) 

 El módulo Park inversa además de la función ipark dispone de las variables de entrada y 

salida necesarias. Las de entrada son: las componentes de la variable en ejes d y q junto con el 

ángulo entre la referencia estacionaria y la que gira en sincronismo (recordar que era θr). Las 

de salida son: las componentes de la variables en los ejes de la referencia estacionaria α y β. 

Las tensiones Vα y Vβ, que serán la salida de éste módulo, corresponden a dos ondas de 

tensión sinusoidales que se han de transformar en un nuevo sistema trifásico de tensiones que 

se adapte a la nuevas condiciones calculadas por el control para hacer girar el motor de la 

forma adecuada. 

Módulo SVPWM: 

El siguiente módulo es el denominado Space Vector Pulse Width Modulation (SVPWM). 

Calcula los ciclos de trabajo de los interruptores de cada fase (Ta, Tb, Tc), que se utilizarán en 

el siguiente módulo para poder calcular la onda sinusoidal, que se ha de aplicar en cada una 

de las fases del motor. Es un método de modulación basado en los 8 estados de los seis 

interruptores del puente mostrado en la Fig. 6.4. La innovación que presenta frente otras 

técnicas es que genera menos harmónicos y usa de forma más eficiente la tensión de bus DC. 
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Las variables de entrada son las de salida del módulo anterior (Park Inversa), es decir, las 

tensiones Vα y Vβ. Y las variables de salida los ciclos de trabajo de los interruptores. 

En la Fig. 6.4 se esquematiza el convertidor con los interruptores. Cada rama de cada tensión 

dispone de dos interruptores complementarios entre sí, por lo tanto tiene dos estados posibles. 

En global se deduce que el convertidor tiene 8 estados posibles. 

a

a’

b c

b’ c’

A
B

C
vavbvc

n

VDC/2

VDC/2
 

Fig. 6.4. Convertidor usado en la técnica Space Vector Pulse Width Modulation (SVPWM) 

A continuación se expone la La Tabla 6.1 que expone los estados y tensiones del convertidor 

de la Fig. 6.4. La Tabla 6.1 esta divida en diferentes grupos de datos. El primer grupo de datos 

muestra el estado lógico de cada interruptor a, b, c y evidentemente de su complementario. El 

siguiente grupo tan solo da nomenclatura a cada fila de la Tabla 6.1 para relacionar cada 

estado del convertidor con un vector en concreto. El grupo de valores Vα y Vβ se obtiene a 

través de la (Ec. 4.10) de la transformada de Clarke pero con tensiones en vez de corrientes. 

El resto de la Tabla 6.1 es el cálculo del conjunto de tensiones Van, Vbn, Vcn y el conjunto 

Vab, Vbc, Vca. El cálculo se obtiene mirando el estado del convertidor, Fig. 6.4,  y la tensión 

de bus que recibe cada fase respecto el neutro o fase-fase. 
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Tabla 6.1. Estados y tensiones del convertidor 

La Fig. 6.5 es una representación gráfica, llamada hexágono de tensiones,  de los diferentes 

vectores V0 a V7 en el plano. Para poder dibujar el hexágono de tensiones tan solo hay que 

representar los valores Vα y Vβ en los ejes α y β y en el plano. En el gráfico se ha añadido al 

lado de cada vector el valor lógico del estado de cada par de interruptores de la Fig. 6.4.  

Las dos figuras, Fig. 6.4 y Fig. 6.5, y la Tabla 6.1,  exponen el concepto con el que trabaja el 

módulo SVPWM. Seguidamente se explica la relación entre estos tres elementos que acabará 

explicando el concepto de trabajo del módulo SVPWM. 

0 0 0    0 0 V7 1 1 1 

0 -VDCVDC      V6 1 0 1 

VDC-VDC0      V5 1 0 0 

VDC0 -VDC    0  V4 1 1 0 

0 VDC-VDC      V3 0 1 0 

-VDCVDC0      V2 0 1 1 

-VDC0 VDC    0  V1 0 0 1 
0 0 0    0 0 V0 0 0 0 

vca vbc vab vcn vbn van vβ vα Vector c b a 
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Fig. 6.5. Hexágono de tensiones. 

Con el análisis realizado en la Tabla 6.1 se ha conseguido relacionar las tensiones Vα y Vβ 

con las tensiones Va, Vb y Vc, en los 8 estados del convertidor de la Fig. 6.4. El módulo 

SVPWM a partir de cualquier valor de las tensiones Vα y Vβ puede obtener una combinación 

de interruptores que creen las tensiones Va, Vb y Vc correctas. El objetivo del módulo es 

calcular el tiempo de apertura y cierre de cada uno de los interruptores para poder crear Va, 

Vb y Vc conociendo Vα y Vβ y utilizando tan solo los vectores del V0 al V7 que son los 

únicos que se pueden obtener con un valor exacto. 

La forma de calcular el tiempo de apertura y cierre es ponderando el valor de las tensiones V0 

a V7 con el tiempo de apertura y el total del ciclo de tal forma que el vector Va, Vb y Vc 

obtenido al transformarlo en el vector Vα y Vβ sea igual que el vector obtenido en el módulo 

Park Inversa. En definitiva el vector tensión que se desea aplicar al motor se ha de obtener a 

partir de los ocho estados del convertidor de la Fig. 6.4. 

Para crear un vector V con componentes Vα y Vβ se utilizarán los dos vectores adyacentes y 

los dos vectores nulos. Los vectores adyacentes serán aquellos vectores que rodeen al vector 

V en la Fig. 6.5 del hexágono de tensiones, por lo tanto, serán de V1 a V6. Y los vectores 

nulos serán V0 y V7. 

α

β
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En la última Fig. 6.6 expuesta, se representa un vector V que tiene V1 y V2 como vectores 

adyacentes, por lo tanto se utilizarán junto con los vectores nulos para obtener V. El trabajo 

del módulo SVPWM es calcular los tiempos t0, t1, t2 y t7 tal que la media ponderada de las 

tensiones V0, V1, V2 y V7, con sus respectivos tiempos, y el tiempo de ciclo T, den como 

resultado la tensión V. Si se analiza gráficamente la Fig. 6.6 se observa que una vez 

calculados los tiempos t0, t1, t2 y t7, si se dividen estos tiempos entre el periodo y se 

multiplican por los vectores correspondientes V0, V1, V2 y V7, se obtienen unos vectores que 

sumados gráficamente dan como resultado el vector V. 

 

Fig. 6.6. Representación esquemática del funcionamiento del módulo SVPWM 

La parte superior de la Fig. 6.6 muestra que el gráfico del estado de los interruptores está 

divido en la mitad del periodo, pues así se consigue reducir los harmónicos y gastar menos 

energía, ya que tan solo cambia de estado un interruptor en cada cambio de t. 

El módulo SVPWM tiene como entradas los componentes de los ejes α y β del vector V y 

como salidas los ciclos Ta, Tb y Tc de trabajo de cada una de las fases. Ta, Tb y Tc 

corresponden al tiempo total que están abiertos los interruptores de cada fase respecto al 

tiempo de ciclo T, por lo tanto Ta, Tb y Tc se obtienen de la suma de los diferentes ti. 
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Módulo PWM: 

El siguiente módulo es el denominado Pulse Width Modulation (PWM) y se encarga de crear 

las tensiones sinusoidales Va, Vb y Vc que se aplicarán al motor. PWM significa representar 

una señal como una secuencia de pulsos que tienen las siguientes características: frecuencia 

portadora del pulso fija (cada periodo T se aplica un pulso), amplitud del pulso fija, anchura 

del pulso proporcional a la amplitud que se quiere representar y la energía del PWM es 

aproximadamente igual a la energía de la señal. 

En la Fig. 6.7 presentada se muestra un esquema del proceso PWM. El objetivo es obtener 

una señal sinusoidal a partir de una secuencia de pulsos con las características mencionadas 

anteriormente. 

 

Fig. 6.7. Esquema del proceso PWM. 

En realidad el módulo PWM está basado en comparadores ya que calcula los valores a poner 

en los comparadores a partir de los ciclos de trabajo ya calculados. Éste módulo hace de 

interfaz entre la parte software y hardware ya que genera las señales que van a parar a los 

drivers los cuales adaptan la tensión a aplicar en cada transistor MOSFET, representados en la 

Fig. 3.2. Para hacer la modulación por amplitud de pulso (PWM) de una señal, se compara 

esta señal con un señal triangular de frecuencia fija, la portadora. El resultado de esta 

comparación es la señal PWM. 

T
t 
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El módulo comparadores PWM tiene como entradas los ciclos de trabajo de cada transistor 

obtenidos en el módulo SVPWM y como salidas proporciona las señales de excitación de 

cada uno de los seis transistores MOSFET que aplicarán las tensiones Va, Vb y Vc al motor. 

Módulo Medidas de Corriente y Tensión de Bus: 

El módulo de medidas de corriente y tensión de bus permite obtener el valor en digital de las 

corrientes ia e ib, además del valor de la tensión de bus, gracias a que realiza la conversión 

analógica-digital. Físicamente es el módulo ADC. Además se pueden programar las ganancias 

(permite reescalar pero en este caso no se utiliza) y el offset (valor que devuelve el ADC 

cuando sabes que pasan 0 A, normalmente se ha de corregir este valor) de cada una de las 

medidas. 

Para realizar la medida de corriente es necesario ajustar externamente la señal analógica de la 

tensión medida por el shunt al rango de 0 a 3 V, ya que los pines del ADC tan solo aceptan 

este rango positivo de trabajo. La tensión en bornes del shunt es muy pequeña y además puede 

ser positiva y negativa, por este motivo se ha de ajustar. El conversor de 12 bits que dispone 

el ADC devuelve un número justificado a la izquierda. Al devolverlo justificado a la izquierda 

se obtiene un valor de 16 bits que tan solo hay que convertirlo a formato Q(15) con la función 

XOR para tener la misma escala (mitad negativos y mitad positivos) que todos los números 

con los que se trabaja en el control implementado, es decir para pasarlo a complemento a dos. 

El registro donde el ADC guarda el valor de corriente convertido es de 16 bits pero luego el 

programa lo convierte a 32 bits para poder ser tratado en el DSP. 

A diferencia de la medida de la corriente, en la medida de la tensión de bus no hace falta 

sumar a la señal analógica ningún offset ya que la tensión de bus siempre es positiva, y por lo 

tanto, está adaptada al rango positivo de tensiones de los pines del ADC. Como la tensión de 

bus también es un número en formato Q(15) es necesario transformarlo al igual que la 

corriente. 

El módulo medida de corriente y tensión de bus como entradas tiene las señales analógicas de 

corriente de cada fase y tensión de bus, y como salidas proporciona el valor medido en 

formato digital de cada una de las señales anteriores. 
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Módulo Clarke: 

El módulo Clarke aplica la transformada de Clarke a las corrientes medidas con el módulo 

anterior. La tarea del módulo es transformar las tres corrientes de fases estacionarias a un 

sistema trifásico ortogonal también estacionario. Esta transformación la realiza utilizando las 

ecuaciones: (Ec. 4.10) y (Ec. 4.11). Las entradas del módulo son las corrientes medidas de la 

fase a y b, ya que la fase c se puede obtener a partir de la fase a y b según la (Ec. 4.10), y las 

salidas que proporciona son dos corrientes sinusoidales con componentes en los ejes α y β 

para cada una de ellas. 

Módulo Park: 

El módulo Park es el encargado en aplicar el giro con ángulo θr entorno al eje 0 (eje 

perpendicular al papel) al sistema de vectores resultante del módulo Clarke. Con el giro 

transforma las variables de la referencia estacionaria a la referencia en sincronismo con el 

rotor. Las entradas son los componentes del eje α y β de la variable y el ángulo de fase entre 

la referencia estacionaria y la que gira en sincronismo. Las salidas son las componentes d y q 

de la variable. El módulo utiliza las siguientes ecuaciones 

cos sin
sin cos

d r r

q r r

f f f
f f f

α β

α β

θ θ

θ θ

= ⋅ + ⋅

= − ⋅ + ⋅
    (Ec. 6.2) 

Módulo Ángulo: 

El módulo Ángulo es el que se encarga del control y generación del ángulo θr. Al estar en 

lazo abierto se ha de proporcionar un ángulo manualmente, ya que es necesario para que el 

sistema y el control funcionen. Cuando el lazo se cierre, este ángulo será el ángulo real leído 

del rotor.  

Mediante una rampa se simula el ángulo del rotor que va de cero a 360 grados. Si se varía la 

frecuencia de la rampa de la consigna velocidad se variará la velocidad del motor. La 

consigna velocidad también tiene forma de rampa para que no varíe bruscamente. 
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6.2.3. Procedimiento de la práctica 

A partir de este momento el usuario deberá poner en práctica todo lo aprendido mediante la 

información teórica que se le ha proporcionado y mediante el código del programa que haya 

consultado y razonado.  

Se le proporcionará al usuario una guía precisa de cuales han de ser los pasos que ha de seguir 

para poner en funcionamiento la plataforma de trabajo. También se le indicarán todos los 

aspectos de seguridad a tener en cuenta durante la sesión de trabajo para no estropear ningún 

elemento de la plataforma. 

Una vez la puesta en marcha del motor sea la correcta el usuario deberá de jugar con las 

variables del programa implementado mediante el Code Composer Studio. Se pretende que el 

usuario aprenda como funciona el control, como responde el motor frente a cambios de 

velocidad de rotación. Para ayudar al usuario en esta tarea se le ofrece una pequeña 

explicación de cada variable con la que puede jugar y además una guía de las pruebas que ha 

de realizar.  

El usuario ha de llegar a la conclusión final de que el motor brushless es autopilotado y que, 

por tanto, a medida que aumenta la velocidad se pierde el sincronismo y el motor deja de 

girar, ya que se vuelve inestable. Este hecho hace necesario medir la posición del rotor para 

no perder el sincronismo y que el rotor pueda girar a cualquier velocidad. De esta forma el 

usuario ha de darse cuenta que es necesario cerrar el lazo del control. 

Cuando el usuario finalice la sesión deberá de seguir una guía proporcionada para desconectar 

todo el equipo. La guía muestra los pasos que se han de seguir de una forma rigurosa y clara 

para evitar que se cometa ningún error que dañe al equipo durante la desconexión del mismo.  

6.3. Lazo de par 

Durante el tercer contacto del usuario con la plataforma se introduce el primer control en lazo 

cerrado. El lazo cerrado será el de par. El usuario ahora ya dispone de un rodaje adquirido 

durante las dos sesiones anteriores, por lo tanto debe de ser capaza  de entender mucho mejor 

este control en lazo cerrado. 
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Es requisito indispensable que el usuario realice las tareas previas a cualquier sesión de 

laboratorio, como prepararse el guión antes de comenzarla. Pero esta vez se exige al usuario 

que realice un esfuerzo más, ya que antes de asistir a la sesión de prácticas debe haber 

preparado el código del control para introducirlo con el programa Code Composer Studio 

durante la sesión. El código que ha de preparar ha de completar al código utilizado en la 

sesión anterior de tal forma que ahora se cierre el lazo de par. El usuario si realizó 

correctamente la tarea asignada en la sesión anterior, no deberá suponerle ningún esfuerzo la 

implementación del nuevo código. Con esta técnica se pretende captar la atención del usuario 

y mejorar el aprendizaje del control vectorial. A continuación se describirán todos los 

conceptos necesarios para ayudar al usuario en la tarea asignada.  

6.3.1. Introducción 

Una vez hecho ya el primer contacto con el control vectorial, en esta sesión ya se debe poder 

cerrar el lazo de par del control del motor, finalizando la primera etapa del control vectorial en 

lazo cerrado. El ajuste de los controladores PID, mostrados en la Fig. 6.8, para ambas 

corrientes transformadas es el centro de esta sesión práctica. 

 

Fig. 6.8. Esquema de bloques del control vectorial en lazo cerrado de par. 

El siguiente paso del control es cerrar el lazo de par o de corriente, para ello se ha introducido 

el módulo PID que se encargará de comparar las corrientes medidas en la placa con el valor 

de corriente de referencia según la teoría ya explicada en el apartado 4.2. 
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Una vez hechas las pruebas necesarias para ver la diferencia entre el lazo abierto y el lazo 

cerrado, se realizará el ajuste de los módulos PID siguiendo los pasos y consejos indicados en 

el desarrollo de la práctica. 

6.3.2. Descripción de los módulos 

Comparando la Fig. 6.8, lazo de par, con la Fig. 6.3, lazo abierto, se observa que el único 

módulo nuevo que se ha introducido es el módulo PID. Para completar la descripción de 

módulo ya empezada en el apartado 6.2.2 se explicará el módulo PID, siendo de ayuda para el 

usuario durante la elaboración de las modificaciones del código del control. 

Módulo PID: 

El módulo PID implementa un controlador PID con precisión de 32 bits. Además permite 

utilizarlo como PI, PD o PID, con tan solo hacer cero las constantes apropiadas. Incorpora un 

elemento llamado anti-windup para evitar la saturación del integrador compensando más 

rápidamente el error que va cometiendo y acumulando el integrador, de esta forma se 

consigue un transitorio más rápido. Éste elemento se puede observar en la parte derecha del 

diagrama de bloques del módulo PID. El diagrama de bloques del controlador es el mostrado 

en la Fig. 6.9. 
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Fig. 6.9. Diagrama de bloques del módulo PID. 

Las variables de entrada del PID son el valor de referencia y el valor de realimentación, los 

cuales se compararán para realizar el control. De salida proporciona la señal corregida a partir 

de la comparación y los parámetros Kp, Ki y Kd junto con el Kc que corresponde al anti-

windup. 
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6.3.3. Procedimiento de la práctica 

Para realizar esta sesión práctica se ha de tener previamente el código necesario para cerrar el 

lazo de par. Es tarea del usuario haber pensado el código necesario a partir del de la sesión 

anterior. Después tan solo se ha introducir el código mediante el programa Code Composer 

Studio. 

El usuario deberá seguir la misma guía que ha utilizado en la sesión anterior para poner en 

funcionamiento la plataforma de trabajo. También seguirá los aspectos de seguridad 

expuestos en la sesión anterior que deberá de tener presentes en cualquier momento. 

Una vez la puesta en marcha del motor sea la correcta el usuario deberá de jugar con las 

variables del programa implementado mediante el Code Composer Studio. Se pretende que el 

usuario aprenda como funciona el control, como responde el motor frente a cambios internos 

de las variables como por ejemplo la intensidad en el eje q y d y su efecto en el par. Para 

ayudar al usuario en esta tarea se le ofrece una pequeña explicación de cada variable con la 

que puede jugar y además una guía de las pruebas que ha de realizar. Además se le 

proporcionará al usuario una pequeña guía que le ayudará a decidir los pasos a seguir en el 

sintonizado de los módulos PID.  

El usuario deberá llegar a la conclusión de que el motor aún no tiene el control de velocidad 

en lazo cerrado, por lo tanto todavía comprobará los mismos efectos que comprobaba en la 

sesión anterior, cuando el control estaba en lazo abierto. Por el contrario deberá haber 

experimentado lo suficiente con las nuevas variables del control para verificar que el control 

de par es efectivo, pero observando que el ángulo utilizado es el interno y no el medido del eje 

del rotor Pero lo más importante es que tendrá que analizar como sintonizar los módulos PID 

para que el control de par sea lo más satisfactorio posible.  

Cuando el usuario finalice la sesión deberá de seguir la guía proporcionada para desconectar 

todo el equipo. La guía muestra los pasos que se han de seguir de una forma rigurosa y clara 

para evitar que se cometa ningún error que dañe al equipo durante la desconexión del mismo. 

6.4. Medida de posición y velocidad 

En esta sesión previa, a la sesión donde se cierra el lazo de velocidad, el usuario debe realizar 

el ajuste de una variable para poder cerrar el lazo de velocidad. A pesar de no cerrar el lazo de 
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velocidad, el código utilizado será el mismo que en el lazo de velocidad pero con la diferencia 

que el código debe contemplar el hecho de que el lazo no debe de estar cerrado. 

Es requisito indispensable que el usuario realice las tareas previas a cualquier sesión de 

laboratorio, como prepararse el guión antes de comenzarla. Pero esta vez se exige al usuario 

que realice un esfuerzo más, ya que antes de asistir a la sesión de prácticas debe haber 

preparado el código del control para introducirlo con el programa Code Composer Studio 

durante la sesión. El código que ha de preparar ha de completar al código utilizado en la 

sesión anterior de tal forma que ahora se implementa el código del lazo de velocidad pero 

recordando que en este caso no se debe de llegar a cerrar. Con esta técnica se pretende captar 

la atención del usuario y mejorar el aprendizaje del control vectorial. A continuación se 

describirán todos los conceptos necesarios para ayudar al usuario en la tarea asignada.  

6.4.1. Introducción 

El control con lazo de velocidad cerrado tiene el diagrama de bloques presentado en la Fig. 

6.10. Pero en la sesión previa no se necesita llegar a cerrar el lazo de velocidad, aunque si es 

necesario tener implementados en el código los elementos adicionales que incorpora el lazo 

de velocidad. 

 

Fig. 6.10. Esquema de bloques del control vectorial en lazo cerrado de velocidad 

La diferencia principal entre el nuevo esquema de bloques, Fig. 6.10, y los anteriores, Fig. 6.3 

y Fig. 6.8, recae en el módulo ángulo, el cual ha sido sustituido por dos módulos, el módulo 



Memoria 

 

Pág. 68

Medida del ángulo y el módulo Cálculo de velocidad. La sustitución indica que a partir de 

ahora el ángulo θr será el real y no generará manualmente. A pesar de no cerrar el lazo de 

velocidad en esta sesión, resultan imprescindibles estos dos nuevos módulos para poder 

realizar el ajuste previo de una variable antes de cerrar el lazo de velocidad. Estos nuevos 

módulos se explicarán a continuación para ayudar al usuario en el desarrollo del código. 

6.4.2. Descripción de los módulos 

Módulo QEP (medida del ángulo): 

Para cerrar el lazo de velocidad es necesario utilizar un encoder y un módulo más para poder 

medir el ángulo de giro y así calcular la velocidad. El módulo QEP del DSP se encarga de 

procesar las señales provenientes del encoder y proporcionar la posición mecánica del rotor o 

ángulo de giro θ, junto con el sentido de giro. El módulo es el nexo entre la parte hardware 

del capturador y el programa, ya que convierte las señales en datos útiles para ser tratados 

digitalmente. 

El encoder incremental (de impulsos) dispone de dos canales que permiten determinar la 

posición del rotor de una forma más precisa, además de facilitar la determinación del sentido 

de giro, ya que con un solo canal no se podría saber el sentido de giro. También proporciona 

otros datos como, una señal índice que indica cuando se ha dado una vuelta entera. La 

posición eléctrica del rotor está relacionada con la mecánica a través del número de polos. En 

la Fig. 6.11 se muestra un diagrama de las señales proporcionadas por el encoder. 

QEP_A
QEP_B

Una vuelta
(360º mecánicos)

QEP_index

QEP_CLK

QEP_DIR  

Fig. 6.11. Esquema de las señales proporcionadas por el encoder 

La determinación del sentido de giro se realizará mediante un contador que se incrementará o 

no según el grafo mostrado en la Fig. 6.12. Si el motor gira en un sentido la secuencia del 
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grafo es diferente a si el motor gira en el sentido contrario. La posición del canal B respecto 

del Canal A indica el sentido de giro y hace variar la distribución de los estados indicados. 

 

Fig. 6.12. Grafo utilizado para la determinación del sentido de giro 

El módulo QEP tiene como entradas los dos canales de información (A y B) que suministra el 

encoder, así como la señal de índice del encoder. Como salidas proporciona el ángulo 

eléctrico del rotor y el sentido de giro del rotor en formato digital. 

Módulo Cálculo de Velocidad: 

La velocidad se mide mediante la información del ángulo de giro que proporciona el encoder 

junto con el módulo QEP (Quadrature Encoder Pulse) y el sentido de giro. Derivando la 

posición del rotor se obtiene la velocidad, y al final se aplica un filtro pasa bajos, para 

eliminar el ruido introducido por el cálculo de la derivada. 

El módulo de cálculo de velocidad necesita como entrada el ángulo del rotor, obtenido a partir 

del módulo QEP, y además el sentido de rotación. Como salida proporciona la velocidad de 

rotación del rotor. 

6.4.3. Procedimiento de la práctica 

Para realizar esta sesión práctica se ha de tener previamente el código necesario para cerrar el 

lazo de velocidad. Es tarea del usuario haber pensado el código necesario a partir del de la 

sesión anterior. Después tan solo se ha introducir el código mediante el programa Code 

Ch. A

Ch. B

(00)

(10)

(11)

(01)
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Composer pero se le ha de recordar al usuario que no tiene que cerrar el lazo ya que en esta 

sesión tan solo se realizará un ajuste previo de la variable que permitirá después cerrar el lazo. 

El usuario deberá seguir la misma guía que ha utilizado en la sesión anterior para poner en 

funcionamiento la plataforma de trabajo. También seguirá los aspectos de seguridad expuesto 

en la sesión anterior que deberá de tener presentes en cualquier momento. 

Una vez la puesta en marcha del motor sea la correcta el usuario deberá ajustar la variable del 

programa implementado mediante el Code Composer Studio. El ajuste de esta variable se 

debe realizar porque si solo se cierra el lazo de velocidad se tiene un problema ya que el 

control no sabe en que posición del rotor se da el ángulo cero.  

Se pretende que el usuario entienda que hasta ahora, el campo magnético del motor se ha 

generado sin tener en cuenta la posición real del eje del motor, ya que se conseguía al arrancar 

que el rotor se sincronizara con el campo magnético sin problemas. Pero si no se desea perder 

sincronismo se debe medir la posición del rotor. Si ahora lo que se quiere es cerrar el lazo de 

velocidad, se necesitará saber en todo momento la posición real del eje del motor. Esta 

posición se leerá con el encoder, pero hará falta alinear la posición inicial medida en el 

encoder con la posición real del eje magnético del imán del rotor. De esta forma se conseguirá 

aplicar la iq con el ángulo correcto para que esté sobre el eje q y el par aplicado sea el 

máximo en todo momento. 

El objetivo de esta sesión tan solo era ajustar esta variable y hacerle entender al usuario el 

significado de este ajuste. Debido a la difícil comprensión de este ajuste se ayuda al usuario 

en todo momento proporcionándolo por escrito los pasos exactos que ha de seguir para 

realizar el ajuste. Además de proporcionarle los razonamientos necesarios para entender el 

porque del ajuste realizado. 

Cuando el usuario finalice la sesión deberá de seguir una guía proporcionada para desconectar 

todo el equipo. La guía muestra los pasos que se han de seguir de una forma rigurosa y clara 

para evitar que se cometa ningún error que dañe al equipo durante la desconexión del mismo. 

6.5. Lazo de velocidad 

En la última sesión que realizará el usuario en la plataforma se cerrará el lazo de velocidad. 

Esta sesión esta diseñada para ser realizada si se desea inmediatamente después de la sesión 
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anterior ya que van muy unidas a diferencia de las otras sesiones. Por este motivo no se sigue 

el mismo diseño de estructura que en las otras sesiones. 

La Fig. 6.10 muestra el esquema del control vectorial en lazo de velocidad cerrado. La única 

diferencia con la sesión anterior es que en esta última sesión el lazo de velocidad si que 

permanecerá cerrado.  

El usuario tan solo deberá reajustar el código introducido en la sesión anterior para que el lazo 

de velocidad se cierre. Esta tarea no debe suponer prácticamente ningún esfuerzo para el 

usuario, al igual que ninguna otra tarea dentro de la sesión ya que conoce todos los elementos 

a la perfección después de todas las sesiones anteriores. 

No se precisa la descripción de ningún módulo en esta sesión ya que el único módulo nuevo 

que se introduce en el control en lazo cerrado de velocidad es un módulo PID exactamente 

iguales que los explicados en el apartado 6.3.2. 

El usuario deberá seguir la misma guía que ha utilizado en la sesión anterior para poner en 

funcionamiento la plataforma de trabajo. También seguirá los aspectos de seguridad expuesto 

en la sesión anterior que deberá de tener presentes en cualquier momento. 

Una vez la puesta en marcha del motor sea la correcta el usuario deberá de jugar con las 

variables del programa implementado mediante el Code Composer Studio. Se pretende que el 

usuario aprenda como funciona el control, como responde el motor frente a cambios internos 

de las variables y perturbaciones externas del eje. Para ayudar al usuario en esta tarea se le 

ofrece una guía de las pruebas que tiene que realizar. Además se le proporcionará al usuario 

una pequeña guía que le ayudará en el sintonizado del nuevo módulo PID. 

El usuario deberá llegar a la conclusión de que si el controlador de velocidad está ajustado 

correctamente ahora el motor tiene un comportamiento mucho más bueno y es más difícil 

pararlo, ya que se esta aplicando un controlador de velocidad que intentará mantener la 

velocidad del motor igual que la velocidad de referencia.  

Cuando el usuario finalice la sesión deberá de seguir la guía proporcionada para desconectar 

todo el equipo. La guía muestra los pasos que se han de seguir de una forma rigurosa y clara 

para evitar que se cometa ningún error que dañe al equipo durante la desconexión del mismo. 
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7. PRESUPUESTO 

El coste de la puesta en marcha del objetivo desarrollado por el proyecto, se resume en el 

coste de los elementos que conforman la plataforma junto con el coste del tiempo de 

desarrollo de la metodología para la docencia del control vectorial de la máquina síncrona de 

imanes permanentes. En la siguiente lista se resume el coste de cada uno de los componentes 

de la plataforma del control de motores con DSP: 

- placa CDM2480: 320 € 

- Motor Maxon: 250 € 

- Starter kit DSK: 300 € 

- Fuente de alimentación PSU: 1500 € 

- Ordenador personal: 1000 € 

El coste del tiempo de desarrollo de la metodología para la docencia del control vectorial de la 

máquina síncrona de imanes permanentes, se calcula suponiendo que las horas efectivas de 

trabajo han sido las indicadas en la normativa. Según la normativa, [9], el trabajo de 

realización del proyecto implica para cada estudiante una dedicación orientativa de 2,25 x NC 

x 10 horas, donde NC es el número de créditos que otorga el Proyecto Fin de Carrera al plan 

de estudios de la titulación. El número de créditos asignados al Proyecto Fin de Carrera en la 

titulación Ingeniería Industrial es de 24. Si se realizan las operaciones se obtiene un total de 

540 horas. Suponiendo que de media un ingeniero recién titulado puede cobrar 8 euros la 

hora, el coste del tiempo de desarrollo de la metodología seria de 4320 €. 

El valor final del presupuesto sería la suma de las cantidades parciales mostradas más arriba. 

La cantidad asciende a 7690 €. Este valor es el presupuesto lo más ajustado posible dentro de 

las suposiciones que haya en el cálculo del tiempo dedicado. 
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8. IMPACTO AMBIENTAL 

El presente proyecto no presenta ningún impacto ambiental susceptible de analizar mediante 

algún estudio específico y concreto. Los elementos que se originan con la puesta en práctica 

del proyecto son totalmente reciclables, ya que las transparencias y el libro del alumno están 

compuestas de papel en su totalidad, material totalmente reciclable. 
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CONCLUSIONES 

Del estudio realizado durante el proyecto se pueden extraer varias conclusiones que se 

analizarán seguidamente. El objetivo principal del proyecto, el cual era crear una metodología 

para la docencia del control vectorial de la máquina síncrona de imanes permanentes, se ha 

logrado desarrollar satisfactoriamente. 

Gracias, a la cantidad de información existente sobre el tema, la documentación previa ha sido 

la base principal para el perfecto desarrollo posterior de la metodología. El paso posterior a la 

documentación, y quizás el más elaborado, ha sido lograr analizar toda la información y 

descartar la que no era relevante para el desarrollo del objetivo. Una vez clasificada toda la 

información, tan solo ha sido necesario distribuirla de la forma adecuada, creando los 

capítulos necesarios para cubrir todas las necesidades de la docencia del control vectorial de 

la máquina síncrona de imanes permanentes. 

Finalmente, todo el desarrollo ha dado su fruto consiguiendo extraer una metodología para la 

docencia del tema propuesto. La búsqueda de una metodología ha concluido con la 

elaboración de unas transparencias para el personal docente y un libro de prácticas para el 

usuario aprendiz. Estos dos soportes contienen toda la síntesis realizada durante la búsqueda 

de la metodología. Síntesis que engloba los aspectos más teóricos hasta los aspectos más 

prácticos. 

El material de trabajo desarrollado servirá como metodología a seguir por el profesorado y el 

alumnado, durante la docencia y el aprendizaje del control vectorial de la máquina síncrona de 

imanes permanentes.  

La inmediata aplicación de los resultados obtenidos en el proyecto, se basará en la puesta en 

marcha de unas prácticas de la asignatura Control de Máquinas Eléctricas de la Escuela 

Técnica Superior de Ingeniería Industriales de Barcelona (ETSEIB). Las transparencias del 

personal docente y el libro de prácticas del usuario aprendiz, eran los elementos que faltaban 

para poner en marcha las prácticas mencionadas. La metodología diseñada y sintetizada, en 

las transparencias y en el libro de prácticas, aún no ha sido incluida en la docencia del control 

vectorial de la máquina síncrona de imanes permanentes, pero en cuanto sea incluida se 

podrán subsanar los posibles errores cometidos en el desarrollo de la metodología propuesta. 
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Cualquier metodología es susceptible de tener errores, imposibles de pronosticar con total 

certeza hasta que no es aplicada en la docencia. Se prevé que los principales puntos donde se 

pueden tener errores sean en la comprensión de las prácticas, ya que requieren un gran 

esfuerzo por el usuario aprendiz.  

Durante el desarrollo del proyecto, se llega a la conclusión de que el campo del control 

vectorial es una técnica en desarrollo con infinitas aplicaciones importantes en el campo del 

control de motores y presumibles de ser introducidas en la docencia en posteriores 

aplicaciones con otros motores. 

Como última conclusión, decir que la idea de ser desarrollado el libro de prácticas y las 

transparencias, por un alumno apunto de finalizar su etapa en la escuela, ha sido el mejor 

camino a seguir, ya que ha permitido plasmar aspectos muy cercanos a los compañeros, 

futuros usuarios del material desarrollado. 
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By taking advantage of the bidirectional conduction capability of the
switch structure, the dimension of the lookup table in the controller
can be greatly lowered to 2� 4. There is no need to detect the
polarities of the input voltages for determination of the switching
states. Experimental results show unity input power factor for three
phases and a bidirectional power transfer capability.
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An Effective Software Implementation
of the Space-Vector Modulation

Jang-Hyoun Youm and Bong-Hwan Kwon

Abstract—An effective software implementation of the space-vector
modulation (SVM) on the rotating d–q frame is proposed. The conven-
tional SVM algorithm requires complex computations, such as square
root and arctangent. The SVM algorithm is further developed to deter-
mine directly conduction times of switches without requiring complex
computations.

Index Terms—Pulsewidth modulation, space-vector modulation.

I. INTRODUCTION

Switching schemes play the most important role in voltage-source
inverters and rectifiers which are widely applied in high-performance
ac drives and reactive power compensation systems [1]. Among
various switching schemes, the space-vector modulation (SVM) tech-
nique is popular because of its two excellent features [2]–[5], such
that its maximum output voltage is 15.5% greater and the number
of switchings is about 30% less at the same carrier frequency than
the one obtained by the sinusoidal pulsewidth modulation (PWM)
method. The SVM technique confines space vectors to be applied
according to the region where the output voltage vector is located.
On the other hand, the widely used scheme among various current
control techniques is thed–q current controllers, where currents
to be regulated are dc quantities [6]. To modulate the required
voltage vector for current controllers on thed–q rotating frame,
the conventional SVM algorithm needs its magnitude and angle.
However, its implementation requires square root and arctangent,
which are a considerable computational burden.
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Fig. 1. Three-phase full-bridge circuit and SVM. (a) Power circuit. (b) Space
vectors and regions.

In this letter, an effective software implementation of the SVM
algorithm on the rotatingd–q frame is proposed. The proposed
SVM algorithm gives directly the conduction times of switches to
modulate the voltage vector to be generated without considerable
computational burden. An experimental result shows the effectiveness
of the proposed SVM algorithm.

II. SVM FOR CURRENT CONTROL ON THE ROTATING FRAME

The three-phase full-bridge circuit with six semiconductor power
switches is shown in Fig. 1(a). Fig. 1(b) shows thed–q voltage
componentsvd and vq of the output voltage vectorv(t) which
is generated by thed–q current controllers. The switch state for
switch Sk (k = 1; 3; 5) is defined as 1 when switchSk is on,
and 0 when switchSk is off. The available quantized space vectors
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areVn(S1 S3 S5) according to eight switch states. To obtain the
required voltage vectorv, the conduction times of the selected six
switches are modulated according to the amplitude and angle ofv.
V and� are the peak voltage and angle of the required space vector
which are given by

V = v2d + v2q (1)

� =!t+ �dq (2)

where

�dq = tan�1
vq
vd

: (3)

The angle of the voltage vectorv determines a region among six
regions in the complex plane. The angle�r (0 � �r < �=3) in a
region n is defined as

�r = � � �

3
n; for n = 1; 2; � � � ; 6: (4)

The required voltage vectorv is modulated as follows:

v =
T�
Ts
V� +

T�
Ts
V� (5)

which is called the SVM, andTs is the switching period. Then,
the conduction timesT� and T� of two space vectorsV� and
V� adjacent to the voltage vectorv in a given regionn, and the
conduction timeT0 of the zero vectorV0 are given by

T� =

p
3V

Vd
Ts sin

�

3
� �r

T� =

p
3V

Vd
Ts sin �r

T0 =Ts � T� � T� (6)

whereVd is the dc-link voltage. Thus, the SVM technique utilizes
three space vectorsV�, V� , andV0 to generate the output voltage
vectorv in the specified region. InRegion 1, the switchS1 is turned
on during the conduction timeT1 of the space vectorV1(1 0 0) and
the switchesS1 andS3 are turned on during the conduction timeT2
of the space vectorV2(1 1 0), respectively. Then, the conduction
timesTa, Tb, andTc of the switchesS1, S3, andS5 are given by

Ta
Tb
Tc

=
T1
0
0

+
T2
T2
0

(7)

whereV0(0 0 0) is used as the zero vector. In the case of using
V0(1 1 1) as the zero vector, the conduction times of switches are

Ta
Tb
Tc

=
T1
0
0

+
T2
T2
0

+
T0
T0
T0

=
Ts
Ts
Ts

�
0
T1
T1

�
0
0
T2

:(8)

Thus, in Region 1, Tc is zero whenV0(0 0 0) is used as the zero
vector andTa is Ts whenV0(1 1 1) is used. This is due to the fact
that the lowest voltage and the highest voltage among the stationary
a–b–c voltage componentsvao, vbo, and vco of the voltage vector
v in Region 1are vao and vco, respectively. However, this SVM
algorithm requires square root and arctangent, as shown in (1)–(3),
and its implementation is a considerable computational burden.

On the other hand, in terms of the conduction times of switches,
the average output voltagesvaN , vbN , andvcN with respect to the

negative dc busN are expressed as

vaN =
Vd
Ts

Ta

vbN =
Vd
Ts

Tb

vcN =
Vd
Ts

Tc:

The neutral point voltagevoN (with respect to the negative dc busN )
of the balanced three-phase system is obtained by the superposition
theorem as

voN =
1

3

Vd
Ts

(Ta + Tb + Tc): (9)

The relation of the stationarya–b–c voltage components and the
conduction times of switches is derived as follows:

vao
vbo
vco

=
vaN � voN
vbN � voN
vcN � voN

=
1

3

Vd
Ts

2 �1 �1
�1 2 �1
�1 �1 2

Ta
Tb
Tc

:

(10)

In Region 1, substitutingTc = 0 into (10) in the case of using
V0(000) as the zero vector, the conduction times of switches are
obtained as

Ta
Tb
Tc

=
Ts
Vd

vao � vco
vbo � vco

0
(11)

where the stationarya–b–c voltage components are given by

vao
vbo
vco

=

1 0

�1

2

p
3

2

�1

2
�
p
3

2

cos !t � sin !t
sin !t cos !t

vd
vq

: (12)

Applying a similar procedure to all regions, the conduction times
of switches to modulate the required space vector are simplified as
follows:

Ta
Tb
Tc

=
Ts
Vd

vao � vmin

vbo � vmin

vco � vmin

(13)

wherevmin = min (vao; vbo; vco). In the case of usingV0(1 1 1)
as the zero vector, the conduction times of switches are given by

Ta
Tb
Tc

=
Ts
Ts
Ts

� Ts
Vd

vmax � vao
vmax � vbo
vmax � vco

(14)

wherevmax = max(vao; vbo; vco). In the case of sharing equallyT0
between (1 1 1) and (0 0 0) as the zero vector,1

2
T0 is added to the

conduction times of switches obtained by (13) or is subtracted from
the conduction times of switches by (14) where

T0 = Ts � Ts
Vd

(vmax � vmin): (15)

Thus, the proposed SVM algorithm does not require square root
and arctangent, and its computational burden is considerably reduced
compared with that of the conventional SVM algorithm, as shown
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TABLE I
COMPUTATIONAL BURDEN OF THE SVM ALGORITHM

Fig. 2. Experimental waveforms of gate signals and line current by the
proposed algorithm. (a)S1. (b) S3. (c) S5. (d) ia.

in Table I in the case of usingV0(0 0 0) as the zero vector. These
results are derived by the concept using the lowest voltage or the
highest voltage among the stationarya–b–c voltage componentsvao,
vbo, andvco of the voltage vectorv. The conduction times of switches
is represented directly via the switching periodTs, the dc-link voltage
Vd, and the stationarya–b–c voltage components.

III. A N EXPERIMENTAL RESULT

To verify the validity of the proposed SVM technique, the experi-
ment is made for the current controllers of a squirrel-cage induction
motor. The motor characteristics are as follows: 11 kW, three phase,
four poles, 220 V, 37 A, and 1760 r/min. The dc-link voltageVd is
300 V and the proportional integral (PI)-typed–q current controllers
are utilized withTs = 100 �s. Fig. 2 shows gate signals and the line

current waveform by the proposed SVM algorithm. Thus, three-phase
PWM pulses are generated using (12) and (13), and good current
waveform is obtained.

IV. CONCLUSION

In this letter, an effective software implementation of the SVM for
current control on the rotating frame has been proposed. The proposed
SVM algorithm gives directly the conduction times of switches to
modulate the voltage vector to be generated without a considerable
computational burden.

REFERENCES

[1] J. Holtz, “Pulsewidth modulation—A survey,”IEEE Trans. Ind. Elec-
tron., vol. 39, pp. 410–420, Oct. 1992.

[2] B. H. Kwon and B. D. Min, “A fully software-controlled PWM rectifier
with current link,” IEEE Trans. Ind. Electron.,vol. 40, pp. 355–363,
June 1993.

[3] S. Fukuda, Y. Iwaji, and H. Hasegawa, “PWM technique for inverter
with sinusoidal output current,”IEEE Trans. Power Electron.,vol. 5,
pp. 54–61, Jan. 1990.

[4] H. W. Van der Broeck and H. C. Skudelny, “Analysis and realization of
a pulsewidth modulator based on voltage space vectors,”IEEE Trans.
Ind. Applicat.,vol. 24, pp. 142–150, Jan./Feb. 1988.

[5] J. W. Kolar, H. Ertl, and F. C. Zach, “Influence of the modulation
method on the conduction and switching losses of a PWM converter
system,”IEEE Trans. Ind. Applicat.,vol. 27, pp. 1063–1075, Nov./Dec.
1991.

[6] J. W. Choi and S. K. Sul, “Fast current controller in three-phase ac/dc
boost converter usingd–q axis crosscoupling,”IEEE Trans. Power
Electron.,vol. 13, pp. 179–185, Jan. 1998.

A Nonlinear Control Method for Good
Dynamic Performance Elastic Drives

Rached Dhaouadi and Kenji Kubo

Abstract—This letter presents a nonlinear speed controller for two-
mass-model elastic systems. The nonlinear controller is designed to
provide a highly damped step response with minimum response time and
minimum overshoot. The controller synthesis is carried out in the phase
plane. The simulation results indicate the effectiveness of the proposed
nonlinear control system.

Index Terms—Elastic drives, nonlinear control system, nonlinear dif-
ferential equation, phase plane.

I. INTRODUCTION

The response of an elastic drive system to a step input is character-
ized by the undesirable torsional vibrations at the natural frequency of
the mechanical system. Many types of speed controllers have been
designed to dampen these vibrations. The most effective approach
is to use a state-feedback-based controller with pole placement to
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PID Tuning – science, art or both? 
 
 
In the last article we have honoured the PID controller and discussed the key factors 
that made it such a remarkable success. On the other side, we have also taken a 
critical look at the weaker points of this controller and in this context we pointed also 
at the still existing problems and difficulties with its tuning – despite the millions of 
applications and the many, many tuning methods that were developed over all these 
years. Let this be motivation enough for taking a closer look at the different tuning 
approaches and the issues involved.  
 
 
The art 
 
Even today most PID controllers are still tuned manually, by trial and error. One 
reason why this approach is favoured by many control professionals is that it requires 
practically no preparation work. Another one is that reasonable results can be 
achieved without doing any plant testing, which is typically required when we use a 
calculation method. No matter whether these tests are done with the loop open or 
closed, this is a clear plus because tests are very much disliked by the operation staff 
and thus we need to be quite convincing and persistent to get the permission to carry 
them out. 
 
On the negative side, trial and error tuning can take a tremendous amount of time.  
There is no systematic path to the final answer and thus it is left up to the experience 
and the imagination of the user, with other words: to his or her ability to extract the 
information contained in the behaviour of the PV and the controller output and to turn 
these findings into meaningful adaptations of the controller settings. This is obviously 
an art – which inevitably leads us right to the weakest part of that approach: Not 
everybody is a true artist and therefore on average the results are rather mediocre – 
a fact that is confirmed by all the studies that dealt with the performance of the 
controllers in industrial plants. Interestingly and strangely (and with respect to the 
power and the features of today’s control systems even most embarrassing), these 
figures have also not changed much over time. One conclusion that can be derived is 
that most users today do not have much more knowledge or experience than those 
20 or 30 years ago, their level of skills is practically the same despite all the research 
and the advances in the underlying theory over time. This points right at a weakness 
that has been identified already long ago but still is present today, namely, 
shortcomings in the education of the users. I can confirm this from my own teaching 
experience: “Now I finally understand …” is certainly the most frequently made 
statement from the trainees. 
 
 
The science 
 
Alternatively to trial and error tuning one could also take an approach that is more 
scientifically and technically founded, namely the use of one of the dozens of tuning 
methods that have been developed over time.  
 
With respect to the data to be supplied as the basis for the calculations we can divide 
these methods into two classes: Those that are based on the process parameters 
and the (rather few) other ones that are based on the outcome of a closed loop test, 
a setpoint change. The process parameters needed for the first class are typically 
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derived from an open loop test and therefore these methods are commonly also 
referred to as open loop methods. Let us now compare the two approaches without 
going much into details, just by looking at their pros and cons.  
 
Open loop methods 
 
Regarding the advantages of the methods that use the process parameters we can 
say  
that they force us to gather more and especially quantitative information about the 
process behaviour - which always is a big plus: The better we know the process, the 
better we will be able to control it. Besides, they give us the possibility to calculate 
the tuning parameters for different situations before the occur, e.g. in cases where 
there is a change in the process or the operations coming up and we can estimate 
the effect of this change. The deadtime e.g. is often inversely related to the 
throughput of the plant. Thus if we know that the throughput will be reduced by x % 
we also know immediately that the deadtime will increase by the same percentage. 
With that we are already prepared and have new controller settings at the ready 
when the change in the operation occurs – without any further tests.  
 
On the negative side we have to note down the need for an open loop test – which is 
never liked by operations staff and in some cases even not possible: Some loops 
they would never allow us to open. Estimating the process parameters alternatively 
from ‘normal’ operating data can be quite difficult as they may not have enough 
information content in them or they may be too much distorted by influences outside 
the loop.  
 
Also, the results of these methods will be never perfect - by design - as almost all of 
them (I only know only one exception, namely Haalman) use a process description 
that is reduced to first order plus deadtime or even integrator plus deadtime. Of 
course processes of high order, let alone those with open loop overshoot or inverse 
response, cannot be dealt with very accurately at all.  
 
Another however not so obvious fact is that we need to examine quite carefully if the 
method we intend to use is indeed suitable. Some of them (example: Cohen-Coon) 
have been developed at a time when digital systems did not exist and every single 
controller was working in a range of 0-100%. Of course, at that time there was no 
need to take the measurement range of the controller (and also of the secondary in 
case of a cascade) into account. With today’s DCS systems, however, this is a must, 
as they all allow us to specify the range in engineering units. Funny enough, 
however, almost all of them still calculate the PID action not in engineering units but  
normalized with respect to the range - just as the ‘good old’ analogue controllers, an 
anachronisms.   
 
On top of that, to make things even more puzzling, some tuning methods are simply 
not suited for more difficult processes as they use only the time constant for the 
calculation of the integral time and completely miss the very severe effect of the 
deadtime – a weakness that is hard to understand. Sometimes this is camouflaged 
by intensive use of the controllability ratio, the ratio between deadtime and the time 
constant, in connection with either the time constant or the deadtime, but when 
carrying out all the calculations one can see that it still boils down to the time 
constant only.   
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And finally we must state that, since the test was done open loop, these methods do 
not reflect the specifics of the controller used, the differences in the PID formulation 
from system to system, from vendor to vendor. 
 
Closed loop methods 
 
Closed loop methods, i.e. methods that allow us to calculate the PID tuning based on 
the outcome of a setpoint step with the controller in automatic mode, do not have this 
shortcoming: In this case the results include of course all the elements and specifics 
that are present in the loop, may they concern the process or the controller. 
Therefore closed loop tests give us a more complete picture of the actual situation.  
 
Unfortunately, they also have some severe weaknesses: The principle of the original 
Ziegler – Nichols method is stunningly simple but is based on one requirement that 
makes it practically prohibitive for use in the process industry: The loop has to be 
brought into stable oscillation. Some enhancements were made later and one 
approach allows us now to make a setpoint test such that PV shows a strongly 
dampened oscillatory response with two peaks and of course a minimum in between. 
From just 5 data points that we take from this response it is possible to calculate the 
PID tuning as well as the process parameters in one go (more details on the method 
can be found on our Web site). This underlying calculation is by no means simple but 
there are tools available that can do this for us in a second. 
 
This sounds great but still has one severe limitation: This methods delivers only 
accurate results when the test is done with a pure P-controller. Since a few month it 
can be done now approximative with a PI-controller as well, but of course it would be 
ideal to do this also in an accurate way for the PI-controller: We could retain full 
control during the test. Unfortunately there are no signs that this will be possible in 
the near future: It is hard to imagine that extending the P-only method is an 
insurmountably difficult task, but so far all my efforts to interest researchers to work 
on this extension have not found open ears. Thus we still have to wait patiently for 
science to deliver.  
 
Back to the art? 
 
Because of the mentioned shortcomings of the closed loop methods, in most cases 
the open loop calculations are used. But no matter what approach we use there is 
one fact which we have to be clearly aware of: All these various methods give us only 
starting points, typically pretty good ones, but never the real true optimal settings for 
the situation. The reasons are quickly found. 
 
Concerning the open loop methods, all are based on various assumptions and 
simplifications: As said before, practically all of them just use a first-order-plus- 
deadtime process representation.  
 
Also, all methods assume more or less idealistic conditions: They do not take any 
‘imperfections’ into account like noise on the measurement, sticking valves or the 
strength of the interaction between two loops. The effect of the latter one on the PID 
tuning can be also calculated but it comes as a side-result from the Relative Gain 
Analysis (RGA) and is not inherently done in the tuning calculations itself.     
 
Using such methods saves a lot of time that is otherwise required to get to such a 
good starting point. The consequence, however, because of the assumptions and 
simplifications made, is that the fine-tuning of the controller is still up to the users. 
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And this demands from them the same special skills and the same good portion of 
experience as for trial and error tuning – which brings us back to the beginning, to the 
art of the tuning of the PID. So even when we decide to choose a suitable method 
and thus to proceed in a more systematic and more efficient way, we still have to use 
our knowledge and also our imagination. Therefore, at the end, PID tuning is both: A 
science and an art. 
  
 
Hans H. Eder 
 
ACT  
hans.eder@act-control.com 
www.act-control.com 
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The Study of Improved PI Method for PMSM Vector Control System 
Based On SVPWM 

Zhao Kaiqi 
College of Automation 
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Abstract -- Permanent magnet synchronous motor (PMSM) 
using a decoupled method may have the same performance as 
DC motor. So the parameter design of its' regulators can be 
made according to the traditional DC regulator design method. 
However, the PMSM and its' driving converter have the 
characteristics of strong non-linear, which result to the 
differences between the designed parameters and the real values. 
Based on the closed loop control of speed and current, the 
simulation model of the surface-mounted PMSM (SPMSM) 
vector control system with the Space Vector Pulse Width 
Modulation (SVPWM) method was proposed and realized in the 
paper, which highly simulated the real system. The principles of 
regulated PI were given, which had been proved by the 
experimental platform based on DSP2812. The experimental 
results are in accordance with the simulation results, which 
prove that the method can effectively improve the performance 
of the system. 

Index Terms-- Converters; Permanent magnet; Regulators; 
Space vector pulse width modulation; Vector control 

I. INTRODUCTION 

The PMSM using high-performance permanent magnet 
materials has many advantages such as low inertia, fast 
response, high power density, low loss, high efficiency that 
make it possess better low-speed characteristic, so it is widely 
applied in the field of servo driving[l-3]. 

The PMSM can be decoupled into torque components and 
excitation components after vector transformation and obtain 
the performances of DC motors in theory. So the parameters 
of the regulators are usually designed according to the 
traditional DC regulator design method. However, the PMSM 
and its driving converter have the characteristic of strong 
non-linear, which result to the differences between the 
designed parameters and the real values. 

Based on the closed loop control of speed and current, the 
simulation model of the PMSM vector control system with 
SVPWM method was proposed and implemented in the 
paper, which highly simulated the real experimental system. 
And the basic principles of regulated PI were given, which 
had been verified by the experimental platform based on 
DSP2812. The experimental results are in accordance with 
the simulation results, which prove that the method is 
effective. 

II. MATHEMATICAL MODEL OF PMSM 

According to the theory of AC motors, the mathematical 
model of the PMSM in the rotate orthogonal axis system [4, 5] 
is: 

(1) 

Where: 

uq, udare vertical axis voltage and direct axis voltage 

after vector transformation; 

iq, id are vertical axis current and direct aXIs current 

after vector transformation; 

Pn is motor poles; 

Ld, Lq are the inductances of d axis and q axis; 

\jf f is the flux linkage between the fundamental wave of 

the excitation magnetic field of the permanent magnet and the 
stator windings. 

III. PMSM VECTOR CONTROL SYSTEM BASED ON SVPWM 

From (1), through vector transformation, under the 

d - q axis coordinate system rotating synchronously with 

rotor, the PMSM driving system can realize current 

decoupling. Due to the equality of the inductances of d - q 
axis for the surface-mounted PMSM, the maximum torque 
control can be carried out using the method of the rotor 

magnet field oriented vector control with id = O. The 

structure of the vector control system based on SVPWM is 
shown in Fig.l. 
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Fig. I. Structure of the vector control system based on SVPWM 
For SVPWM control, there are eight basic voltage space 

vectors. When different time is applied to some two adjacent 
basic voltage space vectors, any voltage space vector can be 
obtained. So the most reasonable combining voltage space 
vector can be chosen to follow the variation of rotating flux 
linkage in one switch period [6-8]. And the speed regulation 
using variable voltage variable frequency with constant flux 
linkage can be realized. 

IV. IMPROVED PI CONTROL METHOD 

After vector transformation, the driving inverter is 
considered as two independent amplifiers corresponding to 
the rotating coordinate d - q axis in mathematics, which 

have the same characteristics and the same parameters. So the 
q-axis model is only given in the following. The transfer 
function of q-axis voltage amplification section is: 

Where: 

U 1· -q-= K e-
,.I" 

Uq.l" a 

Uq is q-axis amplified voltage (V); 

Uq.l" is q-axis signal voltage (V); 

Ka is voltage amplification coefficient; 

T, is delay time of switch device (S); 

(2) 

For the case of the cut-off frequency of the current 

1 
loop mci � -- , the transfer function (2) of the voltage 

31', 
amplification section can be changed approximately to that of 
first-order inertial link, namely: 

U - 1 , K -q- = K e ' · 
;::; __ a_ 

Uqs a T,S + 1 
(3) 
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The model of the q-axis current loop is shown in Fig.2. If 
the output of the current controller is not saturated, q-axis 
current is completely controlled by q-axis voltage. When the 
current loop is designed, the performance of no steady-state 
error, fast speed follow and low overshoot are usually 
considered. So it is appropriate for PI controller to be 
regulated as a typical I type system. 

The transfer function of the PI current controller can be 
written as: 

Where: 

Kp;C'tis+l) 1 
----=---- = K pi (1 +-) 'tiS 'tiS 

(4) 

K pi is the proportional gain of current controller; 

't i is the integration time constant of current controller. 

Fig. 2. The simplified q axis current loop model 
In order to cancel the big time constant in the controlled 

object so that the response speed can be accelerated, the 
integration time constant of PI controller is given as: 

L 
Tj = � =-q (5) 

r 
K pi depends on the dynamics performance requirements. 

According to the principle of "second order optimum system", 
usually KIT�i = 0.5, the following equation is deduced: 

K. = 
�r pi 2KJ3T�:;i (6) 

For different real systems, the performances are not 

always the best using the two parameters KPi and 'ti 
derived from (5) and (6). The decoupled current is not an 
ideal direct current because of the effect of some certain 
noises and uncertain noises of actual detection feedback 
current and the effect of inverter dead-zone. Therefore, if the 
parameters deigned according to the above method are 
applied to the real system, the motor current and torque 
oscillation will be produced easily, which leads to motor 
speed oscillation with high frequency. 

Therefore, in order to improve the system stability, PI 

parameter should be properly improved: K pi follow 

properly decrease-principle. Otherwise, the output current 
noise and ripple would be larger. The adjustment principle 

of Tj parameter should be properly increased in order to 

satisfy the steady state accuracy. 
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V. SYSTEM MODELING 

According to the above analysis, it is built that the 
simulation model of the PMSM vector control system based 
on SVPWM in the environment of the Simulink in Matlab7.7, 
as shown in Fig.3. It includes speed controller, current 
controller, SVPWM modulation module, inverter, PMSM, 
detection unit and so on, and also the dead-zone effect is 
introduced to the SVPWM module. 

The process of SVPWM module is following: (1) 
Determining in which section the given reference vector 

V"ef to be located; (2) Determining the T1, T2 action time 

of the two adjacent space voltages; (3) Determining the 
switching points of comparators. Meanwhile, according to 
Fig.1, the experiment platform of the PMSM control system 
based on DSPF2812, power device P-MOSFET, optical 
coupling isolation and integrated chip driving. 

Fig. 3. Simulation model of the system based on SVPWM vector control 
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The parameters of the PMSM are: stator resistance is 
Rs=2.68Q, inductance of d-axis, q-axis is Ld=Lq=Ls =8.7mH, 
rotor flux linkage is '¥FO.1333Wb, moment of inertia is 

J=0.5 xl 0-4 kg'm2, friction coefficient is F= 1 X 10-5 N 'm's, 
rated speed is 5800r/min, rated torque is O.2Nm, number of 
pole pairs is P=2. 

VI. EXPERIMENTAL RESULTS AND ANALYSIS 

The parameters of the PMSM are the same both in the 
simulation and the experiment platform. To reduce the 
simulation time, the switching frequency of the inverter is set 
3 kHz. The simulation results are shown in FigA-Fig.7. The 
output waveform of the current controller, that is the input 
reference voltage Uqs of SVPWM, is given in FigA. The 
given reference voltage of phase A is shown in Fig.5. Fig.6 
shows the waveform of the stator current of phase A. Fig.7 
shows the waveform of the motor speed. 

The experiment results are shown in Fig.8-Fig.11. The 
output waveform of the current controller, that is the input 
reference voltage Uqs of SVPWM, is given in Fig.8. The 
given reference voltage of phase A is shown in Fig.9. Fig.lO 
shows the waveform of the stator current of phase A. Fig.II 
shows the waveform of the motor speed. From the 
comparison between the simulation results in FigA-Fig.7 and 
the experiment results in Fig.8-Fig.II, it can be seen that the 
consistency of their waveforms is very well. It proves that the 
proposed system simulation model is highly in accordance 
with the real experiment system. 
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Fig.7 Speed of the PMSM 
In the view of the curve of the simulation current and the 

experiment current in Fig.6 and Fig.IO, there exist noises 
which have the uncertain attribute difficult to be filtered. So 
the method of improving PI control is proposed and applied. 
As the speed waveform of the PMSM in Fig.7 and Fig.II 
shown, the speed has the advantages of smooth, low 
overshoot and running stably. The system has good steady
state characteristics and dynamic performances. 

VII. CONCLUSION 

The PMSM can be decoupled into the torque component 
and the excitation component exploring vector 
transformation and reach the performance of the DC motor in 
theory. So the parameter design of its regulators is usually 
made according to the traditional DC regulator design 
method. However, the PMSM has the characteristics of 
strong non-linear, which results to the differences between 
the designed parameters and the real parameters. 

Based on the closed loop of flux and current in PMSM 
vector control systems, the Simulation model of the PMSM 
vector control system with the SVPWM method is proposed 
and realized in the paper, which highly simulate the real 
system. The basic principle of regulated PI is given, which 
has been verified by the experimental platform based on 
DSP28I2. The experimental results are in accordance with 
the simulation results, which prove that the method is 
effective. 
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Summary This paper presents the experimental evaluation of a commonly used methodology to tune the PI regulators of the Field 
Oriented Control (FOC) strategy for Permanent Magnet Synchronous Motors (PMSMs). The methodology used is based on the 
Absolute Value Optimum (AVO) and Symmetric Optimum (SO) criterions. These methods employ a simplified model of the plant to 
be controlled. Due to the complexity and non-linearities present in the FOC PMSM drive some divergence between the ideal 
response and the real results will occur. In this paper a comparison between simulated and experimental results is carried out to 
evaluate the goodness of the solution obtained. The divergences observed between simulations and the results obtained in the 
experimental setup are shown and it is attempted to justify the causes of them. Overall it is concluded that the method provides a 
satisfactory initial commissioning of the PI regulators for the drive system under study.  
 
1. INTRODUCTION 
 
PID regulators are widely employed in industry due to 
their satisfactory behaviour in most of the control 
applications. One of the most important engineering 
tasks during the commissioning of control system is the 
parametric optimization of the regulators to obtain the 
desired control response [1]. 
Different methods can be employed to perform the 
tuning of the PID regulators. A possible classification of 
these methods can be as follows: 
• Experimental methods based on the identification of 

certain response characteristics of the system. The 
Ziegler-Nichols open and closed loop methods are an 
example of these methods [2]. 

• Mathematical model based methods. These methods 
employ a mathematical model that approximates the 
behaviour of the system [1, 3, 4]. 

• Optimization techniques. By means of a merit 
function that can be evaluated in a test, a number of 
solutions consisting on different sets of parameters is 
evaluated. At the end the best-performing solution is 
found. Different techniques can be used to perform 
the search of the best solution [5, 6]. 

In the field of electrical drives PI regulators are also 
employed for motor control. The structure and an 
equivalent transfer function of this controller are shown 
in Fig. 1. The variables to be controlled are generally 
position, speed, torque, current or voltage. The fact that 
the measurement of these signals can contain 
considerable noise makes the PI structure without the 
derivative part more suitable. One example of 
application where PI regulators are employed is the 
FOC strategy for PMSM drives.  
 

PI +
+

1/s

k p i s 1

i s= =
k i

k p

 
Fig. 1. PI controller structure and transfer function 

 

This paper presents the application of two popular 
methods for tuning the PI regulators of the FOC PMSM 
drive: the AVO and SO criterions [3, 7]. The model of 
the PMSM is presented together with the FOC control 
scheme. The AVO and SO criterions are explained and 
applied for the system under study. Finally some 
simulated and experimental tests are performed in order 
to evaluate the solution obtained. 
  
2. PMSM FOC 
 
The model of the PMSM in a rotating d-q frame fixed to 
the rotor is given by the following equations: 
 
 sd sd sdL iψ = + Ψ  (1) 
 sq sq sqL iψ =  (2) 

 sd
sd s sd sd r sq sq

di
v R i L L i

dt
ω= + −  (3) 

 ( )sq
sq s sq sq r sd sd

di
v R i L L i

dt
ω= + + + Ψ  (4) 

 ( )3
2e sd sq sq sdP i iψ ψΓ = −  (5) 

 
where sdψ , sqψ , sdv , sqv , sdi  and sqi are respectively 

the motor fluxes, voltages and currents in d-q axes; rω  
is the electrical angular speed, eΓ  is the electromagnetic 
torque, Ψ  is the flux of the permanent magnet and P is 
the number of pole pairs. sR  is the stator resistance and 
the stator inductance can be divided into two different 
components sdL  and sqL  due to the particularities of 

the PMSM. The model is completed by the mechanical 
equation, which is defined as: 
 

 m
e l m

d
J B

dt
ω ω= Γ − Γ −  (6) 

 r mPω ω=  (7) 
where J is the inertia of the motor and coupled load, lΓ  
is the load torque, B is the friction coefficient and �m is 
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the mechanical angular speed. 
Similarly to induction motors, in PMSMs a decoupled 
control of the torque and flux magnitudes can be 
achieved, emulating a DC motor, by means of the FOC 
strategy. This is done using the d-q transformation that 
separates the components d and q of the stator current 
responsible for flux and torque production respectively 
[8]. Due to the presence of the constant flux of the 
permanent magnet, there is no need to generate flux by 
means of the isd current, and this current can be kept 
equal to zero value, which in turns decreases the stator 
current and increases the efficiency of the drive. The 
control scheme of the FOC strategy is shown in Fig. 2. 
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+ -+ -
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+
-

+
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i sa
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r

r*

*

d
dt

r

 
Fig. 2. FOC control scheme of PMSM 

 
The control system is divided into three different loops: 
the d loop, which controls the flux, the q loop, which 
controls the torque and the speed control loop. The d 
loop performs the control of isd with a current PI 
regulator. The reference value is 0. The q-axis control 
system contains two control loops in cascade. The inner 
loop controls the torque by means of controlling isq with 
a current PI regulator. The fact that the torque can be 
controlled by means of isq comes from the following 
simplification of (5), valid for Surface Mounted (SM) 
PMSM: 
 

 3
2e sqP iΓ = Ψ  (8) 

 
The reference for this inner loop is given by the outer 
loop, which contains a speed PI regulator.  
From the voltage equations of the PMSM model (3) and 
(4) it can be seen that d and q axes are not completely 
independent and there are coupling terms which depend 
on the current from the other axis. To achieve 
completely independent regulation it is necessary to 
cancel the effect of these coupling terms at the output of 
the current PI regulator. With the use of decoupling it is 
achieved the linearization of the control system as well 
as higher dynamics. This decoupling action can be seen 
in Fig. 2 [9, 10]. 
 
3. PI TUNING WITH THE AVO AND SO 

CRITERIONS 
 
In order to obtain a satisfactory control performance it is 
necessary to adjust the parameters of the PI regulators 
included in the FOC scheme. In the field of electrical 
drives two methods are frequently employed in this 
parametric optimization: the AVO and SO criterions 

[3, 7]. The AVO criterion can be applied to design both 
current regulators, while the SO can be employed to 
design the speed regulator shown in Fig. 2 [3]. These 
two methods employ an approximate transfer function 
of the system to be controlled. Some modelling and 
parameter identification of the system are therefore 
needed. 
The AVO method assumes the system’s transfer 
function in open loop of the following form [1]: 
 

 1( )
2 (1 )

G s
s sτ τΣ Σ

=
+

 (9) 

 
On the other hand, the SO method considers the 
system’s open loop transfer function as follows:  
 

 2 2
1 4

( )
8 (1 )

s
G s

s s

τ
τ τ

Σ

Σ Σ

+=
+

 (10) 

   
where τΣ  is sum of all small delays in loop. Both 
methods can be applied when the τΣ  is much smaller 
than the time constant of the system. The step response 
of both transfer functions in closed loop incorporating 
the PI regulator designed using the AVO and SO 
criterions is as shown in Fig. 3. Table 1 presents the 
main features of the step responses obtained with both 
methods.   
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Fig. 3. AVO and SO characteristic step responses 

 
Tab. 1. Step responses for AVO and SO methods 

 AVO SO 
Rise Time 4.7 τΣ  3.1 τΣ  

Settling time (2%) 8.4 τΣ  16.5 τΣ  

Overshoot 4.3% 43.4% 

Phase Margin 65.5º 37º 

 
If both methods are compared it can be said that the SO 
is faster regarding disturbance rejection, which makes it 
suitable for the speed loop. On the other hand AVO has 
a smaller settling time and lower overshoot, which 
makes it appropriate to have quicker and more accurate 
inner loops [3]. 
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a) Current loop PI (isd and isq control) 
In order to design the regulator an approximated transfer 
function has to be defined according to the AVO 
criterion. First of all, the existing delays in the system 
need to be taken into account. These delays in the case 
of a motor drive are due to the digital implementation of 
the control (which implies the sampling of signals), the 
use of filters, the processing of the control algorithm 
and the use of Pulse Width Modulators (PWM). Fig. 4 
shows the block diagram of the current control in closed 
loop with all the delays considered. 
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Fig. 4. Current loop block diagram 
 
To make it possible to apply the AVO criterion, the 
feedback delays must be transferred to the forward path. 
The resulting block diagram is shown in Fig. 5.  
 

+-
k p

is q

i
isq s 1

i
isq s

1
1 2 s f

isq s
1

Rs 1 Lsq Rs s
isq

isq* 1
1 s 2 f

i sq s

 
 

Fig. 5. Simplified block diagram of the current loop 
 
The following approximation can be made due to fact 

that sqi
s fτ τ= :  

 
1( )

(1 )(1 ( / 2) )(1 ( / 2) )(1 )sqi
s s s f

G s
s s s sτ τ τ τ

=
+ + + +

 (11) 

 

 ' 1( ) ( )
1 (2 )sqi

s f

G s G s
sτ τ

≈ =
+ +

 (12) 

 
In order to adapt the transfer function to the definition 
of the AVO method, the PI regulator time constant has 
to be equal to time constant of the plant. This in turns 
will decrease order of open loop transfer function. 

 

 sqi sq
i

s

L

R
τ =  (13) 

 
1 1( )

2 (1 )(1 (2 ) )

sq

sq sq
sq

sq

i
open i i
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s fi

p
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k

τ ττ τ Σ Σ

= =
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(14) 

Finally the values for sqi
pk  and sqi

ik  can be calculated as 

follows:  

 

 2 ; ;
2

sq

sq sq sqsq

sq sq

i
i i ii sq p

s p if i i
i

L k
k kτ τ τ

τ τ
Σ

Σ

= + = =  (15) 

 
The resulting closed loop transfer function is of the 
second order type. Because second order transfer 
functions can be approximated by a first order transfer 
function with the same settling time, the inner loop can 
be approximated as follows: 
 

 1( )
1 2

sq

sq

i
close iG s

sτ Σ

=
+

 (16) 

 
In order to tune the PI current regulator in d axis it can 
be followed the same procedure described, but in this 
case using the inductance in d axis sdL .   
 
b) Speed loop PI 
The speed loop is designed by means of the SO method. 
As in the current loop, the speed loop contains some 
delays that need to be defined. For this loop, it is 
common to use a sampling time ten times higher than 
the sampling time of the current loop. Fig. 6 shows the 
transfer function of the speed loop with all the delays 
considered and incorporating the inner q axis current 
loop transfer function defined in (16). 
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Fig. 6. Speed loop block diagram 

 
A similar design process as in the AVO method is 
followed to adapt the transfer function to the SO 
criterion in the speed control loop. For simplicity the 
load torque and friction terms are neglected. The 
simplified block diagram passing the feedback delays to 
the forward loop and grouping all the delay is shown in 
Fig. 7. 
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Fig. 7. Simplified speed loop block diagram 
 
The sum of all delays in the forward loop ωτΣ  is defined 
as: 
 

 3 2
2 2

sq sqr rr
i i s

s f f
ω ωω ττ τ τ τ τΣ Σ= + + − −  (17) 
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and the resulting open loop transfer function has the 
appropriate form to apply the SO method: 
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2
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Finally the values of the regulator can be obtained as 
follows: 
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4. SIMULATED AND EXPERIMENTAL 
RESULTS 

 
The methods described in the previous section have 
been employed to tune the isd and isq current regulators 
(AVO criterion) and the speed regulator (SO criterion). 
The resulting PI regulators have been tested using a 
simulation model and also an experimental setup. The 
experimental setup consists on a Siemens 1KF7 PMSM 
with the characteristics shown in Table 2, a Danfoss 
VLT5006 power converter and a DSPACE DS1103 
control board. 
 

Tab. 2. PMSM characteristics (Siemens 1KF7) 
Nominal Output Power (Pn) 2135W 

Nominal Speed (�n) 3000rpm 

Nominal Torque (Mn) 6.8N·m 

Nominal Current (In) 4.4A 

Number of pole pairs (P) 4 

Stator resistance (Rs) 1.09� 

Stator inductance (Lsd and Lsq) 0.0124H 

Inertia (J) 4.15e-4 Kg·m2 

Permanent Magnet Flux ( Ψ ) 0.1821Wb 

 
The resulting set of control parameters calculated are 
shown in Table 3. 
 

Tab. 3. Calculated PI parameters 

PI regulator pk  ik  Output 
Saturation 

sdi  8.86 778.6 2 2 nI  

sqi  8.86 778.6 2 2 nI  

rω  0.0934 3.18 
3

DCV  

 
Some additional information regarding the control is 
shown in Table 4. 

 
Tab. 4. Additional control parameters 

Sampling time of current ( sτ ) 100�s 

Sampling time of speed ( r
s
ωτ ) 1ms 

DC-link Voltage (VDC) 380 2  

Current filter time constant 500�s 

Speed filter time constant 5ms 

 
The first test performed consists on the speed step 
response. A comparison between the ideal response 
obtained employing the AVO method and the simulated 
and experimental results is shown in Fig. 8. It can be 
seen that simulated and experimental results are very 
similar. In both cases the overshoot is smaller than the 
ideal response. This is due to the friction term of the 
mechanical equation (6) that increases the damping of 
the system. It can be also appreciated the noise present 
in the experimental response and a higher settling time. 
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Fig. 8. Comparative step responses 

 
The next test implemented is a speed profile which 
performs a speed reversal. Fig. 9 and Fig. 10 show the 
simulated and experimental results. The variables 
shown are the motor electrical speed (�r), the currents 
(isd and isq), and two phase currents (isa and isb).  
The simulated and experimental results are also very 
similar for the speed profile test. These results illustrate 
a satisfactory tracking of the speed profile. The load 
torque in this test is only due to the friction. It can be 
seen how the isd is kept to zero except for the transients 
where some current peaks are produced. 
Figures 10 and 11 show the simulated and experimental 
results respectively to the tracking of an isq profile. For 
this test the speed PI is eliminated and the reference for 
isq is given by a profile which includes a torque reversal. 
It can be seen that the experimental results present more 
oscillation and distortion caused by the noise of the real 
system and the operation of the power converter. 
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Fig. 9. Simulated (left) and experimental (right) result for the speed profile test 
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Fig. 10. Simulated results for the isq profile test 
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Fig. 11. Experimental results for the isq profile test 



 Experimental evaluation of PI tuning techniques… 

 
119 

The final test presented has been carried out only in 
simulation to illustrate the effect of the load torque on 
the speed response. It can be seen that increasing the 
load torque results on a bigger rise time due to the 
saturation of the speed PI regulator outputs. The level of 
the saturation therefore influences the response time of 
the speed loop. Fig. 12 shows the speed response with 3 
different levels of load torque. 

1 1.05 1.1 1.15

0

50

100

150

200

time [s]

sp
ee

d 
[ra

d/
s]   100% Tload 

  50% Tload 

  0% Tload 

 
Fig. 12. Comparative step responses for different load torque 

conditions 
 

5. CONCLUSION 
 
This paper presents the experimental and simulated 
performance of the PI tuning AVO and SO methods 
applied to a FOC PMSM drive. The procedure to obtain 
the parameters of the PI regulators has been described 
for this application. The results of the different dynamic 
tests presented show a satisfactory control response for 
the speed and current loops. Overall the tuning methods 
employed seem to provide a valid solution for the initial 
commissioning of the drive system under study.  
In addition the simulation model employed has proved 
to be very accurate and the similarity with the 
experimental results is very high. Any divergences 
observed between simulated and experimental results 
are due to: noise in the real setup, inaccuracy of the 
motor and load parameters and the operation of the 
converter.  
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Abstract—in this paper, a nonlinear PI controller is developed 
to control speed of PMSM, it can adjustment of controller 
parameters automatically in order to achieve the best control 
effect in control process. Simulation results show that it was 
faster than the traditional controller response and have a 
smaller overshoot. 

Keywords-PMSM; Nonlinear PI; speed control 

I.  INTRODUCTION  
Permanent magnet synchronous motor (PMSM) drives 

can be found in a growing number of industrial applications. 
The PMSM are receiving increased attention for drive 
applications because of their high torque density, high 
efficiency, ease of computer control, and small size. 

For high-performance control of a PMSM, a widely used 
approach is to employ the field-orientation mechanism, in 
vector control algorithms people need to use stationary to 
synchronous rotational reference frame transformation to 
regulate the corresponding current components. The PMSM 
drive system involving the vector control scheme not only 
decouples the torque and flux which provide faster response 
but also makes the control task easy. So vector control is a 
popular control method for PMSM. Using synchronous 
frame proportional–integral (PI) current controllers with an 
active state-decoupling scheme, through this control method, 
we can control a PMSM to achieve similar torque control 
performance to a separately excited dc motor where torque 
and flux can be controlled separately[1]. 

The fixed structure PI controllers have been used widely 
in dc and ac motor controls, the main reason for this is due 
to the robustness and simplicity of this controller, but it 
requires full knowledge of the machine parameters and 
operating conditions and the parameters are difficult to 
adapt to all states of an accurate system model. In fact that 
PMSM drive systems are faced with unavoidable 
uncertainties and parameter variations complicates the 
design of a practical high-performance vector control 
scheme [2, 3, and 4]. 

We expect different control parameters at the different 
time interval in order to achieve optimum performance, 
Moreover, unknown load dynamics and other factors such 
as noise, temperature; saturation, etc. affect the performance 
of these controllers for wide range of speed operations. 
Now-a-days, considerable attention has been focused on the 
use of other kinds of controller on the system modeling and 
control applications. In many control systems, the nonlinear 

PI controller has shown good performance, because it can 
adjustment parameters automatically according to the 
condition, so it has many advantages features including 
response quickly and robustly. 

 In this paper, a nonlinear PI controller is developed to 
control a Inverter-fed PMSM, the vector control technique is 
incorporated with the nonlinear PI controller to obtain 
highest torque sensitivity of the PMSM drive. 

II. MODEL OF PMSM 

A. Mathematical Model of the PMSM 
A PMSM was constructed with three-phase stator 120 

degrees apart in time along with a permanent magnet rotor. 
PMSM are brushless machines with sinusoidal distributed 
stator windings. The excitation flux of PMSM is produced 
by the permanent magnet rotor. Without magnetic saturation, 
the electrical model of the three-phase PMSM is obtained in 
its abc-phase frame as 

abc
abc abc abc

d
u R i

dt
                             (1) 

In (1), abc denotes stator magnetic fluxes for the three 
phases. The stator phase voltages are composed of two parts: 
a resistive part representing the voltage drops across the 
stator resistance, and a magnetic part resulting from the 
changing of the stator magnetic flux linkage. 

 
Fig.1 Park’s transformation 

 
Park’s dq-transformation is a coordinate transformation 

that converts the three-phase stationary variables into 
variables in a rotating coordinate system. In dq-
transformation, the rotating coordinate is defined relative to a 
stationary reference angle. The stationary reference can be 
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selected arbitrarily. For simplicity, this reference is usually 
selected at the location of the phase a axis. Thus, the 
transformation angle has the same value as that of the rotor 
electrical position angle . 

In Park’s d-q frame, which rotates synchronously with an 
electrical angular velocity , the stator voltages of a PMSM 
are expressed as (2) (4) 

d
d d q

q
q q d

d
u Ri

dt
d

u Ri
dt

                         (2) 

The corresponding fluxes are given by: 

d d d

q q q

fL i

L i
                                        (3) 

The produced torque Te, which is power divided by 
mechanical speed can be represented as: 

e q d q d q1.5 ( ( ) )fT p i L L i i                (4) 
Where u and i represent voltages and currents, 

respectively, p is the number of pole-pairs,  is rotor electric 
angular velocity. R And L represent armature resistance and 
self-inductance, respectively, and f is rotor flux, all 
quantities in three-phase are transformed to the quantities on 
the d-q axis. 

The electromechanical torque equation is given by: 

m
L m m

1 ( )d
T F T

dt J
                          (5) 

Where J is the inertia, F is the mechanical damping 
coefficient. m is the rotor mechanic angular velocity[1,5]. 

B. Control system of PMSM 
A typical PMSM control system structure shown in Fig.2, 

it includes two current loop PI controllers and one speed loop 
PI controller. In current loop, uses the controller to achieve 
PWM, Speed loop is no longer using the traditional PI 
controller, but rather use the nonlinear PI controller, so 
ensure system accuracy while increasing the response speed 
of system. 
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Fig.2 PMSM control system structure 

 

III. NONLINEAR PI CONTROLLER PRINCIPLES 
Non-linear PI control method is applied to control the 

linear system and method of nonlinear systems. especially 
for control of uncertain systems, And this the method is 
difference from adaptive control methods that it does not 
require identification of the unknown parameters[6]. 

Fig.3 is a step response curve of the general system. 
Proportional gain kp: In the time between 0 and t1, kp should 
be larger in order to improve the responsiveness at beginning, 
however, In order to reduce the overshoot, kp subsequently 
smaller while the error e diminished; In the time between t1 
and t2, kp should be larger and larger in order to improve the 
reverse inhibition and reduce the overshoot; In the time 
between t2 and t3, kp should be diminished in order to get 
back on the stable point as soon as possible ; In the time 
between t2 and t3, kp should be gradually increasing for the 
same reason in the time between t1 and t2 ; In accordance 
with the above rules, We can construct non-linear function 
be represented by (6). 

( ( )) (1 sec h( ( )))p p p pk e t a b c e t         (6) 

 
Fig.3  general step response curve 

 
Where ap, bp, cp are arithmetic number. When error e is 

max, kp = ap + bp. When error e is 0, the kp = ap, bp is the 
Variable range of kp. The size of cp decision to change the 
speed of kp, Fig.4 show that function sech(cpx) corresponds 
to different cp. 

 
dotted line--- cp=0.5  thick line --- cp=1 

thin line --- cp=2 
Fig.4  nonlinear function sech(cpx) 

 
Integral gain ki: when the error signal is comparatively 

large, the smaller value of integral gain ki would be desirable 
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to avoid unacceptably oscillatory and overshoot. While the 
error signal is comparatively small, we expect a larger value 
of integral gain ki, which can eliminate the steady-state error 
of the system. According to expect characteristic of the 
integral gain, we get a non-linear function be represented by 
(7). 

( ( )) sec h( ( ))i i ik e t a c e t                              (7) 
Where ai and ci are arithmetic number. ai is the variable 

range of ki., When error e = 0, ki take a maximum, that is ki = 
ai, The size of ci decision to change the speed of ki. 

From above, the output of nonlinear PI controller is 

0
( ) ( ( )) ( ) ( ( )) ( )

t

p p p i p pu t k e t e t k e t e t dt     (8) 

On the basis of analysis, if parameters select appropriate, 
it is clear that the system will be response quickly and with a 
small overshoot. in addition, it has a stronger anti-disturb 
capability than liner conventional PI controller because 
parameters of nonlinear PI controller will change depends on 
error. 

IV. SIMULATION AND ANALYSIS 
In order to verify the performance of control algorithm, 

conducted a simulation of the control system, the structure 
of whole system is showed in Fig.2. Inner current loop 
through the two PI controllers control the id and iq, 
respectively. Outer loop for speed using the controller is 
non-linear PI control algorithm. PMSM motor parameters 
used in the model is listed in Tab.1.  

Tab.1 motor parameters 
R Ld=Lq p f J 

0.282  4 mH 5 0.160Wb 0.0046 kg·m2

 
The simulation of nonlinear PI controller parameters is 

follows: ap=1.41, bp=2, cp=0.2, ai=36, ci=0.1. 

 
dotted line--- nonlinear PI  solid line --- conventional PI 

Fig.5 Speed response of system 
 

Set 50rad/s as the reference speed and start motor with 
2N.m load, speed of simulation results as shown in Fig.5.  

 
Fig.6 kp change process 

 
kp and ki corresponding change in the process of Speed 

response as shown in Fig.6 and Fig.7, respectively. From 
Fig5, nonlinear PI controller has a faster increase in speed, 
the overshoot is smaller and adjustment time significantly 
smaller than conventional one. It also has good static 
performance. 

In the beginning of speed response, the system with a 
large error, kp is set to the maximum in order to eliminate 
error as soon as possible, with the elimination of error, kp 
also gradually become smaller to reduce the overshoot; 
When the response from the steady-state value reached its 
peak, kp is to gradually become larger to reduce the 
adjustment time, and so on. From Fig.6, we can see that the 
corresponding curve of kp.  

 
Fig.7 ki change process 

 
In the beginning of speed response, the system with a 

large error, ki is set to the minimum in order to reduce the 
overshoot, when the error gradually decreased; it gradually 
increased in order to eliminate the steady-state error of the 
system. From Fig.7, we can see that the corresponding curve 
of ki.  

V. CONCLUSION 
In this paper, a nonlinear PI controller used in motor 

control, Simulation results show controller control 
parameter can be adjusted with the size of the error.  The 
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nonlinear PI improves the accuracy and speed of control 
system significantly. Therefore, this controller has great 
practical value. 
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Abstract

This paper presents a control method of the 

combination of particle swarm optimization 

algorithm (PSO) and BP neural network for the 

control of PMSM. PSO can easily and quickly find 

a optimal parameters of PI, which can be used to 

generate the study sample space of BP neural 

network .The BP neural network can be off-line 

learning, then the network after learning apply to 

PI controller to control PMSM. This method 

combines the advantages of PSO and BP neural 

network learning ability. Compare with the 

traditional PI control, this method shows a better 

control performance, can quickly learn ideal PI 

parameters for motor control. 

Keyword: PI controller; PSO; BP neural network; 

PMSM control 

1. Introduction

 As high ratio of the torque to the inertia, high 

efficiency and high energy density, the permanent 

magnet synchronous motor (PMSM) extensively 

apply to modern AC Servo System .Speed / 

location and current dual-loop control is used in 

general PMSM control system. The traditional PI 

controller is usually used in the speed / position 

control. This controller is vulnerable to uncertainty 

factors, such as the electrical parameters, 

environmental change, and load change, and can 

not achieve the desired performance. 

Waldron has presented some strategies to 
eliminate the impact of such uncertainties. But as 

the flaw of strategy itself, they all have some 

shortcomings. 

[1][2]

 The PID parameters are usually not the best 

by conventional setting. Taking advantages of 

PSO's global search capability and multi-objective 

optimization to optimize the PID parameters can 

overcome the shortcomings of conventional setting 

and can get satisfied PID parameters for PID 

controller [3 . And the PSO can be easy used. ][4]

 However, the PSO need on-line learning. The 

learning speed will affect the performance of 

setting parameters. In some complex problems, 

PSO can not get the desired results quickly and 

impact the system’s performance. BP neural 

network has self-learning and adaptive capacity ,
and can be off-line learning. When entry input to a 

BP neural network which have learned, it can 

output a desired results. So it is widely used in the 

[5]
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field which the condition changes frequently. And 

it also has the capacity that can show any arbitrary 

nonlinear function. So these characteristics make it 

suitable for PMSM controllers. This paper presents 

a new method to combine PSO and BP neural 

network. Firstly, I get a better sample space for BP 

neural network studying by POS. Then using the 

BP neural network which has learned applies to PI 

parameter adjustment for PMSM control. 

2. Selected BP neural network sample 
based on PSO 

2.1. PSO algorithm 

 PSO algorithm (PSO) is an evolutionary 

computation, present by Dr. Eberhart and Dr. 

kennedy in 1995 .PSO initialized by a group of 

random particles, and then find the optimal 

solution through iteration. PSO follows two 

particles to update their optimal value, one particle 

is the optimal value so far, called the individual 

extreme (pBest); the other is the optimal value in 

the whole particles so far, called the overall 

situation of extreme (gBest). Particles update 

themselves by the following formulas: 

11

22

( 1) ( ) ( ( ))

( ( ))

id id idid

idgd

t t

t

pv w v c xr

pc xr

� � � �

� �

t
  (1

( 1) ( ) ( 1)
id id id

t t tx x v� � � �         2

In formulas: 
( 1

id
tx � ) ( )

id
tx ( 1)

id
tv �

 represent displacement and velocity of 

i-particles in time t and time t+1; is the 

inertia factor, is the impact factors of the previous 

speed to the current flight speed.  is the 

acceleration of individual particles Weight 

coefficient and  is a initial random of the 

acceleration coefficient of particles groups; 

is the best position of i-particle in the search 

process , 

( )
id

tv

w

1c

2c

id
p

gd
p  is the best position of particle 

groups in the search process. 

2.2. Select BP neural network sample 

 How to get a good sample space is a difficult 

problem of using the BP neural network. The 

samples directly impact on the performance of the 

network. A bad sample even would result in a 

wrong result output by BP neural network. Only 

the selected sample space is accuracy, 

representation, continuity and comprehensiveness, 

the network has a proper learning example, then it 

can be leaded to a healthy learning channels. It can 

play a role after studying. PSO can solve this 

problem. 

 As the motor speed can be arbitrary set, the 

situation is very complex. In order to select a 

representative sample space, here divide the motor 

speed 3000 into 30 stalls, they are 100, 200, 

300,…, 3000. Then you should select an 

appropriate speed deviation value for each speed 

file, getting a group of ideal PI parameters by PSO. 

Taking speed 100 for an example, I select 20 for 

the deviation. As results show in Table 1, 2, 3. 

Table1 1. Speed PI parameters samples of speed 

100 

Refer

ence

Speed

Act

ual

Spe

ed

Devia

tion

Kp Ki

100 80

20

214748

3275 

835

14

833



60 40 214748

3292 

842

43

40 60 214748

3483 

840

52

20 80 214748

3532 

840

03

0 100 214748

3560 

839

75

Table1 2. IQ axes PI parameters samples of 

speed 100 

Refere

nce

Speed

Act

ual

Spe

ed

Deviat

ion

Kp Ki

80

20

751

25

555

52

60 40 758

54

562

81

40 60 756

63

560

90

20 80 756

14

560

41

100 

0 100 755

86

560

13

Table1 3. ID axes PI parameters samples of 

speed 100 

Refere

nce

Speed

Act

ual

Spe

ed

Deviat

ion

Kp Ki

80

20

1341

805 

331

82

60 40 1342

534 

339

11

40 60 1342

343 

337

20

20 80 1342

294 

336

71

100 

0 100 1342

266 

336

43

Note: In order to get higher accuracy of the 

parameters, all Kp, Ki values are multiplied by 

16777216, just as the value move left 24 bit. 

3. PMSM control based on BP neural 
network 

3.1. PI controller 

I selected speed negative feedback loop 

control scheme for PMSM speed control system, 

the PI controller parameters are evolutionary 

optimization by BP neural network which study 

base on the speed bias, the output speed. As speed, 

current need a PI control, so there are three PI 

controllers, each one have BP neural network. The 

PMSM control system constitution shows in 

Figure 1. 

Figure 1. PMSM control system 

3.2 BP neural network model 

I take the three-tier BP neural network, and 

the structure shows in Figure 2.  

There are 3 neurons (M=3) in input layer, 

which are Vref, Vact, e(t). Vref is the expected 

speed, Vact is the actual speed, e(t) is the speed 

error signal. 

834



Figure 2 .Three-tier BP neural network

There are 5 neurons (Q=5) in hidden layer. 

The output layer has 2 neurons (L=2), 

corresponding to the two adjustable PI parameters 

[Kp, Ki].  

The input and output of the hidden layer are 

the following formulas: 

0

M

j ij
i

net v x
�

� � i

�

   ,j = 1 2 … Q 3

� jj
fy net�  ,j = 1 2 … Q 4

In formulas:  is the weighted coefficient of 

the hidden layer, f() is the transformation function 

of the hidden layer, Sigmoid function (hyperbolic 

tangent function) is here: 

ijv

/

1
( )

1
x Tf x

e
��

�

T=0.5. 

The input and output of the output layer are 

the following formulas: 

0

Q

k jk j
j

ynet w
�

�� k = 1 2 … ,L 5

� �j k
fo net�  k = 1 2 … L (6

In formulas: 
jkw  is the weighted coefficient of 

the output layer, f() is the transformation function 

of the output layer, the function here is as same as 

the function of the hidden layer. 

 BP neural network study by PSO collected 

samples, the study rate is 0.35. As sigmoid 

function value can only take among 0-1, the output 

should do a certain proportion zoom. For three 

different PI controllers, scaling also is different, 

the ratios of the speed, IQ-axis, ID axis are 

1:3000000000, 1:80000, 1:1500000, and their 

restriction errors are 0.00000001, 0.00001, 

0.000001. The network’s weights after learning 

show in Table 4. 

Table 4. Weight table 

Speed BP 

Network 

IQ–axis BP 

Network 

ID-axis BP 

Network 

100W 0.000443 0.000389 0.000663 

101W 0.120125 0.120125 0.120125 

102W 0.206299 0.206299 0.206299 

103W 0.202118 0.202118 0.202118 

104W 0.022221 0.021352 0.002265 

…… …… …… ……

220W 0.026256 0.222016 0.138070 

221W -1.050889 0.060377 -0.596126

230W 0.088947 0.284707 0.200760 

231W -1.134675 -0.023409 -0.679912

240W 0.171152 0.357602 0.332955 

241W -1.094140 0.089091 0.401726 

4. Result 

The network applies to PMSM control system, 

and the speed feedback as shown in Figure 3. 

Figure 4 is speed feedback map by the traditional 

PI control.  

Figure 3 .Feedback speed based on BP network 

PI controller 

835



Figure 4. Feedback speed based on traditional 

PI controller 

5. Conclusion 

It’s difficult to quickly adjust PI parameters to 

the rapid reaction motor by PSO. It’s difficult to 

find the ideal sample space for BP neural network 

learning. Using PSO find samples for BP neural 

network learning is a combination of both 

algorithms’ merits, and this method can control the 

motor speed very well. 
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Optimization 
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Abstract – An attempt has been made by 
incorporating some special features in the 
conventional  particle swarm optimization (PSO) 
technique and its usefulness was tested in a common 
control application involving PID controller tuning. 
This algorithm differs from the existing PSO 
methods in the inclusion of unbiased search 
approach of the swarm particles without 
establishing inter-particle communication in the 
initial phase itself, built-in acceleration mechanism 
of the particles trapped in the local minima of the 
objective function, preserving the initial population 
without reproducing those with favourable costs by 
cluster unification and finer search phase to identify 
the global minimum. The results of the 
aforementioned application in comparison with 
practical methods are quite encouraging. 

 
Index terms – population, swarm particle, local 

minimum, cost, Euclidean distance.  
 

I. INTRODUCTION 
 
 
 
conditions for sustenance. Optimization techniques 
using analogy of swarming principle have been adopted 
to solve a variety of engineering problems in the past 
decade.  

Ant colony search algorithm (ACO) which 
mimicries the behaviour of ant, metaphor in exchanging 
information through pheromone was developed by 
Dorigo[4]. Swarming strategies in bird flocking and 
fish schooling are used in the particle swarm 
optimization technique (PSO) introduced by  Eberhart 
and Kennedy which can be computationally 
inexpensive [1]. Parsopoulos and Vrahatis attempted to  
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improve the search efficiency in PSO by performing 
two stage transformation of the objective function 
which eliminates and elevates the neighbourhood of the 
local minima [2].  Alternative runs and tumbles in E-
coli bacteria found in the human intestine constitute 
chemotaxis and this foraging mechanism was imitated 
by Kevin Passino for solving optimization problem in 
control system [3]. 

That, PSO is suitable for handling combinatorial 
optimization problems and both discrete and continuous 
variables as well [7] and easy to implement with few 
parameters to adjust [8], enables the realization of this 
technique for our control application. 

In the earlier PSO algorithms, each particle of the 
swarm is accelerated by its best previous position and 
towards the best particle in the entire swarm. Here, the 
underlying assumption is that each particle in the 
swarm remembers the best position already visited and 
also it is informed about the best particle position. In 
our approach attempt has been made to closely follow 
the searching strategy  adopted by organisms in nature, 
favouring the capacity to remember the previously 
visited positions by each individual and avoiding the 
bias introduced in the search process by steering them 
towards the best in the swarm in the initial stage itself. 
After letting the particles to search adequate number of 
times in the solution space independently for the best 
possible positions, they are attracted to the basin 
containing the best particle by establishing proper 
communication among them about the search 
environment. 

The PSO algorithm discussed here has been tested 
for a control application – tuning PID controller for 
optimal settling time of the plant transfer function and 
the results are reported to be encouraging. 

This paper is organized as follows: Section II 
details the generation of 3 dimensional solution space 
by approximate PID tuning method. Unbiased search 
for optimal controller settings is discussed in Section 
III.  Unification of clusters based on mutual Euclidean 
distances between the particles is dealt with in Section 
IV. Section V explains the selection process of the 
‘fittest’ value through fine search mechanism. 
Experimental results are reported in Section VI and 
Section VII concludes the paper. 

 

S WARMING  behaviour  is  exhibited in some of the  
organisms in  search of  conducive  environmental 
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Is the cost  still 
unfavourable? 

Yes 

No 

 
Proceed in the 
same direction 

 
Increment step size to 
escape local minima 

Maximum 
iterations 

over? 

No 

Is best  particle 
in major 
cluster? 

 
Population 

inversion to make 
sure the presence 
of best particle in 

major cluster 

No 

Yes 
 

Establish cones of attraction 
around best particle 

Is best 
particle 

updated? 

Yes 

Yes 

Are majority of 
particles embedded 

in best particle 
position? 

No 

Stop 

Yes 

No 

Unify the clusters with major one 

Fig. 1. General flowchart of suggested PSO 
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II. GENERATION OF 3 DIMENSIONAL SOLUTION SPACE 

 
The  prime objective of this work is to test the 

performance of the particle swarm optimization 
algorithm developed, incorporating special features 
such as preserving the initial population of the particles 
without reproducing, unification of generated clusters 
and fine search mechanism to select the ‘fittest’ in a 
common control problem.  

 

 
 
Fig. 2.  Block diagram of a plant with PID controller 
 
Attempt has been made to achieve globally 

minimal settling time in the step response of a process 
which is cascaded with PID controller by tuning the kp, 
ki and kd values in the transfer function of the controller 
stated as 

s
ss

s
s k

k
kE

UG
d

i
p ++==

)(
)(

)(                         (1) 

where 

k p       : proportional gain 

k i        : integral gain  

k d
      : differential gain 

     )(sE    : Laplace  transform  of  the  input  to  the 
                      controller 
     )(sU   : Laplace  transform of  the  output   of  the 
                      controller 

Usually, the choice of the controller coefficients is 
by approximate methods, which in turn will not 
guarantee globally optimal solution for control 
applications.  To circumvent the uncertainty due to the 
above trial and error methods for tuning the PID, a 
novel approach is sought which makes use of a known 
evolutionary technique – particle swarm optimization. 

The 3 dimensional solution space is generated 
based on the possible range of values of kp, ki and kd 
derived through the Ziegler-Nichols method after 
ensuring the presence of all the poles of the transfer 

function confined to the left half of the s plane and 
populated with N number of particles whose initial 
positions are randomly generated. The initial position of 
the ith particle of the swarm can be represented by a 3 
dimensional vector, 

 
                                     (2) 

 
Let  pmax, pmin, imax, imin, dmax and dmin be the 

extreme values of the axes in the 3 dimensional solution 
space.  

 xi1 = rand × pmax 

 xi2 = rand × imax                                          (3) 

 xi3 = rand × dmax  

thereby   pmin< xi1< pmax,  imin< xi2< imax and  

dmin< xi3< dmax.  rand is a vector of random  numbers 
in  [0.0, 1.0].  

 
III. UNBIASED SEARCH FOR OPTIMAL SOLUTION 
 
Let  the cost of the ith particle at the current 

position be stated  as  
 
 
 

The next assumed position of the particle can be 
computed using the random unit vector and the step 
size of the particle movement determined based on the 
maximum distance by which two particles confined to 
the solution space can be separated. 

 

φψ
units

t
i

t
i Sxx ××= +
+1                   (4) 

where  

x
t
i

1+   : next    position of   the  ith  particle  of    the 

             swarm 

x
t
i     : current position of the ith particle 

ψ     : experimentally  determined  constant    for 

             efficient search and fast convergence 

S s    : distance by which the consecutive positions 

            of the particle are separated 

φunit
 : randomly oriented unit vector 

ψ , Ss and φunit
 are expressed as follows: 

 

ψ =
��

�
�

� ×≤

1

max_75.03
else

iteriterif
              (5)  

where  
iter    : the current iteration number 

)( , 3, 21 xxxx iii

T
in
i =

)( 3,2,1 xxxT
t
i

t
i

t
iS
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max_iter: the total number of iterations to be       
performed  

S s = γ
DSS                 (6) 

where DSS is the maximum Euclidean distance 
measured between two particles confined to the 
solution space. For example, in Fig. (3) the value of 

DSS is dp
2
max

2

max
+  and γ  is chosen to be 100. 

The choice of γ  is critical. If γ  is too small, and if 

the optimum value lies in a valley with steep edges, the 
search will tend to jump out of the valley. On the other 
hand, if γ  is too large, convergence will be slow, but if 
the search finds a local minimum, it will typically not 
deviate too far from it. 
 

 
  
Fig. 3. Maximum distance of separation in the solution space 
 

φunit
=

)()(

)(

ii

i
T

φφ

φ
+

                                 (7) 

where  ℜ∈ 3
)(iφ  with  each element )(i

mφ , m  =  

1, 2, 3,   a  random  number  generated   in [-1, 1]. The 

cost of the ith particle at the new position  x
t
i

1+  is 

compared with the cost at the previous position x
t
i to 

decide the direction of movement in the next course of 
search as the particle is assumed to have built-in 
memory. If the present cost is lower than the previous, 
the particle steps forward in the same direction 
specified by the unit vector in the previous position. On 
the other hand, the unfavourable cost at the new 
position reverts the particle back to the previous 
position, presumably because the particle would have 
landed in the previous step in one of the local minima 
in the solution space. The particle as a result gets 
‘locked up’ in the valley until an attempt in some other 

random direction enables the particle to find a 
favourable cost.  
 

 
 
Fig. 4. Stepping pattern of a particle ‘locked up’ in local minimum 
 

The ‘lock up’ mechanism is mathematically 
represented as follows. If  f(x) is a  real valued 
objective function yielding the cost pertaining to the 
particle position Sx ∈ , where S  is a non-empty 

compact set termed as solution space and )(
~

xf is the 

cost at the position  
~
x  corresponding to a local 

minimum,  a transformation is performed to map  f(x) 
to g(x) so that the particle ignores the positions in the 
solution space S  wherein the costs are equal to or 
higher than the one at the recently visited local 
minimum. 

The transformed function g(x) is defined as 

×+−+= ]))()(([)()( 1sgn
~
xfxfxfxg γ  

            ]))()(([ 2sgn
~

+− xfxf                          (8) 
where 

       
2

max )()( xfxf −=γ               (9) 

       1
exp1

2
sgn

)(
)( −

−+
=

x
x

λ
                      (10) 

In equation (9), )(max xf  represents maximum cost 
assigned to the unfavourable positions in the solution 
space thereby hindering the visits of the particle to 
those positions. In equation (10), λ  is a real number in 
[0.0, 1.0] and it can also be represented as  
 

�
�

�
�

�

>
=
<−

=
01
00

01

sgn
,

,

,

)(

xwhen

xwhen

xwhen

x                            (11) 
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The ‘locked up’ particle in the local minimum due to 
the transformed function  g(x) takes linearly increasing 
steps to escape from the valley iteratively until it 
succeeds in finding another position with a lower cost 
compared to the local minimum. The modified step   
size  of   the ‘locked up’ particle in the local minimum 
is stated as  
 

)( φψ
units

l
i

nl
i Snxx ××= +
+                  (12) 

where 

x
nl

i
+ : position  of  the ‘locked up’  particle  in  the 

           n th  attempt  to step out  from  the  local 

           minimum  position x
l
i  

x
l
i    : position of the i th particle ‘locked up’ in the 

           local minimum 
n     : number of attempts made by the i th particle 
           to escape the local minimum position. 
 
At the end of the specified number of iterations, 

based on the structure and the location of the basins 
with reduced cost, particle clusters are formed in the 
solution space. 

 
IV. UNIFYING THE CLUSTERS IN THE POTENTIAL 

SPACE 
 

Depending upon the cost function, one or more 
well defined or contiguous particle clusters can be 
identified along with a few stray particles in the 
solution space, which are to be unified with reference to 
the location of the cost-wise best particle in the entire 
population. The strategy of unifying the clusters varies 
based on the criteria whether the cluster under 
consideration encloses the best particle or not. The 
Euclidean distance measure is extended to 3 
dimensional case to compute the distance of separation 
di between i th particle position in the solution space and 
the rest of the particles in the population. A measure of 
particle dispersion d average  in the solution space is 

derived by computing the average of the sum of mutual 
distances by which all the particles in the population are 
separated from the rest. 

( )
N

xx

d

N

i

N

ij
j

m

j
m

i
m

average

�� ��

�
	


�
�

=
≠
=

=

−

=
1 1

3

1

2
2

1

            (13) 

where x
i
m

 is the mth coordinate of the solution space 

corresponding to the i th particle position and N  is the 
population size. 

The best particle is concluded to be located  in the 
thickly populated cluster if the sum of distances 
between the best particle and the rest of the population 
is smaller than the measure of particle dispersion, 

d average  .  Otherwise, the best particle is to be in any 

one of the surrounding clusters with thin population. 
 

( )� ��

�
	


�
�

≠
=

=

−=
N

bi
i

m

i
m

b
mparticlebest xxd

1

3

1

2
2

1

_               (14) 

where x
b
m

 is the mth coordinate of the solution space 

corresponding to the best particle position.  
 

For the above mentioned two cases, the unification 
of clusters is handled by the underlying strategies.  

 

 
 
Fig. 5. Two cases arising during cluster unification process 
 

Case I: �< dd averageparticlebest _ best particle 

in the thickly populated (major) cluster. 
All the particles in the solution space whose 

Euclidean distances from the best particle are more than   

rcluster  defined in equation (15) are dislodged towards 

the best particle in the direction and by the magnitude 
specified in equation (16).  

( )
ηk

xx

r

k

i
m

i
m

b
m

cluster

� ��

�
	


�
�

=
=

−

=
1

3

1

2
2

1

                      (15) 

where k is the number of particles  in the 
neighbourhood of the best particle and η is the 

shrinking factor. The values of  k and η  set to be 10 
and 5 respectively in the experiments conducted, 
yielded better results.  
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Case II: �> dd averageparticlebest _ best particle 

is located in the surrounding.  
Those particles whose Euclidean distances from 

the best particle are less than the limiting value in 
equation (15), are moved towards the latter in the 
direction and by the magnitude given in equation (16). 

( ){ } [ ]
→


�
�

�
�
�
� −

=

−−=
3

1

2
2

1

exp1
m

b
m

i
musefuli xxdDleap  

                (16) 
where  

leap : step size and  direction  of  the  ith particle in 
           the cluster unification phase 

Di   : Euclidean  distance  between  the  ith particle 

           and the best particle in the cluster 

( )dD
d

d i
range

useful
∗−+= min

2.2
1.0                    (17) 

for linearly mapping the actual distance of separation 
into a useful range to determine the step size. 

Here, ddd range
∗∗ −= minmax                     (18) 

where 

d
∗
max  and d

∗
min  are  the maximum and the 

minimum distances of separation between the best 
particle and the rest of the particles lying beyond 

rcluster  defined in equation (15) respectively. The 

particles are iteratively dislodged towards the cluster 
enclosing the best particle until all the particles are 
separated from the best one by distances less than  

rcluster  thereby unifying the scattered clusters in the 

solution space. 
 

V. SELECTION OF THE FITTEST PARTICLE 
 

Unlike the conventional techniques, wherein the 
particles having unfavourable costs are discarded and 
those with favourable costs are reproduced, the 
unification of particle clusters allow us to use the same 
set of population for intensive search process to select 
the ‘fittest’ particle position in the optimal solution 
space. The i th particle other than the best one is made to 
assume different positions on the surface of the virtual 
sphere centered at the i th  particle position, whose 
radius is the Euclidean distance between this and the 
best particle.  

[ ] φ
unit

m

i
m

b
m

t
i

t
i xxxx
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�

�
�
�
�

=

+
−+=

3

1

2
2

1

1               (19) 

Everytime, as  the particles assume new positions, 
it is ensured to update the best particle by comparing 
the costs corresponding to these positions with the 
previously selected best particle cost. Simultaneously, 
the best particle in a given instant is assumed to  
‘diffuse attractant’ towards the rest of the particles in 
the cluster, which leads to establishment of ‘cones of 
attraction’ with axes connecting  the best particle and 
the rest in the population. Subject to the condition that 
the angle subtended by the vector joining the i th particle 
to the best one and the vector joining the present and 
the next  positions  of  the  i th  particle  lies  within θ 
degrees, 

 

 
 
Fig. 6.  Fine search mechanism by establishing ‘cones of 

attraction’ 
 

the particle under consideration is absorbed by the best 
particle. This process is explained by the following 
equation. 
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                (20) 
where 
  (x1, y1, z1)  is the unit vector joining the  i th particle 
and the best particle at that instant. (x2, y2, z2)  is the 
unit vector joining the  i th particle’s present and the 
next positions in the solution space. The search process 
continues until sizable population gets absorbed by the 
best particle whose cost is claimed to be globally 
minimal. Experimentally, the critical angle θ within 
which particle absorption takes place is selected as 5 
degrees and the criteria for terminating the fine search 
is to attract minimum of 50% of the total population to 
the best particle position.  
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VI. EXPERIMENTAL RESULTS AND DISCUSSION 

 
The performance of the algorithm developed was 

tested with transfer functions of systems of order 
ranging from three to six. The cost function  here is the 
settling time in terms of system time constant which 
decides the performance of any industrial process. The 
closed loop PID controller cascaded with the process 
was tuned for the values kp, ki and kd first by using 
Ziegler-Nichols method and then by our modified PSO 
algorithm. Corresponding settling time was computed 
in both cases. In all the cases tested, the settling times 
obtained by PSO were much less than those values by 
the approximate method, as indicated in the table. 

 
 
The initial unbiased search phase was proven to be 

very efficient, as towards the end, most of the particles 
in the entire swarm could be dragged into regions of 
close proximity to the globally minimal position in the 
solution space. To visualise this, the same algorithm 
was modified to tune PI controller and the final 
positions of majority of the particles in the swarm were 
confined to the basin wherein the settling time is the 
lowest as depicted in the surface plot in figure 8(a). 

For a typical case, the results are shown in 4 
different stages to narrate the swarming behaviour of 
the particles in the population. 

    
      

S. 
No 

Transfer Function ZIEGLER-NICHOLS 

KD               KI                 KP         

TS1 

(ττττ ) 

PSO 

KD            KI            KP 

TS2 

(ττττ ) 
1 

sss s 573

5
234

+++
 

0.6939 0.3603 0.9042 11.7143 0.0383 0.0016 0.2453 2.33 

2 

556017

5
234

++++

+

ssss

s

 

0.8913 0.2805 2.8662 83.2857 3.8007 0.1013 0.1137 1.6667 

3 

ssss

s

106017

5
234

+++

+
 

2.8373 0.0881 0.4423 37.6667 3.8286 0.0011 0.7524 3.2667 

4 

222

2

)3()2()1(

)1)(1(

+++

+++

sss
sss

 

0.1062 2.3530 273.779 637 3.8359 4.0 0.1069 3.5231 

5 

1343

6
234

++++ ssss
 

0.7386 0.3385 0.4352 96.5 0.0286 0.0466 0.0715 1.6279 

6 

010012

500250
23

+++

+

sss

s
 

0.0212 11.7765 1.92 19.25 11.3854 4.6026 11.4145 1 

7 

)40)(10(

)100(300

++

+

sss
s

 
0.0575 4.35 0.1450 214 1.9072 0.1470 1.0625 1 

8 

)5)(1(

19.4

++ sss
 

0.5905 0.4234 1.2672 10.2222 0.4610 0.0131 1.3679 3.25 

9 

)5)(2)(1(

60

+++ sss
 

0.1778 1.4057 1.2384 16.2857 0.3002 0.4833 0.7099 1.8462 

10 

6.1584.2

6.1
2

++ ss
 

0.1096 2.2811 12.4533 33.5 0.12 0.9626 1.2828 2.15 

 
Table 1. Comparison of settling time obtained by Ziegler-Nichols method and PSO algorithm 
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      Fig. 7 (a) Step response of a plant whose transfer function  is                       Fig. 7(b) Step response of the plant cascaded with PID controller  

             

6.1584.2

6.1
2

++ ss
 and cascaded with PID controller  tuned                tuned by Paticle Swarm Optimization method 

              by Ziegler-Nichols method  
 
 
 
 
 

                        
 
 
               Fig. 8 (a) The surface plot of the objective function used to                           
               compute settling time for a plant whose transfer function is                      

               222

2

)()()(
))((
321

11

+++

+++

sss
sss

 cascaded with PI controller                  

                                                               
 
 
              
 

 

Fig. 8 (b) The settlement of the swarm particles in the basin 
with global minimum value depicted in fig. 8 (a) in the two 
dimensional solution space after completing unbiased search 
for optimal values. 
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             Fig. 9 (a) Generation of population (100) inside solution space for       Fig. 9 (b) Cluster formation as a result of unbiased search by the  
             tuning PID controller cascaded with the plant whose transfer               particles for optimal values  

             function is 

1343

6
234

++++ ssss
 

 
 

                 
          
          Fig. 9 (c) Unification of particle clusters enclosing best particle            Fig. 9 (d) Appearance of the particles in the solution space after 
               whose position is indicated in blue                                                         embedding the majority of the particles on the globally best one 
                         during the fine search phase. 

 
VII.  CONCLUSION 

 
In this paper, the modified PSO algorithm was 

implemented in PID controller tuning and the results 
obtained for different plant transfer functions 
conformed to the theoretical predictions. 
Encouragingly, the settling time values for the PID 
controller coefficients selected by PSO were seemingly 
the best compared to the choice made by conventional 
tuning method. 

In an attempt to evaluate the performance of this 
method, the formation of distinct particle clusters in the 
solution   space  was  reported   in   80%  of   the   cases  

 
 
which is correlated to the structure of the surface plot 
indicating the cost at different locations for a given 
objective function. Precisely, the existence of well 
defined basins led to better results and faster 
convergence. However, the subsequent cluster 
unification algorithm tends to overcome the difficulty 
by reorienting even the isolated particles towards 
potentially optimum location, which might be 
encountered in remote cases wherein the costs at 
different locations of the solution space are not extreme 
to form valleys. 
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Abstract—High performance application of permanent 

magnet synchronous motors (PMSM) is increasing. PMSM 
models with accurate parameters are significant for precise 
control system designs. Acquisition of these parameters during 
motor operations is a challenging task due to the inherent 
nonlinearity of motor dynamics. This paper proposes an 
intelligent model parameter identification method using 
particle swarm optimization (PSO) approach. As an intelligent 
computational method based on stochastic search, PSO is 
shown to be a versatile and efficient tool for this complicated 
engineering problem. Through both simulation and 
experiment, this paper verifies the effectiveness of the 
proposed method in identification of PMSM model parameters. 
Specifically, stator resistance and load torque disturbance are 
identified in this PMSM application. Though PMSM is 
discussed, the method is generally applicable to other types of 
electrical motors, and as well as other dynamic systems with 
nonlinear model structure.  

I. INTRODUCTION 

s the high field strength neodymium-iron-boron 
(NdFeB) magnets become commercially available with 

affordable prices, the sinusoidal back EMF permanent 
magnet synchronous motors (PMSM) are receiving 
increasing attentions due to their high speed, high power 
density and high efficiency. These characteristics are very 
favorable in some special high performance applications, e.g. 
robotics, aerospace, and electric ship propulsion systems 
[1][2]. It has been shown that PMSM can provide significant 
performance improvement in many variable speed 
applications [3][4].  

To achieve desired system performance, advanced control 
systems usually are required to provide fast and accurate 
response, quick disturbance recovery, and parameter 
variations insensitivity [5]. Acquiring accurate models for 
systems under investigation is usually the fundamental part 
in advanced control system designs. Model identification 
and parameter estimation techniques for linear systems have 
become mature after years’ development. However, most 
physical systems show significant nonlinearities as dynamic 
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range is extended in high performance equipment. These 
real world nonlinearities are generally neglected under some 
assumptions so that linear system theories are applicable to 
find approximate solutions. These solutions are acceptable 
in general industrial applications. However, in high 
performance applications, linear system theories are 
inadequate. There is a need for the development of advanced 
approaches to address the problem of model identification 
for nonlinear systems. In this work, we investigate a new 
parameter identification approach using Particle Swarm 
Optimization (PSO) as applied to PMSM, which is a typical 
example of highly coupled, nonlinear systems.  

There have been some techniques proposed for the 
parameter identification of PMSM from different 
perspectives. Some of them are focused on offline 
applications, e.g. [6]-[8]. Online identification of PMSM 
electrical parameters is discussed in [9][10], which are based 
on the decoupled control of linear systems when the motor 
mechanical dynamics are ignored. The basic idea is to 
transform the original nonlinear system into a linear one. 
This method cannot guarantee high performance with 
sufficient accuracy over the entire operation range and 
decoupling may obscure internal dynamics. 

When analytical approaches, e.g. least-squared 
algorithms based on quadratic error functions, either do not 
apply or do not guarantee a global solution for nonlinear 
systems, the stochastic search algorithms may provide a 
promising alternative to these traditional approaches. PSO is 
a relatively new stochastic optimization technique 
developed in mid 1990s. The algorithm is theoretically 
simple, and computationally efficient. It exhibits advantages 
for many complex engineering problems. PMSM model 
parameter identification problem is investigated here 
utilizing PSO approach.   

II. PMSM MODELING AND PROBLEM FORMULATION 
To aid advanced controller design for PMSM, it is very 

important to obtain an appropriate model of the motor. A 
good model should not only be an accurate representation of 
system dynamics but also facilitate the application of 
existing control techniques. Among a variety of models 
presented in literature since the introduction of PMSM, the 
two axis dq-model is the most widely used in variable speed 
PMSM drive control applications. This model is considered 
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in this work. 
In general, PMSM’s dynamics can be partitioned into two 

subsystems, i.e. the electrical system and the mechanical 
system. Both subsystems can be described by nonlinear 
differential equations. The electrical system is basically 
made up by the stator phase windings. In Park’s dq-axis 
synchronous rotating reference frame, the unsaturated 
electrical model of a sinusoidal PMSM is expressed as [11].  

1

1
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⎡ ⎤= − − −⎣ ⎦
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v R i L i
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 (1) 

In (1), id
r, iq

r, vd
r and vq

r are the dq-components of the stator 
currents and voltages in synchronously rotating rotor 
reference frame; ωr is the rotor electrical angular speed; 
parameters Rs, Lq, Ld and ψmag are the stator resistance, 
d-axis and q-axis inductance, and the permanent magnet flux 
linkage, respectively.  

The mechanical system of PMSM is composed of the 
rotor and its bearings of PMSM. Mechanical model is built 
upon the dynamics of these motional components. Starting 
with Newton’s law, the derivative of the rotor electrical 
speed ωr (angular acceleration) is expressed by the 
following motion equation: 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−−= L

p

r
ep

r T
n

BT
J

n
dt

d ωω 1  (2) 

In (2), J denotes the inertia of the rotor; np is the number of 
pole pairs of the machine; B is the viscous friction 
coefficient, and TL is the load torque. Te is the 
electromechanical torque developed by the machine. This 
torque can be calculated as:   

( )[ ]r
d

r
qqdmag

r
qpe iiLLinT −+= ψ

2
3  (3) 

Equations (1)-(3) complete the description of system 
dynamics for PMSM. Taking id

r, iq
r and ωr as the state 

variables, and vd
r and vq

r as control signals (inputs), the 
model is a highly coupled nonlinear 2-input 3-output system 
in dq-axis reference frame.  

While being advantageous for control engineering due to 
its simplicity, substituting datasheet parameters provided by 
motor suppliers into this dq-model does not usually provide 
sufficient accuracy required in high performance 
applications. In many applications, PMSM operates under 
various operating conditions, where various disturbances 
and parameter variations are unavoidable and unmeasurable. 
Often times, datasheet parameters only provide us a rough 
starting point for simulation or practical design purposes. 
They are not accurate enough for the entire PMSM 
operational range. For instance, PMSM stator resistance, Rs, 
is directly related to motor operating temperature. Its value 
tends to fluctuate up to twice of its nominal value [11]. 
Likely, the rotor inertia, J, and the frictional coefficient, B, 

may vary as they are coupled with load torques of the motor. 
Accurate knowledge of these parameters is important to 
control system performance. Therefore, it is of our interest to 
investigate an efficient model parameter tracking approach 
to achieve more precise modeling results as a PMSM 
operates under different conditions without using more 
complicated model structures, e.g. FEA. Complex models 
should be avoided in controller designs whenever possible.  

In this paper, the PSO algorithm, which uses stochastic 
search, is utilized to track PMSM parameters based on the 
traditional dq-model (1)-(3). The model with these estimated 
parameters should provide improved accuracy in modeling 
PMSM dynamics when maintaining its simplicity for 
controller designs. Specifically, this work focuses on the 
identification of the stator resistance Rs and disturbed load 
torque TLd. The definition for TLd is expressed in (4). It is a 
summation of the actual load torque TL, and the disturbances 
caused by inertia and frictional coefficient variations. 

 1 1r
Ld L r

p p

d
T T J B

n dt n

ω
ω= + +  (4) 

In (4), we define 0 0 and J J J B B B= − = − . J0 and B0 
denote the nominal values of motor inertia and viscous 
friction coefficient listed in PMSM datasheet.  

III. OVERVIEW OF PARTICLE SWARM OPTIMIZATION 
Particle Swarm Optimization (PSO) is a population based 

stochastic search algorithm. It was first introduced by 
Kennedy and Eberhart in 1995 [13]. Since then, it has been 
widely used to solve a broad range of optimization problems. 
The algorithm was presented as simulating animals’ social 
activities. It attempts to mimic the natural process of group 
communication to share individual knowledge when 
flocking, migrating, or hunting. If one member sees a 
desirable path to go, the rest of this swarm will follow 
quickly. In PSO, this behavior of animals is imitated by 
particles with certain positions and velocities in a searching 
space, wherein the population is called a swarm, and each 
member of the swarm is called a particle. Starting with a 
randomly initialized population, each particle in PSO flies 
through the searching space and remembers the best position 
it has seen. Members of a swarm communicate good 
positions to each other and dynamically adjust their own 
position and velocity based on these good positions. The 
velocity adjustment is based upon the historical behaviors of 
the particles themselves as well as their companions’. In this 
way, the particles tend to fly towards better and better 
searching areas over the searching process [13][14]. The 
searching procedure based on this concept can be described 
by (5). 

( ) ( )1
1 1 2 2

1 1

+

+ +

= + × − + × −

= +

k k k k
i i i i i i

k k k
i i i

v w v c rand pbest x c rand gbest x

x x v
 (5) 
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In (5), c1 and c2 are positive constants, defined as 
acceleration coefficients; w is the inertia weight factor; 
rand1 and rand2 are two random functions in the range of 
[0,1]; xi represents the ith particle and pbesti the best previous 
position of xi; gbest is the best particle among the entire 
population; vi is the rate of the position change (velocity) for 
particle xi. Velocity changes in (5) comprise three parts, i.e. 
the momentum part, the cognitive part, and the social part. 
This combination provides a velocity getting closer to pbest 
and gbest. Every particle’s current position is then evolved 
according to the second equation in (5), which produces a 
better position in the solution space.  

 The implementation procedure of the PSO algorithm can 
be divided into six steps, which are described as follows.  

(i)  Initialization. During this step, the bounds of the 
each element are set for the position and velocity particles; 
the population is initialized randomly; the parameters in (5) 
and the terminal condition are all preset; and pbests are set to 
be this initial population. 

(ii) Evaluation of the initial population. In this step, the 
cost for all particles in the initial population are evaluated 
according to a fitness (cost or objective) function; the global 
best particle, gbest, is chosen to be the particle with the best 
fitness. 

(iii) Updating position and velocity. The position and the 
velocity particle are updated according to (5) respectively; 
check if the updated position and velocity particles are 
beyond their corresponding limits; if it happens, the over 
limit elements are set to the corresponding limits. 

(iv) Evaluation of the updated population.  Similar to (ii), 
the updated position particles are evaluated according to 
their fitness; the pbest and gbest particles will be updated if 
necessary. 

(v) Check if the terminal condition is satisfied. If it has 
not been satisfied, the updating process (iii) will be repeated; 
otherwise, the optimization process ends. 

(vi) Output results. The best solution obtained during the 
optimization process, gbest, is output in this step.  

From the updating rules and the flow chart of PSO, it can 
be seen that PSO is very simple in concept and easy in 
realization. Thus, PSO gains popularity in recent years. In 
this work, the PSO algorithm will be used to solve general 
model parameter identification problem and is applied to 
PMSM. Simulation and experiment results demonstrate the 
effectiveness of the proposed approach. 

IV. PSO APPROACH FOR PMSM PARAMETER 
IDENTIFICATION 

For a system with known model structure but unknown 
parameters, the parameter identification problem can be 
treated as an optimization problem. The basic idea is to 
compare the system output with the model output. The 
discrepancy between the system and model outputs is 

minimized by optimization based on a fitness function. The 
fitness function is defined as a measure of how well the 
model output fits the measured system output.  

Generally, a system’s dynamics can be described using a 
differential equation such as (6): 

( )
( )

, ,

,

x f p x u

y g p x

=

=
  (6)  

In (6), functions f (p, x, u) and g (p, x) can be either linear 
or nonlinear. The parameter vector, p, is the unknown to be 
identified. To identify p, a model of the system is introduced 
as (7). 

( )
( )

ˆ ˆ ˆ, ,

ˆ ˆ ˆ,

x f p x u

y g p x

=

=
  (7) 

According to (7), the same system input, u, is fed into the 
system model, and the model has the same model structure 
as (6), i.e. same f (p, x, u) and g (p, x). The parameter vector 
to be identified is denoted using p̂ . Since the states and 
outputs of the model are calculated based on system input 
and the estimated parameters, x̂  and ŷ , are used to denote 
the states and the output of the model. To evaluate the 
parameters to be identified, system output y is compared 
with model output ŷ . The fitness function can be defined as 
the weighted quadratic function shown in (8). 

( ) ( ) ( )ˆ ˆ ˆT

t

C p y y W y y dt= − −∫   (8) 

In (8), W is a positive definite matrix. Obviously, the 
fitness function is a function of the estimated parameter 
vector, p̂ . The identification error will result in a nonzero 

( )ˆC p . Thus, the fitness function can be used to guide the 
search for better estimation. Now, the identification problem 
has been transformed into an optimization problem. Since 
traditional algorithms usually have difficulties optimizing 
complex nonlinear systems with multiple local optima, the 
intelligent optimization algorithms mentioned before are a 
better choice for this problem.  

The structure of the PSO based parameter identification 
approach can be illustrated using Fig. 1. First, the system 
input, u, is given to both the system to be identified and the 
system model. Then, the outputs from the system and its 
model are input to the performance evaluator, where the 
fitness will be calculated. The calculated fitness ( )ˆC p  is 
then input to the PSO based identifier to identify the 
unknown parameter vector p̂ . For offline applications, the 
identification process will end after p̂  has been successfully 
identified. For online applications, after p̂  is successfully 
identified or the preset maximum iteration number has been 
reached, the estimated p̂  will be used to update the system 
model, and then the above process will be repeated. 
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Measured output  y
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Fig. 1 Block diagram of the PSO based identification 
 

As described in Section II, PMSM model identification is 
an identification problem with nonlinear model structure. As 
an example, two parameters in its dq-model, Rs, and TLd are 
going to be identified. For this purpose, an objective (fitness) 
function for the application problem is constructed as (9) in 
this investigation. It is built with the stator phase currents 
and rotor speed, given that these measurements can be 
conveniently obtained. This fitness function is then 
minimized using the PSO algorithm. 

( )
( ) ( )( ) ( ) ( )( )

( ) ( )( ) ( ) ( )( )

2 2

2 2
1

ˆ ˆ

ˆ ˆ
,

n a a b b
s Ld

k c c r r

i k i k i k i k

i k i k w k k
C R T

ω ω=

⎡ ⎤− + −⎢ ⎥
⎢ ⎥
+ − + −⎢ ⎥⎣ ⎦

= ∑  (9) 

In (9), the phase currents iabc and the rotor speed ωr are the 
measurable system outputs, ˆ ˆ and abc ri ω  are the estimated 

values of iabc and ωr, which are calculated from the system 
model, Rs and TLd are the unknown parameters to be 
identified, n is the number of sampled data, and the 
weighting factor w is defined as /abc rw i ω= . The PSO 
algorithm is then performed repetitively until reaching the 
desired error limit.  

In the subsequent sections, both offline and online 
simulations are performed to evaluate the performance of 
the PSO based parameter identification. Then, the PSO 
based approach is also used to identify PMSM parameters 
with a approach sample of experimental data from a 
practical PMSM testbed. 

V. SIMULATION RESULTS 
In this section, a three phase PMSM with nonsalient poles 

is simulated in MATLAB® to demonstrate the performance 
of the proposed PSO approach applied to PMSM model 
parameter identification. In the simulation, the PMSM is 
applied to a variable frequency drive system with cascaded 
PI-controllers. This design is widely used in industrial motor 
drive applications. Similar structure is used in our 
experimental test bed presented in later part of this paper. 
Nominal parameters of the simulated PMSM are listed in 
Table I. These parameters are chosen to be identical to the 
test motor datasheet parameters. However, in this simulation, 
several parameters, i.e. the stator resistance, Rs, motor inertia, 
J, and frictional coefficient, B, are defined as variables of 
time in order to demonstrate PSO method’s capability to 

track multiple time varying parameters. According to (4), 
the time varying inertia and viscous frictional coefficient are 
interpreted as load torque disturbance that should be 
reflected in the identified load torque. All the setting on 
parameter fluctuations should be within a range that is likely 
to occur during realistic motor operations.  

TABLE I  PMSM Specification 

PMSM parameters Nominal values (unit) 

Power rating Pr 19.8 (kw) 

Rated speed ωr 1700 (rpm) 

Current at rated speed Ir 41.56 (Amps RMS) 

Torque at rated speed Tr 67.27 (N.m) 

Voltage constant ke 1.33 (Volt.sec/rad) 

Torque constant kt 1.629 (N.m/Amp) 

Max bus voltage VDC 560 (Volt) 

Pole pairs np 4 

Stator resistance Rs 0.17 (Ω) 

q-axis inductance Lq 1.9 (mH) 

d-axis inductance Ld 1.9 (mH) 

Static friction Tf 0.1483 (N.m) 

Damping coefficient B 0.00115 (N.m.sec/rad) 

Moment of inertia J 0.008 (kg.m2) 

 
During simulations, each swarm generation contains 10 

position particles. Coefficients in (5), w, c1, and c2, are set to 
0.8, 2, and 2 respectively. Fig. 2 shows the optimization 
process of the proposed algorithm for a sample dataset. In 
this figure, (a) shows the optimization process of the fitness 
function (cost), (b) and (c) show the optimization process of 
the identified parameters, Rs and TLd, respectively. 
Simulation studies show that the proposed approach 
converges here within 20 generations. This 20-generation 
upper bound was routinely observed. The efficiency and 
accuracy of the approach make it suitable for applications 
that require fast solutions.  

Based on the observation from offline identification, the 
PSO based identifier can give good estimation within 20 
iterations in this application to PMSM. To ensure the 
estimation accuracy, the maximum number of allowed 
iteration is set to 30 for each sample of data. During online 
simulation, the sampling frequency is set to 100kHz. That 
means 3300 pairs of data are sampled within 0.033 second. 
Then the sample data set is input to the PSO based identifier 
to estimate the stator resistance Rs, and the load torque TLd. 
After PSO completes its searching of 30 iterations, the 
identification process for this data set stops. Then, the 
estimated parameters will be used as the initial values for the 
estimation of next data set. The above process recurs during 
the online application.  
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Fig. 2 PSO optimization process for one dataset 
(a) Fitness function  (b) Estimation of stator resistance Rs              

(c) Estimation of load torque TLd 
 
Fig. 3 and Fig. 4 show the online identification results of 

the proposed algorithm. From these figures, it can be seen 
that the proposed approach can identify time varying 
parameters successfully. Fig. 5 shows the entire 
optimization process of the PSO algorithm during online 
identification. For each run of the PSO based algorithm, the 
previously optimized parameters are used as the initial value. 
In doing so, the identification process for online applications 
tends to converge faster in terms of less number of iterations. 
This is especially true for systems with slowly time varying 
parameters. From Fig. 5, it can be seen that the algorithm 
usually converges within 10 iterations because of a good 
initial guess. But from the figure we can also see that the 
initial fitness for the runs of 5, 6, 7, and 8 are not as good as 
others. This is because the fitness’s sensitivity to parameter 
changes is different for different operating points. 
Sometimes, even a small change in the parameters will result 
in a large change in the fitness.  

Note that the convergence speed of the identification for 
one data set is evaluated in terms of the number of PSO 
iterations. The time required is not evaluated strictly during 
the online application. In this online application, the 
simulation for next period does not begin until the 30 
iterations for the previous period are completed. Simulations 
in Matlab® and Simulink® show that the identification for 
one dataset can be done on the order of minutes. But this 
should not be used as a precise evaluation on the required 
time. The computational speed is impacted by several 
factors, such as implementation hardware setup, the 
sampling frequency, and the choice of Ordinary Differential 
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 Fig. 3 Identification of the stator resistance Rs 
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Fig. 4 Identification of the load torque 
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Fig. 5 Optimization process of the PSO algorithm during 

online identification 
 

Equation (ODE) solvers, etc. As just mentioned, for 
continuous online applications, tremendous computation 
time can be saved due to good guesses of initial values for 
each run. Therefore, the computation time should not be a 
big issue for online implementations. 
 

VI.    EXPERIMENTAL VERIFICATION 
In order to further verify the effectiveness the proposed 

identification method, experiments are performed on a 
testbed PMSM drive system. This section presents the 
experimental results. 

 The experimental data were obtained on a 680-V 
19.8-kw PM servo motor fed from a closed loop drive and 
coupled to an identical motor as its load. The testbed setup is 
displayed in Fig. 6. System specification for this setup is 
listed in Table I. For measurement and control purposes, the 
test motor is equipped with speedometer, torque transducer 
and position encoder. All the components in Fig. 6 are 
commercially available.  

During the experimental verification, the motor was 
started and rotated at velocities below the machine base 

ThB04.5

2959



 
 

 

speed, with the application of a load torque. The procedure 
of this experimental verification is similar to that of the 
simulation described previously, except that the real data are 
utilized. Instead of comparing the actual and identified 
parameters, the experimental results in Fig. 7 compares the 
performances of the identified model with the original 
system. This is important because PMSM’s parameters may 
deviate from its nominal value when its operating condition 
changes. It is meaningless to compare the identified 
parameters to their nominal values. In Fig. 7, (a) shows the 
stator phase a current ia, and (b) shows the rotor speed ωr. 
Since the performances of the model outputs match the 
measurements quite well, it demonstrates the effectiveness 
of the PSO based model parameter identification approach. 
In this experiment, raw data from the measurement are 
directly used for identification. Therefore, comparing to 
many other methods, PSO approach presents superior 
capability at the presence of measurement noises so that 
there is no need to process the original measurements in 
advance.  

VII. CONCLUSIONS 
In this paper, a new approach based on particle swarm 

optimization is proposed for parameter identification with 
nonlinear model structure. The method is applied to the 
parameter identification of PMSM’s dq-model. The motor 
stator resistance and the disturbed load torque are identified 
for PMSM variable frequency drive system application. 
Both simulation and experimental results are provided to 
validate the effectiveness of this identification method. It is 
shown that PSO algorithm is capable of tracking time 
varying parameters with good accuracy. Potentially, the 
identification method presented in this paper can be 
incorporated into a robust motor control system to 
counteract parameter uncertainties, or fault diagnosis system 
using the parameter variations as fault symptoms.  

Though applied to PMSM, this PSO base identification 
method is generally applicable to other systems with 
complicated nonlinear model structure.    
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The Efficiency of Direct Torque Control for  
Electric Vehicle Behavior Improvement 

Brahim Gasbaoui1, Abdelkader Chaker2, Abdellah Laoufi1, 
Boumediène Allaoua1, Abdelfatah Nasri1 

Abstract: Nowadays the electric vehicle motorization control takes a great 
interest of industrials for commercialized electric vehicles. This paper is one 
example of the proposed control methods that ensure both safety and stability the 
electric vehicle by the means of Direct Torque Control (DTC). For motion of the 
vehicle the electric drive consists of four wheels: two front ones for steering and 
two rear ones for propulsion equipped with two induction motors, due to their 
lightweight simplicity and high performance. Acceleration and steering are 
ensured by the electronic differential, permitting safe and reliable steering at any 
curve. The direct torque control ensures efficiently controlled vehicle. Electric 
vehicle direct torque control is simulated in MATLAB SIMULINK 
environment. Electric vehicle (EV) demonstrated satisfactory results in all type 
of roads constraints: straight, ramp, downhill and bends. 

Keywords: Electric vehicle, Electronic differential, Induction motor, Direct 
torque control, Traction control. 

1 Introduction 

Today, automobile transportation is in a crisis with regard to the high price 
of gasoline. In the future, the crisis will take unprecedented proportions. The 
supply of oil will diminish and hybrid vehicles will play a major role in 
diffusing the situation; in comparison, electric cars are comfortable, quiet, clean 
and fashionable. Electric cars don’t need to be cranked, a feature especially 
attractive to women. Ease of control is also a desirable feature. However, as 
shown in Table 1, the range is limited by energy stored in the battery. For city 
use, the range is adequate. After every trip, the battery requires recharging. Lead 
acid batteries were used in 1900. Lead acid batteries are still used in modern 
cars, but in electric vehicled Lithium-Ion batteries are used. 
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Indirectly driven EVs are powered by electric motors through vehicles 
propelled by in-wheel or, simply, wheel motors [1, 2]. The basic vehicle 
configuration of this research has two directly driven wheel motors installed and 
operated inside the driving wheels on a pure EV. These wheel motors can be 
controlled independently and have enough fast and accurate response to 
controls that the vehicle chassis control or motion control is more stable and 
robust, compared to indirectly driven EVs. Like most research on the torque 
distribution control of wheel motor, wheel motors [3, 14] proposed a dynamic 
optimal attractive force distribution control for an EV driven by four wheel 
motors, thereby improving vehicle handling and stability [4, 5]. 

Researchers assume that wheel motors are all identical with the same torque 
constant; neglecting motor dynamics the output torque is simply proportional to 
the input current with a prescribed torque constant. 

To drive the motor in a wide speed range, a direct torque control system is 
presented. Direct torque control (DTC) is a closed-loop control technique for 
induction machine, which implementation is based on hysteresis comparators 
[3, 8, 13, 17, 18]. In this method, control variables are torque and stator flux of 
induction machine. This technique was initially proposed in [1, 2]. The main 
advantages of DTC are robust and fast torque response, no requirements for 
PWM pulse generation and current regulators, as well as good steady-state and 
dynamic performances. DTC is commonly used with a voltage source inverter 
(VSI), where a large electrolytic capacitor is used on the dc link of the 
AC/DC/AC converter in order to smooth the dc voltage and store the energy 
recovered from the machine during regenerative braking. Using large 
electrolytic capacitors is considered a disadvantage due to the short lifetime of 
these capacitors compared to that of ordinary capacitors and power switches, 
and contributing considerably to the size and weight of the converter. 

The reminder of this paper is organized as follows: Section 2 reviews 
principle components of electric traction chain with their equations model and 
mechanical vehicle load modeling. Section 3 shows the development of Direct 
Torque controller detailed for Electric vehicle motorization. The electric 
differentials and the proposed structure of the studied propulsion system is 
given in the Section 4. Section 5 gives some simulation results of the different 
studied cases. Finally, the Conclusion is drawn in the latest section. 
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2 Electric Traction System Elements Modeling 

Fig. 1 presents the general diagram of an electric traction system using an 
induction motor (IM) supplied by voltage inverter [4, 8]. 

 
Fig. 1 − Electrical traction chain. 

 

2.1 Energy source 
The battery considered in this paper is of the Lithium-Ion type [5, 14]. The 

battery current is calculated by: 
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where bP  is output power of battery, intR  is internal resistance, ocV  is the open 
circuit voltage and tR  is the terminal voltage of the battery. 

2.2 Static converter 
In this electric traction system, we use a three balanced phases of 

alternating current inverter with variable frequency from the current battery  
[10, 14]. 
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iS  is logical switches obtained by comparing the control inverter signals 
with the modulation signal. 
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2.3 Traction motor 
The used motorization consist of three phase induction motor (IM) supplied 

by a voltage inverter controlled by direct torque control. The dynamic model of 
three-phase, induction motor can be expressed in the stator stationery reference 
as [3, 6, 7, 8]: 
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where σ  is the coefficient of dispersion and is given by: 
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where , ,s r mL L L  are the stator, rotor and mutual inductances; sR , rR  are the 
stator and rotor resistances; eω , rω  are the electrical and rotor angular 
frequency; slω  is the slip frequency; rτ is rotor time constant; and p  is the 
number of pole pairs. 

2.4 The vehicle load 
The vehicle is considered as a load characterized by many resistive torques 

[4, 5, 15, 16]. 
The vehicle inertia torque defined by the following relationship: 

 d
d

v
in vT J

t
ω

= . (8) 
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2.4.1 Aerodynamics force 
This part of the force is due to the friction of the vehicle body, moving 

through the air. It is function of the frontal area shape protrusion such as side, 
mirrors, ducts and air passages spoilers and any other factor. The formula for 
this component is: 

 21
2aero f airF A C v= ρ . (9) 

The aerodynamics torque is: 

 21
2aero f air rT A C R v= ρ . (10) 

2.4.2 Rolling force 
The rolling resistance is caused primarily by the traction of tires on the 

rode. Friction in bearing and gearing systems also play their part. The rolling 
resistance is approximately constant, depending on the vehicle speed. It is 
proportional to the vehicle weight: 
 tire rF Mgf= . (11) 

The rolling torque is: 
 tire r rT Mgf R= . (12) 

2.4.3 Hill climbing force 
The force needed to drive the vehicle up a slope is the most straightforward 

to find. It is simply the component of the vehicle weight that acts along the slop. 
By simple resolution the force we see that [17]. 
 sinslopeF Mg= β . (13) 

The slope torque is: 
 sinslopeT R Mgω= β . (14) 

We obtain finally the total resistive torque: 
 v slope tire aeroT T T T= + + . (15) 

 
Fig. 2 − The forces acting on vehicle moving along a slopped road. 
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2.4.4 Gear 
The speed gear ensures the transmission of the motor torque to the driving 

wheels. The gear is modeled by the gear ratio, the transmission efficiency and 
its inertia. 

The mechanical equation is given by [11]: 

 d ( )
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t
ω

+ ω = − , (16) 
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The modeling of the traction system allows the implementation of some 
controls such as the vector control and the speed control in order to ensure the 
globally system stability. 

3 Direct Torque Control 

The basic DTC strategy was developed in 1986 by Takahashi. It is based on 
the determination of instantaneous space vectors in each sampling period 
regarding desired flux and torque references. The block diagram of the original 
DTC strategy is shown in Fig. 3. The reference speed is compared to the 
measured one. The obtained error is applied to the speed regulator PI whose 
output provides the reference torque.  

The estimated stator flux and torque are compared to the corresponding 
references. The errors are applied to the stator flux and torque hysteresis 
regulators, respectively. The outputs of the stator flux and torque regulators and 
the phase of the stator flux sθ  are applied to the space vector selection table 
block, which generates convenient combinations of the states (ON or OFF) of 
inverter power switches. There are eight switching combinations, two of which 
correspond to zero voltage space vectors which are (000) and (111). The stator 
flux sϕ  is controlled by a tow-level hysteresis regulator, where the logical 
function cϕ  takes “+ 1” to increase sϕ  and “–1” to decrease it. The electro-

magnetic torque emT  is controlled by its hysteresis regulator, where the logical 
function 

emTc  gives not only the states “+ 1” and “–1” (increase/decrease), but 

also “0” to hold emT  [3, 7, 8, 13, 17, 18]. 
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Fig. 3 − Bloc diagram of DTC for an EV induction motor. 

 

The estimation value of flux and its phase angle is calculated in expression: 
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The torque is controlled by three-level Hysteresis. Its estimation value is 
calculated by expression (21). 

In this part we precise the important of the differential electronic as a good 
technological solution for the modern electric vehicle speed computation. 

4 Electric Differentials Speed Computation 

The proposed control system principle could be summarized as follows: 
Speed network control is used to control each motor torque. The speed of 

each rear wheel is controlled using speed difference feedback. Since the two 
rear wheels are directly driven by two separate motors, the speed of the outer 
wheel will need to be higher than the speed of the inner wheel during steering 
maneuvers (and vice-versa). This condition can be easily met if the speed 
estimator is used to sense the angular speed of the steering wheel. The common 
reference speed refω  is then set by the accelerator pedal command. The actual 

reference speed for the left drive *
leftω  and the right drive *

rightω  are then 

obtained by adjusting the common reference speed *ω using the output signal 
from the DTC speed estimator. If the vehicle is turning right, the left wheel 
speed is increased and the right wheel speed remains equal to the common 
reference speed .∗ω  If the vehicle is turning left, the right wheel speed is 
increased and the left wheel speed remains equal to the common reference 
speed ∗ω  [7, 9, 10]. Usually, a driving trajectory is adequate for an analysis of 
the vehicle system model.  

From the mode show in Fig. 6, the following characteristic can be 
calculated: 

 
tan

wLR =
δ

, (22) 

where δ  is the steering angle. Therefore, the linear speed of each wheel drive is 
given by: 
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and their angular speed by: 
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where vω  is the vehicle angular speed according to the center of turn. 

The difference between wheel drive angular speeds is then: 

 * * tan
2rm lm v

d
L

ω

ω

δ
Δω = ω −ω = ω . (25) 

 
Fig. 4 − Block diagram of the differential system. 

 
Fig. 5 − Driving wheels control system. 

 

And the steering angle indicates the trajectory direction is: 
 0 ,Turn leftδ > ⇒  (26) 
 0 ,Straight aheadδ = ⇒  (27) 
 0 .Turn rightδ < ⇒  (28) 
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Fig. 6 − Structure of Vehicle in Curve. 

5 Results and Discussion 

In order to characterize the driving wheel system behavior, simulations 
were carried using the model of Fig. 5. 

Case A: Curved road. 
Curved road at right side with speed of 80 km/h at time 2.5 s and in the left 

side at 4 s. 
 

 
Fig. 7 − Linear speeds. 
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(a) 

       
(b) 

       
(c) 

Fig. 8 − (a) Phase currents for the right and left; 
(b) Electromagnetic torques for the right and left motor; 

(c) Driving forces for the left and right motor. 

 
– At 2.5st =  the vehicle driver turns the steering wheel on a curved road at 

the right side with 80 km/h speed, the assumption is that the two motors are 
not disturbed. In this case the driving wheels follow different paths, and 
they turn in the same direction but with different speeds. The electronic 
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differential acts on the two motor speeds by decreasing the speed of the 
driving wheel on the right side situated inside the curve, and on the other 
hand by increasing the wheel motor speed in the external side of the curve. 
The behavior of these speeds are given by Fig. 7. The DTC controller act 
immediately on the torque speed loop’s and rejects the disturbance of the 
speed response and gives more and more efficiency to the electronic 
differential output references At 4st =  the vehicle situated in the second 
curve but in the left side the electronic differential compute the novel 
steering wheels speeds references in order to stabilize the vehicle inside the 
curve. Once this speeds are computed the efforts demand on the two back 
motors increase and it's explain by the shame of Fig. 7 the driving forces 
developed satisfy the traction chain demand by the way the vehicle weigh 
inertia doesn’t have effect on the developed torque control model the 
figures which explain the curve road situations are illustrated by Fig. 8. 

Case B: Straight road with 10% slope at 2.5s < t < 4s. 

– At 4s 6st< < , the EV are driving in straight road, this test explain the 
effect of the slope on the EV. The driving wheels linear speeds stay the 
same and the road drop does not influence the torque control of each 
wheels. The both of the back motors develop more and more 
electromagnetic torque for passing the slope. The behavior of these speeds 
is given by Fig. 9. The variation of Electromagnetic torques and driving 
forces are illustrated in Figs. 10b and 10c. The presence of slope causes a 
large increase in the phase current for the right and left motor, The two 
motors absorb more energy which explain by the Fig. 10a. The current 
demand increases and the vehicle can pass the slope easily. 
 

 
Fig. 9 − Linear speeds. 
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(a) 

       
(b) 

       
(c) 

Fig. 10 − (a) Phase currents for the right and the left motor; 
(b) Electromagnetic torques for the right and the left motor; 

(c) Driving forces for the right and the left motor. 

Case C: Descent slopped road of –10% at 2.5s < t < 4s. 

 
Fig. 11 – Linear speeds. 
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(a) 

       
(b) 

       
(c) 

Fig. 12 − (a) Phase current of the right and the left motor; 
(b) Electromagnetic torques for the right and left motor; 

(c) Driving forces for the left and right motor. 

 
– This test clarifies the effect of the descent slope on the electric vehicle 

moving on straight road. The linear speed response is illustrated in Fig. 11. 
The presence of descent causes a great decrease in the phase current of each 
motor by means that the aerodynamic force became an motor force and the 
other resistive torques became motor torque and the kinetic energy given to 
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the vehicle help the battery in order to charge the empty battery cells these 
results of test are shown in Figs. 12a. The motor absorbed the half of the 
slopped energy. 
 
In order to show the effect of disturbance on the vehicle speed using DTC 

controller. The EV is submitted with constant speed 80 km/h in straight way 
during simulation and the results obtained are compared with other results given 
in the literature [11]. We can summaries the vehicle speed results in the Table 1. 

 

Table 1 
Performance of DTC in the speed response 2s < t < 6s. 

Results Rising time [s] Overshoot [%] Steady state error [%] 

DTC controller 0.7390 0.0023 0.0000 

 

 
Fig. 13 − Zoomed of linear speeds. 

 

From Fig. 13 and Table 1 we can say that the effect of disturbance is 
neglected in the DTC controller. It appears clearly that the DTC controller is 
easy to apply compared with classical PI speed controller and give satisfactory 
and good dynamical performances results more than the classical one, that 
reason of the DTC uses in electric vehicle propulsion in medium and low speed 
regions. 
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(a) 

 
(b) 

 
(c) 

Fig. 14 − Vehicle torques for different cases, (a) Case A, (b) Case B, (c) Case C. 

 
The globally motor torque developed by EV is 235 Nm. Fig. 14 gives the 

maximum vehicle torque in each of the cases and the comparative studies are 
shown in Table 2, for each Case A, B and C. 

According to the formulas (10), (12) and (14) and Fig. 14, the variation of 
vehicle torque in different cases is shown in Fig. 15. The vehicle torque 
develops 127.73 Nm in the first case in order to pass the curve. 
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Table 2 
Variation of vehicle torque in different paths at 2s < t < 6s. 

Cases  Case A Case B Case C 

Vehicle torque [Nm] 127,37 169.00 86.99 

Percentage of the vehicle torque 
compared with motor torque [%] 54.365 71.91 37.01 

 

 
Fig. 15 − Variation of vehicle torques in different cases. 

 
In the second case (Case B: acceleration phase’s) the electromagnetic 

torque go up 127.73 Nm to 169 Nm that present amount of 71.91% of the total 
nominal motor torque 237 Nm. This variation make clear the slope torque 
effect’s on the traction chain in the last case a great decreases for 
electromagnetic torque around 50% of the slope torque (deceleration phase's 
when the battery is in the recharge state) .the resistive torque of the Case C 
present 37.01% of globally nominal motor torque. The result prove that the 
traction chain under slope constraint develop the double effort comparing with 
the inverse slope case by means that the vehicle needs the half of its energy in 
the deceleration phase's compared with the acceleration one’s. 

6 Conclusion 

The research outlined in this paper has demonstrated the feasibility of an 
improved vehicle stability which utilizes two independent back drive wheels for 
motion by using the direct torque control. This paper proposes an independent 
machine control structure applied to a propulsion system ensuring by the 
electronic differential. The estimation of torque and stator flux was compared 
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with torque and flux desired using the hysteresis comparator models. The 
estimation error was reduced and robustness was enhanced. It is proved that fast 
torque response can be obtained by simulation. The direct torque control models 
improve the driving wheels speeds control with high accuracy in curved road or 
in slopped ones. The disturbances do not affect the performances of the driving 
motors in the other hand the proposed control gives good dynamic 
characteristics of the traction chain. 

7 Appendix 
Table 3 

Vehicle Parameters. 

emT  Motor traction torque  238 Nm 

eJ  Moment on inertia of the drive train 7.07 kgm2 

wR  Wheel radius 0.32 m 
η  Total transmission efficiency  0.93 
M  Vehicle mass 1300 kg 

rf  Bearing friction coefficient  0.32 

airC  Aerodynamic coefficient 0.32 

fA  Vehicle frontal area  2.60 m2 

vf  Vehicle friction coefficient 0.01 

wL  Distance between two wheels and axes 2.5 m 

wd  Distance between the back and the front wheel 1.5 m 

Table 4 
Induction Motors Parameters. 

rR  Rotor winding resistance (per phase)  0.0503 Ω 

sR  Stator winding resistance (per phase) 0.08233 Ω 

sL  Stator leakage inductance (per phase) 724 μH 

mL  Magnetizing inductance (per phase)  0.0151 H 

rL  Rotor leakage inductance (per phase) 724 μH 

cf  Friction coefficient  0.02711 

P  Number of poles  4 
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Table 5 
Symbols, Designation and Units. 

Symbols Nomenclature Units 
J  Rotor inertia  kg m2 

eJ  Moment of inertia of the drive train  kg m2 

vJ  Vehicle inertia  kg m2 

emT  Electromagnetic torque Nm 

vT  Vehicle torque  Nm 

slopeT  Slope torque  Nm 

aeroT  Aerodynamic torque  Nm 

tireT  Tire torque  Nm 
η  Transmission efficiency % 

wL  Distance between two wheels  m 

wd  Distance between the back and the front 
wheel m 

R  Curve radius m 

dcV  Battery voltage V 

vΔω  Angular speed variation given by electronic 
differential rad/s 

rmω  Right wheel angular speed rad/s 

lmω  Left wheel angular speed  rad/s 

rm
∗ω  Right wheel angular speed of reference rad/s 

lm
∗ω  Left wheel angular speed of reference  rad 

δ  Reel angle wheel curve’s rad 
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1 Urban sprawl — a European challenge

1.1  Introduction 

Europe is a fascinating and diverse continent, 
one of the most urbanised on earth. Today, 
approximately 75 % of the European population 
live in urban areas, while still enjoying access 
to extensive natural or semi-natural landscapes. 
With its stunning urban landscapes, historical 
cities and cultural treasures, Europe remains one 
of the world's most desirable and healthy places 
to live. Moreover, it is the most frequently visited 
world-travel destination.

The urban future of Europe, however, is a matter of 
great concern. More than a quarter of the European 
Union's territory has now been directly affected 
by urban land use; by 2020, approximately 80 % 
of Europeans will be living in urban areas, while 
in seven countries the proportion will be 90 % or 
more. As a result, the various demands for land in 
and around cities are becoming increasingly acute. 
On a daily basis, we all witness rapid, visible and 
conflicting changes in land use which are shaping 
landscapes in cities and around them as never 
before. 

Today, society's collective reliance on land and 
nature for food, raw materials and waste absorption 
results in a resource demand without precedent 
in history. In Europe, our consumption patterns 
are completely different from what they were 
twenty years ago. Transport, new types of housing, 
communication, tourism and leisure have emerged 
as major components of household consumption. 

As most of the population live in urban areas, 
agricultural land uses and their functions in 
the countryside have consequently evolved. 
Today, they ensure both the feeding of the city 
populations and maintenance of a diminishing 
rural population. Coasts are being urbanised at an 
accelerating rate, and resident communities are 
being transformed in order to accommodate these 
new economies. As a result, our coasts are becoming 
increasingly intertwined with the hinterland and 
more dependent on tourism and secondary homes 
(EEA, 2006). 

In this modified landscape, a powerful force is at 
work: cities are spreading, minimising the time 
and distances between and in-and-out of the cities. 
This expansion is occurring in a scattered way 
throughout Europe's countryside: its name is urban 
sprawl. Furthermore, it is now rightly regarded as 
one of the major common challenges facing urban 
Europe today.

1.2  Why sprawl matters?

Sprawl threatens the very culture of Europe, as it 
creates environmental, social and economic impacts 
for both the cities and countryside of Europe. 
Moreover, it seriously undermines efforts to meet 
the global challenge of climate change. 

Urban sprawl is synonymous with unplanned 
incremental urban development, characterised 
by a low density mix of land uses on the urban 
fringe (Box 1). Classically, urban sprawl is a US 
phenomenon associated with the rapid low-density 
outward expansion of US cities, stemming back to 
the early part of the 20th century. It was fuelled by 
the rapid growth of private car ownership and the 
preference for detached houses with gardens. 

In Europe, cities have traditionally been much 
more compact, developing a dense historical core 
shaped before the emergence of modern transport 
systems. Compared to most American cities, their 
European counterparts still remain in many cases 
compact. However, European cities were more 
compact and less sprawled in the mid 1950s than 
they are today, and urban sprawl is now a common 
phenomenon throughout Europe. Moreover, there 
is no apparent slowing in these trends. The urban 
areas particularly at risk are in the southern, 
eastern and central parts of Europe are particularly 
at risk.

The sprawling nature of Europe's cities is critically 
important because of the major impacts that 
are evident in increased energy, land and soil 
consumption. These impacts threaten both the 
natural and rural environments, raising greenhouse 
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Box 1 Urban sprawl — definition

Urban sprawl is commonly used to describe physically expanding urban areas. The European Environment 
Agency (EEA) has described sprawl as the physical pattern of low-density expansion of large urban areas, 
under market conditions, mainly into the surrounding agricultural areas. Sprawl is the leading edge of 
urban growth and implies little planning control of land subdivision. Development is patchy, scattered 
and strung out, with a tendency for discontinuity. It leap-frogs over areas, leaving agricultural enclaves. 
Sprawling cities are the opposite of compact cities — full of empty spaces that indicate the inefficiencies in 
development and highlight the consequences of uncontrolled growth.

The map of northeast France, Belgium, Luxembourg and northwest Germany illustrates the definition of 
urban sprawl, and shows the urban areas overlaid with population density. It is clear that low density 
populated areas extend far beyond the centres of cities, with new urban areas spreading along the Paris-
Brussels axis adjacent to the TGV high-speed railway (an effect of the 'beetroot' train stations). 

Note:  Due to changes in the Eurostat methodology the two datasets (1991 and 2003) differ. 

Source:  EEA (based on EEA and Eurostat data).

gas emissions that cause climate change, and 
elevated air and noise pollution levels which often 
exceed the agreed human safety limits. Thus, urban 
sprawl produces many adverse impacts that have 
direct effects on the quality of life for people living 
in cities.

1.3  Why are cities sprawling?

Historically, the growth of cities has been driven by 
increasing urban population. However, in Europe 
today, even where there is little or no population 

pressure, a variety of factors are still driving 
sprawl. These are rooted in the desire to realise 
new lifestyles in suburban environments, outside 
the inner city. 

Global socio-economic forces are interacting 
with more localised environmental and spatial 
constraints to generate the common characteristics 
of urban sprawl evident throughout Europe 
today. At the same time, sprawl has accelerated 
in response to improved transportation links and 
enhanced personal mobility. This has made it 
possible either to live increasingly farther away 
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from city centres, while retaining all the advantages 
of a city location, or enabled people to live in one 
city and work in another. 

The mix of forces include both micro and macro 
socio-economic trends such as the means of 
transportation, the price of land, individual 
housing preferences, demographic trends, cultural 
traditions and constraints, the attractiveness of 
existing urban areas, and, not least, the application 
of land use planning policies at both local and 
regional scales.

Overall, evidence suggests that where unplanned, 
decentralised development dominates, sprawl 
will occur in a mechanistic way. Conversely, 
where growth around the periphery of the city is 
coordinated by strong urban policy, more compact 
forms of urban development can be secured.

1.4  Links to EU policies 

In essence, through the realisation of the 'internal 
market', Europe's new prosperity and economic 
development has put pressure on cities. The role 
and contribution of cities to Europe's economic 
growth, jobs and competitiveness, while also 
delivering social and environmental goals, has 
been addressed extensively by the EU institutions 
together with the regional and local authorities 
(European Commission, 2005). Sustainable urban 
development appears prominently in many 
European policy commitments, not least EU 
regional policy. 

To this end substantial EU Cohesion and Structural 
Funds budget transfers to Member States provide 
powerful drivers of macro-economic change 
to support EU integration. However, analysis 
shows that they can also create inadvertent 
socio-economic effects that have promoted the 
development of sprawl. The coordination of 
land use policies and Structural and Cohesion 
Funds investments remains key to support the 
containment of urban sprawl, which is complicated 
by the fact that EU intervention in many other, if 
not all, policy domains, impact on or are impacted 
by urban development. 

One illustration of the extent of these 
interrelationships is the EU commitment to 
sustainable development and policies to tackle 
climate change: how can we ensure that the growth 
of urban greenhouse gas emissions due to the 
dominance of car transport in the EU's sprawling 
cities does not threaten to undermine EU Kyoto 
commitments to reduce greenhouse gas emissions 
by 2020? 

Overall, the EU has an obligation in relation to the 
wide range of environmental, social and economic 
impacts of urban sprawl to define a clear and 
substantial responsibility, and a mandate to take an 
active lead in the development of new initiatives to 
counter the impacts of sprawl. 

1.5  Who should read this report?

This report is targeted at all those actively involved 
in the management of Europe's urban areas. The 
aim is to inform about the impacts of urban sprawl 
in Europe today and that without concerted action 
by all agencies to address the underlying causes, the 
economic social and environmental future of our 
cities and regions can be compromised. 

Subsequent chapters of this report describe the 
patterns of urban sprawl that have emerged 
throughout Europe during the post war period 
(Chapter 2), which are related to the global social 
and economic trends that form the fundamental 
drivers of sprawl (Chapter 3). Chapter 4 reviews 
the evidence of the impacts of urban sprawl, 
and concludes that the sprawling city creates 
major and severe impacts in relation to a variety 
of environmental, social and economic issues 
affecting not only the city and its region but also 
the surrounding rural areas. Finally, Chapter 5 
examines the principles that could underpin the 
framework for action at EU level to combat urban 
sprawl. This would include increased policy 
coherence built around measures to secure policy 
integration via close coordination between policies 
in different domains, better cooperation between 
different levels of administration, as well as policy 
definition according to the principles of sustainable 
development.
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2.1 The European picture

The process of urbanisation in Europe has evolved 
as a clear cycle of change during the post-war 
period from urbanisation to suburbanisation 

Map 1 Urban expansion in Europe (1990–2000)

Source: EEA, 2005.

to de-urbanisation and, most recently, to 
re-urbanisation. Historically, the growth of cities 
was fundamentally linked to increasing population. 
In contrast, urban sprawl is a more recent 
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growth as mentioned in Chapter 1. Rather a variety 
of other powerful factors drive the development 
of the modern city, including individual housing 
preferences, increased mobility, commercial 
investment decisions, and the coherence and 
effectiveness of land use policies at all levels. 

All available evidence demonstrates conclusively 
that urban sprawl has accompanied the growth of 
urban areas across Europe over the past 50 years. 
This is shown from a recent European perspective 
(Map 1). The areas with the most visible impacts 
of urban sprawl are in countries or regions with 
high population density and economic activity 
(Belgium, the Netherlands, southern and western 
Germany, northern Italy, the Paris region) and/or 
rapid economic growth (Ireland, Portugal, eastern 
Germany, the Madrid region). Sprawl is particularly 
evident where countries or regions have benefited 
from EU regional policies. New development 
patterns can also be observed, around smaller 
towns or in the countryside, along transportation 

corridors, and along many parts of the coast usually 
connected to river valleys. The latter is exemplified 
by the so-called 'inverse T' of urban sprawl along 
the  Rhône valley down to the Mediterranean coast 
(Map 2). 

Hot spots of urban sprawl are also common along 
already highly populated coastal strips, such as in 
the case of Spain where the artificial areas may cover 
up to 50 % of the total land area (Map 3). This is 
doubly worrying given the known vulnerability of 
coastal ecosystems and because the Mediterranean 
region is classified as one of 34 biodiversity hotspots 
in the world.

Sprawl may also follow from the expected rapid 
economic development in many parts of the new 
Member States, as internal economic dynamism, 
greater access to EU markets, and Cohesion Fund 
and Structural Funds investments drive economies. 
The 2004 accession is too recent to permit full 
understanding of the potential impacts of urban 

Map 2 Urban sprawl along the Rhône corridor: south of France (1990–2000)

Source: EEA.
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sprawl driven by this economic expansion, but some 
insights can be provided by comparisons between 
eastern Germany and Poland for the period  
1990–2000. East Germany benefited from large 
monetary transfers from West Germany after 
unification in 1990, making it one of the most 
rapidly developing regions in Europe. In contrast, 
just to the east, in Poland, where EU membership is 
more recent, there was less development during the 
period 1990–2000 and the differences in the levels 
of urban sprawl between Germany and Poland are 
quite marked (Map 4). This contrast is accentuated 
by the region history.

As already said, the growth of built-up areas in 
Europe reached its peak in 1950s–1960s (MOLAND), 
when the average annual growth rate reached 3.3 % 
(Figure 1). In subsequent decades the main wave of 
urban growth has moved farther away from the city 
centres allowing urban sprawl to extend the urban 
footprint into the adjacent countryside (Antrop, M., 

2004; Sallez & Burgi, 2004; Prud'homme & Nicot, 
2004; Couch et al., 2005). 

Indeed during the ten year period 1990–2000 the 
growth of urban areas and associated infrastructure 
throughout Europe consumed more than 8 000 km2 
(a 5.4 % increase during the period), equivalent 
to complete coverage of the entire territory of 
the state of Luxembourg. This is equivalent to 
the consumption of 0.25 % of the combined area 
of agriculture, forest and natural land. These 
changes may seem small. However, urban sprawl 
is concentrated in particular areas which tend to 
be where the rate of urban growth was already 
high during the 1970s and 1980s. Moreover, they 
run alongside the emerging problems of rural 
depopulation. On a straight extrapolation, a 
0.6 % annual increase in urban areas, although 
apparently small, would lead to a doubling of 
the amount of urban area in little over a century 
(EEA, 2005). This needs careful consideration as 

Map 3 Urban sprawl on the Mediterranean coast: southeast Spain (1990–2000)

Source: EEA.
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Map 4 Urban sprawl in Germany, Poland and Czech Republic (1990–2000)

Source: EEA, 2005.

we look ahead to the type of Europe we would like 
to see in the next 50–100 years, taking into account 
possible climate change and the many impacts and 
adaptation challenges it would pose (see Chapter 4, 
Section 4.1.4). 

Historical trends, since the mid-1950s, show that 
European cities have expanded on average by 
78 %, whereas the population has grown by only 
33 %. A major consequence of this trend is that 
European cities have become much less compact. 
The dense enclosed quarters of the compact city 
have been replaced by free standing apartment 
blocks, semi-detached and detached houses. In half 
of the urban areas studied in the Moland project, 
more than 90 % of all residential areas built after 
the mid-1950s were low density areas, with less 
than 80 % of the land surface covered by buildings, 
roads and other structures (Figure 2). Only in 5 
of the 24 cities, all in southern or central parts of 
Europe, were more than 50 % of new housing areas 
(built since the mid-1950s) densely built-up.

Trends towards new low density environments 
are also evident in the space consumed per person 
in the cities of Europe during the past 50 years 
which has more than doubled. In particular, over 
the past 20 years the extent of built-up areas in 
many western and eastern European countries 
has increased by 20 % while the population has 
increased by only 6 % (Figure 3).

Sprawl is greater, and in many cases significantly 
greater, than would be expected on the basis of 
population growth alone (MOLAND). Only in 
Munich and Bilbao has population grown more 
rapidly than in the built-up area. Palermo with 
50 % growth in population generated more than 
200 % growth in the built-up area (Figure 4).

Although the population is decreasing in many 
regions of Europe (Map 5 — blue tone), urban 
areas are still growing in those areas, notably 
Spain, Portugal and some parts of Italy (Map 5 
— dark blue tone). Conversely, moderate increases 
of population accompanied by a large expansion 
of urban areas can be observed in Spain, Portugal, 
Ireland and the Netherlands. Major gains of 
population (> 10 %, through immigration) can 
only be observed in western Germany, where the 
average annual expansion of built-up areas is 
47 000 ha/year, growth equivalent over 5 years to 
the area of Greater Copenhagen.

European cites are also remarkably diverse in 
respect of urban residential densities (Figure 5). 
Generally, there is a tendency for residential 
densities to fall towards the north and west of 
Europe, and the five urban areas with residential 
densities of at least 10 000 inhabitants/km2 are all 
located in southern or southeastern Europe. There 
is no tendency, however, for urban sprawl to vary 
with the density of cities, as irrespective of urban 
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Figure 1 Annual growth of built-up areas from the mid-1950s to the late 1990s, selected 
European cities

Source:  MOLAND (JRC) and Kasanko et al., 2006.

Figure 2 Low density residential areas as a proportion of all residential areas built after the 
mid-1950s, selected European cities
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residential density, sprawl is equally evident in the 
vast majority of the cities examined. 

2.2  Regional clusters of sprawling and 
compact cities

An assessment of the most sprawled and most 
compact urban areas in Europe can be realised based 
on the following indicators: 

• Growth of built-up areas (1950s–1990s)
• Share of dense residential areas of all residential 

areas (1990s)
• Share of low density residential areas of all new 

residential areas (mid-1950s onwards)
• Residential density (1990s)
• The change in growth rates for population and 

built-up areas (1950s–1990s)
• Available built-up area per person (1990s).

Such indicator analysis for selected cities in Europe, 
undertaken as part of the MOLAND project, shows 
the most compact city, Bilbao, is three times denser 
than the most sprawled city, Udine. Generally the 
analysis demonstrates certain clustering of cities 
according to the degree of sprawl or compactness 
that appear to be more pronounced in certain 
regions of Europe rather than others (Table 1). 

Southern European cities have a long urban 
tradition in which the urbanisation process has been 

Figure 3 Built-up area, road network and 
population increases, selected EEA 
countries

Note:  Countries covered are: Belgium, Czech Republic, 
Denmark, France, Germany, Latvia, Lithuania, the 
Netherlands, Poland, Slovakia and Spain.

Source: EEA, 2002.
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Table 1 Distribution of Europe's sprawling and compact cities

Southern European  
cities

Eastern and central  
European cities

Northern and western 
European cities

Sprawled Udine

Pordenone

Dresden Helsinki

Copenhagen

Dublin

Brussels

Grenoble

Marseille Trieste Sunderland

Porto Vienna Lyon

Bratislava Tallinn

Belgrade

Iraklion Prague

Palermo Munich

Milan

Bilbao 

Compact

slower, with fewer periods of rapid growth and the 
cities have been very compact. In recent decades, 
however, urban sprawl has started to develop at 
unprecedented rates, and it is most probable that 
unless land use planning and zoning restrictions are 

Source:  MOLAND (JRC) and Kasanko et al., 2006.
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Figure 4 Population growth and the growth of built-up areas (mid-1950s to late 1990s), 
selected European cities

Source:  MOLAND (JRC) and Kasanko et al., 2006.

Figure 5 Residential density in mid-1950s and late 1990s (measured by inhabitants/
residential km2), selected European cities

Source:  MOLAND (JRC) and Kasanko et al., 2006.
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Map 5 Urban growth and population development in Europe (1990–2000)

Source:  By courtesy of ESPON, 2006; GeoVille Information Systems (based on EEA and Eurostat data).

more rigorously applied the gap between northern 
and southern cities will rapidly narrow (Blue Plan, 
2005; Munoz, 2003; Dura-Guimera, 2003). Bilbao 
lies in a class of its own in respect of density and 
compactness, much of which can be attributed to 
its location, adjacent to the sea and bordered on 
two sides by mountains. Nonetheless it is apparent 
that physical constraints cannot provide the entire 
explanation of its success, and credit should also be 
given to the active local planning regime and its well 
developed transport system.

Clusters of compact cities are also evident in the 
former socialist countries of central and eastern 
Europe. The compact urban form and high densities 
mainly reflect the strong centralised planning 
regimes and substantial reliance on public transport 

that prevailed during the communist era (Ott, 2001; 
Nuissl and Rink, 2005). Today, these cities are 
facing the same threats of rapid urban sprawl as 
the southern European cities as the land market is 
liberated, housing preferences evolve, improving 
economic prospects create new pressures for 
low density urban expansion, and less restrictive 
planning controls prevail. Dresden is an exception 
amongst ex-socialist cities with a much less compact 
structure due to the unique circumstances of its 
wartime experience and subsequent reconstruction. 

In northern Italy, small and medium sized cities 
are also special cases as the whole region has 
experienced very strong urban sprawl in the past 
decades and the process continues. The most 
sprawled cities in the study, Udine and Pordenone, 
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are relatively small cities in the Venezia-Friuli-
Giulia region. In smaller cities, in general, densities 
are lower as the population pressure is lower and 
in many cases the planning regulations are more 
permissive allowing more low density building than 
in large cities. 

In general cities in northern and western Europe 
have less of an urban tradition, and have been 
more strongly influenced by traditions in which 
the planning ideal has supported spacious, 
less compact, garden suburbs (Hall, 2002). This 
has resulted in much lower densities and more 
suburban development, particularly as individual 
housing preferences in north and west European 
cities have also favoured semi-detached and 
detached houses. 

Along the coastal regions of Europe major 
population growth is accommodated by 
continuous sprawling development. During the 
period 1990–2000, urbanisation of the coast grew 
approximately 30 % faster than inland areas, 
with the highest rates of increase (20–35 %) in the 
coastal zones of Portugal, Ireland and Spain. Many 

of the mountainous regions of Europe are also 
under threat from urban impacts, especially where 
transport routes provide good communications with 
adjacent lowland regional centres. 

All the evidence presented in this section 
demonstrates that throughout Europe urban areas 
have expanded considerably more rapidly than 
the growth of population during the post-war 
decades. There is no apparent slowing down in 
these trends. Particularly at risk are the urban areas 
of the southern, eastern and central parts of Europe 
where the urban structure has historically been very 
compact but which in the past few decades have 
started to grow rapidly outwards. 

For these reasons, it is apparent that new policies 
and tools are necessary to control and channel urban 
expansion so that urban areas can develop in a more 
sustainable manner. However, in order to define 
which sustainable urban planning strategies should 
be adopted, it is essential in the first place to fully 
understand the socio-economic drivers that provide 
the motors of sprawl. This is the focus of the next 
chapter.
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3 The drivers of urban sprawl

3.1 Clusters of drivers 

Sustainable urban planning strategies to combat 
urban sprawl can only be effectively specified 
when the forces driving urban sprawl are fully 
understood. Further general analysis shows that 
residential sprawl and the development of economic 
activities, in turn linked to the development 
of transport networks, are intrinsic causes of 
expanding cities. This is largely a consequence of 
increasing passenger and freight transport demand 
throughout Europe, as well as relatively high 
increases in the price of already urbanised land. 
The attractiveness of living in the centre of cities 
has fallen, while the quality of life associated with 
more 'rural areas' including city suburbs, being 
closer to nature, has increased. These factors present 
a planning challenge for small municipalities 
attempting to maintain their populations and attract 
small and medium-sized enterprises. 

The extremely low price of agricultural land (in 
most cases good agricultural land) compared to 
already urbanised land (e.g. brownfield sites) or 
former industrial sites, is also an important factor 
underlying urban sprawl. In many development 
projects, the cost of agricultural land acquisition is 
relatively low. Thus, it enables greater profits to be 
made compared to those from already urban land 
or former industrial waste land, even in cases where 
no remediation is needed (non-polluted sites). This 
factor is particularly important in the economic 
heart of Europe stretching from the United Kingdom 
down through the Benelux countries, Germany and 
France (also known as the Pentagon zone). The trend 
of good agricultural land being deliberately and 
artificially maintained at a low value is reinforced 
by the broad use of expropriation tools. A direct side 
effect of these combined tools — low value, future 
use not taken into account, and expropriation — is 
clearly demonstrated by the development of villages 
near cities for residential or business purposes.

3.1.1	 Macro-economic	factors	

Global economic growth is one of the most 
powerful drivers of urban sprawl. Globalisation 
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of the economy is today fundamentally 
interrelated with the development of information 
and communication technologies (ICT). Both 
phenomena are beginning to have profound 
impacts on the spatial distribution of population 
and employment. Overall, it is likely that ICT will 
drive urban development towards an even more 
sprawled future (Audriac, 2005). 
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EU integration also has far-reaching impacts upon 
the economies of European cities. In this context, 
barriers to trade between Member States have been 
substantially removed and an important feature of 
this trend is the emergence of the 'super regions' 
which transcend national boundaries. Furthermore, 
integration tends to support the development of 
capital cities, and erode the competitive position of 
smaller cities and towns. All regions of the EU are 
intended to benefit from economic growth generated 
in the new integrated Europe; however, the reality 
is that new patterns of economic advantage and 
disadvantage are emerging, as EU action is only 
one factor amongst many influencing trends in local 
economies. 

EU integration supports investment in longer-
distance transport networks to facilitate improved 
accessibility and mobility. The proposed 
Trans-European Transport Networks (TEN-T) will 
greatly influence the future spatial development of 
urban areas across Europe especially in the EU-10 
where natural areas are more prevalent than in the 
EU-15. In particular, the TEN transportation network 
is designed to solve some of the existing accessibility 
problems between EU-15 and the new Member States. 
However, given the powerful influence that new 
transport links have in generating development it is 
vital that current TEN plans fully address all possible 
impacts of the new infrastructure provision on urban 
sprawl and on the natural environment. 

EU Structural and Cohesion Funds investments 
throughout Europe can either drive sprawl or support 
its containment. Investment in new motorways 
and other road connections readily attracts new 
development along the line of the improved transport 
links, frequently exacerbating urban sprawl, as will 
be seen later in the case study of Dresden-Prague. 
Alternatively, Structural Funds interventions can be 
channelled to the redevelopment of deteriorating 
inner cities making them more attractive for housing 
and other public and private investments, thereby 
assisting in the development of more compact cities. 

Global competition is also driving efforts to 
secure economies of scale in the distribution and 
consumption of goods that have driven changes in 
the retail sector over the past decades. In the 1950s, 
most shops were small and located in the middle of 
residential areas, and the majority of the population 
did their shopping on foot. Today, major out-of-town 
shopping centres are the dominant form of retail 
provision, which together with the surrounding 
parking areas occupy vast areas of land only 
accessible by car. 

The inter-linkages between residential and 
industrial/commercial/transport areas in urban 
development are also critical to the promotion of 
sprawl. In some cases residential areas promote 
the development of associated commercial areas. 
More often new transport links and nodes, and 
commercial and industrial development facilitate 
the development of new residential areas in their 
vicinity. Whatever the relationship it is notable 
that in most cities industrial, commercial and 
transport areas are prime motors of sprawl that 
have outpaced the growth rates of residential areas 
with on average, growth rates of 100 % above those 
of residential areas. 

The rapid development of transport networks over 
the past 45 years has impacted particularly strongly 
outside the historic city centres and these new 
networks today occupy significantly more space 
than previous networks. Furthermore, industrial, 
commercial and transport areas occupy between 
25 % and 50 % of all built-up land, and on average 
one third of urban land is used for these purposes 
(Figure 6).

In distributional terms, analysis of these land 
uses shows that in the core of cities the growth 
of housing and commercial areas are of similar 
magnitudes, whereas in the immediate vicinity 
outside the core, the pressures for housing 
development are generally greater (Figure 7). For 
all land uses, new development predominantly 
takes the form of diffuse sprawl, and most new 
services, other than commercial, and recreation 
activities are developed outside the core of the city.

New transport investment, in particular motorway 
construction, can be a powerful stimulant for new 
development and sprawl, including shopping 
centres and residential areas. Land use and 
transport are inter-dependent in complex ways as 
development influences mobility patterns. New 
suburban development without adequate public 
transportation typically increases the demand 
for private car use. In contrast the construction 
of new light rail systems has a tendency to 
increase housing densities around access points 
(Handy, 2005). Households make choices between 
residential areas taking into account the price 
of housing and the price of commuting between 
the work place and home. When travel costs fall 
below a certain threshold and income reaches 
a certain level the rate of sprawl quickens, and 
unsurprisingly sprawl is more common in regions 
where incomes are high and commuting costs are 
low (Wu, 2006).
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Figure 6 Growth rates of residential areas and industrial, commercial and transport areas 
from the mid-1950s to the end 1990s), selected European cities
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Figure 7 Functional changes for urban areas greater than 50 000 inhabitants (1990–2000)

Note: * EU-25 except Cyprus, Finland, Malta and Sweden, but with Bulgaria and Romania.

Source:  EEA.
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3.1.2	 Micro-economic	factors	

From the perspective of land economics, high land 
prices in the core of the city force developers to seek 
lower prices in the more peripheral areas. The price of 
agricultural land is universally much lower than the 
price of land zoned for housing or the development 
of services. Agricultural land therefore becomes a 
highly attractive target for investors and developers. 
Although planning permission for non-agricultural 
development increases the value of agricultural land 
substantially, its price still remains at much lower 
levels than land in the core urban areas. 

Municipalities and public development agencies 
have a crucial role in the process of conversion of 
agricultural or natural land to space for housing 
or commercial development. Throughout the EU, 
countries they have the responsibility for land use 
zoning. Competition among municipalities for 
new income generating jobs and services is great, 
and many municipalities can be tempted to relax 
controls on the development of agricultural land and 
even offer tax benefits to commercial and industrial 
enterprises to invest in the municipality. Competition 
of this nature between municipalities fuels urban 
sprawl. 

3.1.3	 Social	factors

As the evidence presented in Chapter 2 indicates, 
population growth no longer determines the 
outward expansion of built-up areas. 

Other demographic factors may however 
increasingly have impacts on urban sprawl. 
Families with small children are most likely to 
move to suburban areas and to rural areas outside 
the city. In contrast the elderly and single are least 
likely to move out of cities. As the trend towards 
an increasingly ageing population and smaller 
households continues, it may be anticipated that 
some slowing down of the movement from cities to 
suburbs will occur in the coming decades (Couch & 
Karecha, 2006). 

More and more people in Europe regard a new 
house, ideally a semi-detached or detached house 
in the suburban/rural areas outside the city, as the 
prime investment to be made in their lifetimes. 
Many wealthier households also actively seek a 
good investment opportunity. Properties on the 
peripheries of cities are considered to be better 
investments because land prices are generally lower 
than in the core, and the value of property is expected 
to rise more rapidly outside the urban core (Couch 
& Karecha, 2006; Wu, 2006). Similar considerations 

apply in respect of the purchase of second homes, 
which are not only seen as good investments but 
also provide additional opportunities for recreation 
outside the city. The persistence of the suburban ideal 
underpins the apparently ever increasing demand for 
houses in the sprawled suburbs and peripheral urban 
areas, and forms a vital stimulus to urban sprawl.

In contrast to the apparent attractions of the suburbs, 
the many negative aspects of the inner city cores, 
including poor environment, social problems and 
safety issues, create powerful drivers of urban sprawl. 
City cores are perceived by many as more polluted, 
noisy and unsafe than the suburbs. The built-up 
environment is also considered unattractive because 
of poor urban planning, with areas lacking green 
open space and sports facilities. Unemployment, 
poverty, single parent households, drug abuse and 
minorities with integration problems are also often 
identified with inner-city areas. These negative 
environmental factors drive many families with small 
children out of the city.

As families move out of the city, social segregation 
begins to intensify. Municipal tax revenues are 
lowered, and can become insufficient to maintain 
services such as schools and hospitals. The quality of 
schools plays a crucial role as parents try to secure 
the best education for their children. In the inner city 
a downward cycle of deprivation can readily become 
established as more and more of the population 
attempt to move out, reinforcing the problems of 
those that must remain (Burton, 2000; Couch and 
Karecha, 2006). 

3.2 Pathways to urban sprawl 

Deeper understanding of the relationships between 
the trends that drive urban sprawl, and the specific 
national, regional and local considerations that 
fashion the development of the cities and regions of 
Europe, is essential to redress the adverse effects of 
sprawl. The prime aim of the following case studies 
is to permit an assessment of the relative importance 
and impact of the various forces driving sprawl 
set against the range of contrasting development 
outcomes described.

The case studies consistently emphasise the 
commonality of the key drivers of urban 
development in terms of economic development, 
allied in some cases with population growth. 
Urban development is characterised in terms of 
a low density space extensive mix of residential, 
commercial, transport and associated land uses 
in the urban fringe. However, the case studies 
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also clearly demonstrate city sprawls, the extent 
to which effective planning strategies control 
development and how they are applied influence 
the degree of urban sprawl. Where unplanned, 
decentralised development dominates, sprawl 
will occur. Conversely, where growth around the 
periphery of the city is coordinated by strong urban 
policy perspectives, more compact forms of urban 
development will be secured.

The next chapter reviews the multiple, severe and 
interconnected impacts of urban sprawl in order to 
fully understand the impacts of sprawl and why it is 
important for cities not to sprawl. The full range of 
impacts of sprawl are considered including impacts 
in respect of environmental resources, natural and 
protected areas, rural environments, the quality 
of urban life and health, as well as socio-economic 
impacts. 

 
Box 2 Luxembourg: new urban traditions, high income and immigration 

The expansion of urban areas is the most important land use change in Luxembourg. These changes are 
mainly concentrated around the existing urban centres of the city of Luxembourg and the old industrial 
southwest. In both cases the main contributor to this trend is the development of new service industries 
including financial and EU institutions. The pressure for new residential growth reflects efforts made to 
attract new inhabitants from the countries bordering Luxembourg and the influx of a growing working 
population with their families. It also reflects the high income levels in Luxembourg which makes it possible 
for most inhabitants to live in detached houses. Furthermore, short distances and a relatively small 
population make commuting a feasible option without excessive congestion. 

Map Urban sprawl in Luxembourg driven by socio-economic changes (1990–2000)

 

Source:  EEA.

Urban sprawl

Green landscape

1 to 5 %

5 to 10 %

More than 10 %

70 % of pasture, 
forest and natural 
land in a 5 km 
neighbourhood

6°

6°

50°

50°

0 10050 Km



Urban sprawl in Europe 

The drivers of urban sprawl

22

 
Box 3 Dublin metropolitan area: rapidly growing economy and population

Dublin is a relatively small city by European and international standards. However, it dominates the 
urban pattern of Ireland in terms of demography, employment and enterprise (Bannon, 2000). The 
Greater Dublin metropolitan area population was 1 535 000 in 2002, 40 % of the total Irish population. 
The National Spatial Strategy (2002) suggests that by 2020 the Greater Dublin area population will be 
in the range of 1.9–2.2 million. The strong growth of the Greater Dublin is a result of the region's role 
both within Ireland and as a European capital city. Consequently, the Greater Dublin area will need to 
accommodate 403 000–480 000 additional inhabitants by the year 2020. 

Population growth and economic development, as well as house type and price, are predicted to be the 
main drivers of land use change in the Greater Dublin area during the coming decades. High house prices 
in Dublin are a significant push factor driving the population towards the rural fringes of the city where it 
is cheaper to buy or build a house. Another push factor is the small size of apartments in the city centre, 
forcing families with children needing more space to move out of the city where houses prices are lower 
and housing more affordable. Personal housing preferences also play an important role as rural living is the 
Irish housing ideal (Michell, 2004). This preference is realised in single-family houses in open countryside 
with the benefits of the proximity to the capital or other urban areas. The realisation of this ideal is greatly 
facilitated by the planning regime which imposes few constraints on the conversion of agricultural areas to 
low-density housing areas. 

Urban–rural migration in the Greater Dublin area has led to the growth of rural towns and villages at the 
expense of the City of Dublin. The growth of residential areas appears to follow the line of road and rail 
transport, suggesting a preference for rural living but with the benefits of proximity to urban areas including 
employment. Another push factor is the transport system in Dublin. Commuting times are long and the lack 
of orbital roads and rail networks means that to get from one side of the city to the other necessitates a 
journey through the centre. Often it is quicker to commute from outside Dublin to the centre rather than 
from one side to the other (Gkartzios and Scott, 2005).

The regional MOLAND model was applied to the Greater Dublin metropolitan region consisting of the 
following 9 counties: Dublin Co., Kildare, Laois, Longford, Lough, Meath, Offaly, West Meath and Wicklow. 
According to the 2025 scenario, the outward expansion of residential areas in the Greater Dublin area is 
estimated to increase by 110 % over the forecast period. In the same period commercial areas will more 
than double while industrial areas will grow slightly more modestly. The main development axis is to the 
north from the Greater Dublin area along the seashore as well as inland. To the south little new residential, 
or industrial or commercial development will take place because of the physical constraints of upland 
areas. The 2025 scenario also suggests the development of Dublin City to the northwest along the line of 
the Dublin-Belfast corridor. This development will encourage Dublin City to develop from a mono-centric to 
poly-centric relationship with the neighbouring cities of Dundalk, Newry and Drogheda. The Greater Dublin 
Metropolitan area needs land use guidance and zoning as well as new infrastructure if it is going to achieve 
a more sustainable form of development over the period to 2025. 

Map Dublin 1990 and modelled scenario for 2025

Source:  MOLAND (JRC).
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Box 4 Portugal and Spain: threats to the coasts of Europe 

Coastal urbanisation and urban sprawl in coastal zones is no longer necessarily induced and supported by 
the main coastal cities. By its nature, urban land use along the coasts has become suburban. This new 
phenomenon, which challenges the state of the environment and sustainability of the coastal areas, is 
recognised by coastal managers across Europe (CPMR, 2005).

The predominant pattern of residential urbanisation is diffuse settlements adjacent to or disconnected from 
concentrated urban centres. Residential sprawl is on average responsible for more than 45 % of coastal zone 
land transformation into artificial surfaces. There is an increasing demand for investment in coastal residences 
due to tourism and leisure from northern Europe. In addition, there is also domestic demand from the inland 
population, e.g. the retired. In the past 10 years residential expansion has spread to the coasts of other 
regional seas, for example the Atlantic coast of Portugal.

Portugal has experienced some of the most rapid increases in urban development in the EU, focused around 
major cities and the coast. Portugal's urban development is concentrated around the two metropolitan 
areas of Lisbon and Porto, along the coastline from Lisbon/Setubal to Porto/Viana do Castelo, and more 
recently along the Algarve coast. In 2000, 50 % of continental Portugal's urban areas were located within 
13 km of the coastline, an area which accounts for only 13 % of the total land area. Given the persistently 
high urban pressures along the coastline, these zones are subject to special development and legal 
measures. 

In Spain, economic growth and tourism has resulted in an increased number of households and second 
homes particularly along the Mediterranean coast. Illustrative of this phenomenon are the Costa del Sol and 
Costa Brava which developed significantly during the 1950s and 1960s due to the demand for high quality 
holidays. This led to the combined development of accommodation, infrastructure and leisure facilities, such 
as golf courses and marinas. This development is still very intensive today.

Map Polarised urban sprawl around major cities and the coast of Portugal and Spain  
 (1990–2000)

 

 
 
Source:  EEA.
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Box 5 Madrid region: rapidly growing economy and weak planning framework

The Madrid region is considered to be one of the EU hotspots in urban development in the EU (EEA, 
2005). Urbanised land in Madrid grew by 50 % in the 1990s, compared with a national rate of 25 %, and 
an EU Figure of 5.4 % (Fernández-Galiano, 2006; EEA, 2005). The extraordinary urban development 
in Madrid region is the result of a number of drivers other than population growth, as the population of 
the Madrid Autonomous Community had a growth rate of only 5.16 % during the period. There is no 
single explanation for the intense growth of Madrid in the last few years, rather a number of inter-linked 
socio-economic factors have produced enormous pressures. The first factor is demand for first and second 
homes. 513 000 new houses were built in the region in the 1990s (López de Lucio, 2003) even though 
the population increase for the same period was only 240 000. This housing demand is supported by the 
current favourable economic situation in Spain combined with low mortgage interest rates across the Euro-
zone. Other factors driving the decentralisation process include increased mobility based on a substantially 
improved transport network, including new toll motorways, three motorway rings around the city, and new 
and improved metropolitan and train connections. Today both Guadalajara and Toledo can be considered 
an integral part of the Madrid region due to improved accessibility in the Madrid region, Conversely, in the 
new low-density residential areas on the periphery of the city new mobility needs are being generated and 
transport improvements are a priority. The overall effect of the above is a tremendous increase in house 
prices. More and more people must go further out from the centre to find affordable housing, forcing 
an ever-growing number of people to commute by car. These socio-economic drivers have promoted an 
intense decentralisation process in the Madrid region involving both population and economic activity, with a 
number of territorial impacts, population and employment redistribution, very high rates of housing growth, 
and the appearance of new urban hubs served by large, decentralised shopping and entertainment malls 
(López de Lucio, 2003). Today Madrid is a sprawled region, a process that has occurred within the context 
of a weak spatial planning framework (Munoz, 2003; López de Lucio, 2003; Fernández-Galiano, 2006). 
The problem of planning is common to a large number of European urban regions, in which the regulatory 
capacity of municipalities cannot match the enormous forces reshaping the territory (Fernández-Galiano, 
2006).

Future development paths: scenarios

Three land use scenarios identified for the region of Madrid describe alternative development paths that 
form the basis for decisions facing the city planners in delivering a more sustainable Madrid. The alternatives 
include urban regional development paths based on the idea of competitiveness and free market forces 
(business-as-usual and scattered scenarios), contrasting with a development path where competitiveness is 
sought in a more environmentally and socially sustainable way through integrated planning and engagement 
with stakeholders (compact development scenario). These scenarios are represented as follows: 

Business-as-usual: This scenario represents a continuation of very rapid economic growth with low to 
moderate population growth. The scenario extrapolates the same characteristics and trends identified in the 
10 year period 1990–2000.

Compact development: This is an environmental scenario, and is based on an assumption of a 40 % 
decrease in demand for urban land as compared with the 'business-as-usual' scenario. In this case a more 
compact development style prevails, representing a departure for current trends. It is probably the least 
realistic scenario of the three identified. 

Scattered development: This is a market-led development scenario with greater environmental impacts 
than the 'business-as-usual' scenario. The scenario is based on more rapid population growth than the 
business-as-usual case, and assumes a 10 % increase in demand for urban land compared to the 'business-
as-usual' scenario. Growth is mainly concentrated in a number of peripheral nodes and the city moves 
towards a sprawled development style.

The three scenarios show divergent patterns of land use for 2020. However, the business-as-usual scenario 
shares some common features with the scattered development scenario, as both create severe impacts in 
terms of additional land consumption and the generation of new commuter movements relying on the 
private car, as well as other environmental impacts. Overall, urban sprawl is profoundly modifying Madrid 
in an unsustainable way, and it is clear that the sustainable development of the Madrid region can only be 
attained by the compact development scenario provided spatial regulation measures are implemented in 
the short to medium term. 
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Box 5 (cont.)

Map  Development scenarios for the Madrid region 2020 

A: Business-as-usual   B: Compact development  C: Scattered development

Source:  MOLAND (JRC) and Kasanko et al., 2006.

Figure  Land use changes for the Madrid region 2020 

A: Business-as-usual   B: Compact development  C: Scattered development

Source:  MOLAND (JRC).
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Box 6 Istanbul: European megacity on two continents

Istanbul is a large city at the very edge of Europe, and has a long and turbulent history at the crossroads 
of European and Asian cultures. Istanbul has always been among the largest cities in the world. At the 
turn of the 21st century there were approximately 10 million people living in Istanbul, 15 % of the 
Turkish population. This figure is estimated to grow by 2.5 million people by 2015 based on high birth 
rates and continuing migration from the countryside. In the past 50 years the growth of Istanbul has 
been stunning. The built-up area has expanded by 600 % and the population has grown even more, 
from approximately 1 million to 10 million. Istanbul has always been and still is a very densely populated 
city. The fact that it is divided by the Straits of Bosporus has created very specific land use development 
dynamics. 

Rapid growth has created numerous problems, such as traffic congestion, pollution (both air and water), 
unemployment and other social problems, large areas of unregulated housing (50–70 % according to 
Blue Plan, 2005) and squatter settlements, infrastructure which is lagging behind both the expansion of 
the city and increasingly restrictive environmental standards (Çağdaş & Berköz, 1996; Erkip, 2000). 

What will Istanbul physically look like in 2020? Population growth will remain a key driving force 
shaping the Istanbul of 2020. Growth of 25 % means 2.5 million new inhabitants, equivalent to the total 
population of Rome. It is also likely that with the modernisation of the economy and the changes brought 
by preparations for EU membership, the general standard of living will rise. The improved economic 
situation will lead to changing housing preferences, with increasing movement out of the city centre to 
the peripheral parts. (Ergun, 2004; Dökmeci et al., 1996). The new suburbs are typically more spacious, 
with dominance of larger detached and semi-detached houses, gardens etc. which particularly attract 
families (Dökmeci & Berköz, 2000). Even the phenomenon of gated cities, which are inhabited by the 
richest strata and guarded 24 hours a day with full commercial and recreational services have spread 
to the environs of Istanbul. There are almost 300 gated cities in the immediate vicinity of Istanbul 
metropolitan municipality (Blue plan, 2005). As a consequence of these developments the population 
density has dropped. The future of the squatter settlements is an unknown factor, although it is likely that 
rising living standards (Türkoğlu, 1997) and pressures from the EU will push the authorities to provide 
proper housing and services to the squatter settlements. The provision of improved housing for these 
areas will require the accommodation of the same number of people in apartments with at least double or 
triple the land take. 

Residential housing occupies only a part of urban space. Approximately one third is used for commerce, 
industries and transport purposes. These land use classes tend to grow at a much quicker pace than 
residential areas when the economy is expanding (Kasanko et al., 2006). As Istanbul will remain the 
engine of the Turkish economy and will inevitably attract a lot of foreign investment after joining the EU, 
it is certain that commercial and service related areas will grow very rapidly (Çağdaş & Berköz, 1996) 
and that new business and office areas will be built to accommodate the growth. The globalisation of the 
economy and rapid technological development will also create pressures for increases in commercial land. 
Attempts to alleviate major problems of traffic and congestion will require further space for new transport 
infrastructure. The Marmaray project linking the European and Asian parts of Istanbul via an underwater 
railway tunnel and linked to 76 km of combined tube and railway along the coastline will have a drastic 
impact on future land use in Istanbul. 

Future development paths: scenarios

The land use scenario for the year 2020 follows the main trends from 1988 to 2000 with slightly smaller 
growth expectations. The estimated population growth of 2.5 million inhabitants is comparable to the 
growth from 1988 to 2000. The simulation was made using the MOLAND model (Barredo et al., 2003; 
Barredo et al., 2004). 

Three clear development tendencies are evident (see Map). First, the filling in of available land within 
previously built-up areas on both the European and Anatolian sides of Istanbul. Second, the growth along 
the coastline both westwards and eastwards. This is particularly noticeable on the western side of the 
European part of Istanbul where large new residential areas are built in the Bükükçekmece area between 
the two lakes near the coastline. The future Marmaray rail link on the Anatolian side will support the 
development of the areas close to the coast on the eastern part of the study area. Third, the conservation 
of the forest area north of Istanbul where there is relatively little new residential development occurring. 
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Box 6 (cont.)

From an environmental point of view the future developments presented in these simulations are 
acceptable. Making the urban structure denser and channelling growth along the major transport axes 
reduces environmental impact, and retains large parts of the natural and agricultural areas in the vicinity of 
Istanbul. However, it should be emphasised that there are many drivers including housing preferences and 
land price, which are exerting pressure for less dense future development. Achieving more compact urban 
development and controlled growth necessitates political agreement on planning and zoning objectives and 
means of implementing them as well as the control of unauthorised developments. 

Map Istanbul 2000 and 2020

 
 
Source:  MOLAND (JRC) and Kasanko et al., 2006.
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4 The impacts of urban sprawl

'Four out of five European citizens live in urban areas and 
their quality of life is directly influenced by the state of the 
urban environment' (European Commission, 2006). 

Urban development has impacts far beyond the 
land consumed directly by construction and 
infrastructure and its immediate surroundings. 
Economic development and the marginalisation of 
land by consequent urban development generates 
the need for new transport infrastructures to 
link them together, which in turn produces 
more congestion, and additional costs to society 
(SACTRA, 1995). 

These developments, supported in part by EU 
budget transfers, have given a powerful economic 
boost to many disadvantaged regions or regions 
undergoing restructuring throughout Europe. 
Some of the most visible impacts, evident in urban 
sprawl, are apparent in countries or regions with 
rapid economic growth (Ireland, Portugal, eastern 
Germany, the Madrid region), regions that have also 
benefited most from EU regional policies. 

New Member States, where little urban sprawl 
has been detected, may follow the same path of 
urban development in the coming decades. The 
environmental impacts will be greater as these areas 
still possess large amounts of natural landscape. In 
particular, transport needs are set to grow rapidly 
in the context of the enlarged EU and the new 
EU neighbourhood policy. Preliminary analysis 
indicates that these developments will impact 
directly on valuable areas of natural landscape.

Experience shows, moreover, that many 
environmental problems generated by the expansion 
of our cities create economic and social implications 
for the city. Urban sprawl and the demise of local 
shopping and social infrastructures affect many 
cities with negative effects on the urban economy, 
as mentioned earlier. Furthermore, environmentally 
degraded urban areas are less likely to attract 
new enterprise and services, posing a significant 
impediment to further local investment. This in turn 
causes reallocation and the further exacerbation 
of urban sprawl. Environmental degradation also 

tends to reduce house prices in the urban core 
leading to concentrations of socially underprivileged 
groups, aggravating social exclusion (Austrian EU 
Presidency, 2006). 

The drivers of sprawl and their impacts are fully 
interconnected and essential to the concept of 
sustainable development and the associated 
ecosystems view of the functioning of the city and 
its surrounding areas. Both concepts inform the 
analysis of the impacts of urban sprawl in this 
chapter of the report. The interconnectedness of 
impacts poses some of the greatest challenges for 
the design of effective policy solutions to combat the 
problems of sprawl. However, active urban renewal 
and redevelopment policies in many urban areas 
are successfully reversing the deconcentration of 
urban centres and the decay of central city districts 
(Working group, 2004).

4.1 Environmental impacts

4.1.1	 Natural	resources	and	energy

Urban development involves the substantial 
consumption of numerous natural resources. The 
consumption of land and soil are of particular 
concern as they are mostly non-renewable resources. 
In contrast to changes in agricultural land use, the 
development of farmland for new housing or roads 
tends to be permanent and reversible only at very 
high costs. 

Over the past 20 years, as described in Chapter 2, 
low density suburban development in the periphery 
of Europe's cities has become the norm, and the 
expansion of urban areas in many eastern and 
western European countries has increased by over 
three times the growth of population (see Chapter 2, 
Figures 3 and 4). The problem of the rapid 
consumption of scarce land resources is graphically 
illustrated in the widespread sprawl of cities well 
beyond their boundaries (Figure 8). 

Urban sprawl has also produced increased 
demands for raw materials typically produced in 
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Figure 8 Growth of built-up areas outside 
urban areas (1990–2000)
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Source:  EEA (CLC 2000, UMZ 2000).

remote locations and requiring transportation. The 
consumption of concrete in Spain, for example, has 
increased by 120 % since 1996, reaching a level of 
51.5 million tons in 2005. This increased demand 
reflects major expansion of construction activity in 
Spain, mainly along the coast and around major 
cities, where urban sprawl has become endemic. 
Associated environmental conflicts include the 
expansion of quarries adjacent to nature reserves 
and the over-extraction of gravel from river beds.

Urban sprawl and the development of urban land 
also dramatically transform the properties of 
soil, reducing its capacity to perform its essential 
functions. These impacts are evident in the extent 
of compaction of soil leading to impairment of 
soil functions; loss of water permeability (soil 
sealing) which dramatically decreases; loss of soil 
biodiversity, and reductions of the capacity for the 
soil to act as a carbon sink. In Germany, for example, 
it is estimated that 52 % of the soil in built-up areas 
is sealed (or the equivalent of 15 m2 per second over 
a decade). Regions such as Mediterranean coastal 
areas have experienced 10 % increase in soil sealing 
during the 1990s. In addition, rainwater which falls 
on sealed areas is heavily polluted by tire abrasion, 
dust and high concentrations of heavy metals, which 
when washed into rivers degrade the hydrological 
system.

Land use change also alters water/land-surface 
characteristics which, in turn, modify surface and 

groundwater interactions (discharge/recharge 
points), to the point that a majority of the small 
watersheds affected by urban sprawl show 
hydrological impairment. If the capacity of certain 
territories to maintain the ecological and human 
benefits from ground water diminishes, this 
could lead to conflicts due to competition for the 
resource. These conditions generally generate 
strong migratory flows of people looking for 
places offering a better quality of life (Delgado, J., 
2004). Areas in the southern part of Europe, 
where desertification processes are at work, are 
particularly sensitive to such a situation. Reducing 
groundwater recharge might in addition negatively 
impact on the hydrological dynamics of wetlands 
that surround sprawled cities (Salama et al., 1999).

Changes in lifestyle associated with urban sprawl 
contribute as well to increases in resource use. 
As mentioned in Chapter 3, people are living 
increasingly in individual households, which 
tend to be less efficient, requiring more resources 
per capita than larger households. For instance, a 
two-person household uses 300 litres of water per 
day, two single households use 210 litres each. A 
two-person household will use 20 % less energy 
than two single person households. The number 
of households grew by 11 % between 1990 and 
2000, a trend that increases land use and acts as a 
driver for expansion of urban areas. The general 
trend is for greater consumption of resources per 
capita with an associated growth in environmental 
impact. This adds pressure to the fact that about 
60 % of large European cities are already over-
exploiting their groundwater resources and water 
availability.

A further consequence of the increasing 
consumption of land and reductions in population 
densities as cities sprawl is the growing 
consumption of energy. Generally, compact urban 
developments with higher population densities 
are more energy efficient. Evidence from 17 cities 
around the world (Figure 9) shows a consistent 
link between population density and energy 
consumption, and in particular high energy 
consumption rates that are associated with lower 
population densities, characteristic of sprawling 
environments, dependent on lengthy distribution 
systems that undermine efficient energy use. 

Transport related energy consumption in cities 
depends on a variety of factors including the 
nature of the rail and road networks, the extent of 
the development of mass transportation systems, 
and the modal split between public and private 
transport. Evidence shows (Table 2) that there 
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is a significant increase in travel related energy 
consumption in cities as densities fall. Essentially, 
the sprawling city is dominated by relatively 
energy inefficient car use, as the car is frequently 
the only practical alternative to more energy 
efficient, but typically inadequate, relatively and 
increasingly expensive public transportation 
systems.

Increased transport related energy consumption 
is in turn leading to an increase in the emission of 
CO2 to the atmosphere. The relationship between 
population densities and CO2 emissions (Figure 10) 
is apparent as emissions increase progressively 
with falling urban densities. Although there are 
several factors that may explain differentials in 

Table 2 Population density, energy consumption and cost of transport

Density (population + jobs per 
hectare)

Annual energy consumption 
for travel (mega joules per 
inhabitant)

Cost of transport (% of GDP)

< 25 55 000 12.4

25 to 50 20 200 11.1

50 to 100 13 700 8.6

> 100 12 200 5.7

Source: Adopted from Newman, P. and Kenworthy, J., 1999.

CO2 emissions between cities, including the level 
of industrial activity and local climatic conditions, 
the predominance of car borne transportation in 
sprawling cities is clearly a major factor in the 
growth of urban green house gas emissions. Urban 
sprawl therefore poses significant threats to the 
EU Kyoto commitments to reduce greenhouse gas 
emissions by 2020.

Sprawl also increases the length of trips required 
to collect municipal waste for processing at 
increasingly distant waste treatment plants and this 
is expected to continue as household waste grows 
3–4 % annually. The material cycle is becoming 
geographically decoupled with increasing transport 
demands, impacting on transport related energy 
consumption and pollution emissions. 

Figure 10 Population density and CO2 
emissions, selected European cities

Source:  Adopted from Ambiente Italia, 2003.
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4.1.2	 Natural	and	protected	areas

The impacts of sprawl on natural areas are 
significant. Land sustains a number of ecosystems 
functions including the production of food, habitat 
for natural species, recreation, water retention and 
storage that are interconnected with adjacent land 
uses. The considerable impact of urban sprawl 
on natural and protected areas is exacerbated 
by the increased proximity and accessibility of 
urban activities to natural areas, imposing stress 
on ecosystems and species through noise and air 
pollution. 

But even where the direct advance of urban land 
on natural and protected areas is minimised, the 
indirect fragmentation impacts of transport and 
other urban-related infrastructure developments 
create barrier effects that degrade the ecological 
functions of natural habitats. Immediate impacts 
such as the loss of agricultural and natural land or 
the fragmentation of forests, wetlands and other 
habitats are well known direct and irreversible 
impacts. 

Urban land fragmentation, with the disruption of 
migration corridors for wildlife species, isolates 
these populations and can reduce natural habitats 
to such an extent that the minimum area required 
for the viability of species populations is no 
longer maintained. This process of degradation of 
ecological networks clearly threatens to undermine 
the important nature conservation efforts of 
initiatives such as Natura 2000 (see Box 7).

The environmental impacts of sprawl are evident 
in a number of ecologically sensitive areas located 
in coastal zones and mountain areas. Along the 
European coastal regions urban sprawl is endemic, 
Moreover, there is little prospect of relief over 
the next two decades, especially with a predicted 
increase in population of around 35 million people. 

The development related impacts on coastal 
ecosystems, and their habitats and services, have 
produced major changes in these coastal zones. 
The Mediterranean coast, one of the world's 
34 biodiversity hotspots, is particularly affected, 
and the increased demand for water for urban use, 
competes with irrigation water for agricultural land. 
This problem has been exacerbated by the increased 
development of golf courses in Spain, where the 
over-extraction of groundwater has led to salt water 
intrusion into the groundwater. Clearly all of this 
questions the sustainability of, in the long run, 
the economic development based on tourism that 

largely fuels this population explosion and urban 
sprawl. 

The mountain ranges of Europe are universally 
recognised as both the 'water tanks of Europe' 
and sensitive ecosystems. Currently, they are 
under severe threat from urban impacts. New 
transport infrastructures facilitate commuting to 
the many urban agglomerations with populations 
over 250 000 inhabitants that lie close to the 
mountain regions, encouraging urbanisation in 
the mountain zones. Increased transit and tourist 
traffic, particularly day tourism from the big cities, 
also adds to the exploitation of the mountain areas 
as a natural resource for 'urban consumption' by 
the lowland populations. More balance is needed 
in the urban-mountain relationship if the unique 
ecosystems of these regions are to be conserved. 

4.1.3	 Rural	environments

The growth of European cities in recent years has 
primarily occurred on former agricultural land 
(Figure 11). Typically, urban development and 
agriculture are competing for the same land, as 
agricultural lands adjacent to existing urban areas 
are also ideal for urban expansion. 

The motivations of farmers in this process are clear 
as they can secure substantial financial benefits for 
the sale of farmland for new housing or other urban 
developments. In Poland, for example, between 2004 
and 2006 the price of agricultural land increased on 
average by 40 %. Around the main cities and new 
highway developments, increases in price are often 
much higher (Figure 12).

Soils need to be conserved. They are non-renewable 
resources and the loss of agricultural land has 
major impacts on biodiversity with the loss 
of valuable biotopes for many animals, and 
particularly birds. Sprawling cities also threaten 
to consume the best agricultural lands, displacing 
agricultural activity to both less productive areas 
(requiring higher inputs of water and fertilisers) 
and more remote upland locations (with increased 
risk of soil erosion). In addition, the quality of the 
agricultural land that is not urbanised but in the 
vicinity of sprawling cities has also been reduced 
(Figure 13). 

All these characteristic impacts of urban sprawl 
are well illustrated by the Mediterranean coast. 
Throughout the region 3 % of farmland was 
urbanised in the 1990s, and 60 % of this land was of 
good agriculture quality. 
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Box 7  Urban pressure on Natura 2000 sites

Pressures on natural areas are derived not only from new land use change but equally from the cumulative 
effects of land uses in the past. Impacts are generated not only from major urban areas but also from the 
combined impacts of several small sources that can have equally severe effects. 

The map below shows the distribution of urban areas around Natura 2000 sites in the London metropolitan 
area, northern Belgium, the Netherlands and northern France. To the northeast of Paris, the urban fabric 
runs along the river Seine, adjacent to Natura 2000 sites. The strong interconnections between urban and 
natural areas are visible, with 10 % of forests in Belgium and 15 % in Netherlands within 5km of major 
cities with population in excess of 100,000. In the most extreme cases Natura 2000 sites are completely 
integrated within the urban areas, and so suffer major pressure from air pollution, noise and human 
disruption. 

Map Urban pressure on Natura 2000 sites in the coastal areas of the English Channel and 
 western Mediterranean 

 
Source:  EEA (based on Corine land cover 2000 and Natura 2000 data).
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Box 7  (cont.)

Pressures on urban areas are also great on coastal zones, particularly in the western Mediterranean. The 
map below shows a clear contrast between the expansion of urban areas on the coast and inland. In the 
case of Barcelona geographic constraints are driving sprawl to the coast, and as a consequence Natura 
2000 sites on the coast are becoming more isolated. Elsewhere new urban development is encroaching on 
inland protected areas. In some localities urbanisation is occurring within Natura 2000 sites.

Impact of transport infrastructure on protected sites: Via Baltica road development, southern 
part in Lithuania and North-Eastern Poland

Via Baltica is one of the routes planned within the TEN networks to connect the Baltic states and Finland 
with the rest of the EU. The route commences in Helsinki passing through the Baltic states to Warsaw and 
beyond. Via Baltica crosses the most important environmental zone in Poland. Unique in Europe, it consists 
of four very important natural forest and marshland sites (see map sites of environmental interest at 
regional, national, and European level). The marshes of Biebrza are the only natural wetlands remaining in 
the whole of Europe, and their protection is a key environmental priority for Poland. 

Map Transboundary Environmental Protection Zone: Lithuanian-Polish border 

Note:  The line indicating major roads in planning is an estimate only.

Source:  EEA (based on multiple source data).

The EU funds have now provided financial aid for the Polish government to commit to the construction of 
this part of the TEN networks, and despite major protests from ecological groups, as well as questions 
raised at the EU level, most of the plans for the Via Baltica have been accepted. 

The proposal is to build a dual carriageway that connects the border zone with the main cities of the region 
as an extension to the existing national road. The proposal routes part of the road close to the borders 
of the Biebrza National Park, and part of the route is directed through one of the Natura 2000 sites. To 
minimise environmental damage the route will be limited to a dual carriageway, instead of a motorway, 
and elsewhere the route will be tunneled or constructed on raised embankments. Clearly, there are many 
questions raised regarding the environmental impacts of this section of Via Baltica on the Transboundary 
Environmental Protection Zone. 
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Figure 11 Sprawl impacts on agricultural land and natural areas, selected European cities
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Figure 12  Trends in Polish agricultural prices 
2000–2004 (Polish Zloty)
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4.1.4	 Urban	quality	of	life,	hazards	and	health

As noted earlier, urban sprawl produces many 
adverse environmental impacts that have direct 
impacts on the quality of life and human health in 
cities, such as poor air quality and high noise levels 
that often exceed the agreed human safety limits. 

Figure 13 Loss of agricultural land outside 
urban areas

Source:  EEA (CLC 2000, UMZ 2000).
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In the period 1996–2002 significant proportions of 
the urban population were exposed to air pollutant 
concentrations in excess of the EU limit values 
(25–50 % of the urban population for different 
pollutants). It is estimated that approximately 
20 million Europeans suffer from respiratory 
problems linked to air pollution. In particular, 
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predictions for sea level rise, a substantial part of the 
population of Europe living in the coastal regions 
are highly vulnerable to sea level rise and flooding. 
It is clear that this is not a specific issue generated 
by urban sprawl, however, the management of these 
risks and planning for adaptation will be made more 
complicated if urban sprawl is not controlled.

Furthermore, the majority of coastal lowlands have 
ageing defense systems and considerable resources 
are needed to maintain and improve these systems 
in order to provide the capacity to withstand the 
predicted rise in sea levels. In addition and just as 
important is the fundamental need for new visions 
for urban and regional planning policy that respond 
to these challenges. These visions must recognise 
that continued sprawl in the coastal regions of 
Europe is fundamentally unsustainable. 

Finally, a further emerging issue is worth reporting: 
urban areas and their hinterlands are becoming 
increasingly vulnerable to geo-problems controlled 
by geological processes. The total cost of these 
problems to society ranges from major hazards 
(such as volcanic eruptions, earthquakes, floods, 
land subsidence, landslides) to minor hazards 
(such as local swelling or shrinking of clays in 
foundations). Reworking and removal of the soil 
surface by construction can unbalance watersheds 
and landscapes, contributing to the loss of biological 
diversity, ecosystem integrity and productivity, as 
well as to land degradation and erosion.

4.2 Socio-economic impacts

From a social perspective urban sprawl generates 
greater segregation of residential development 
according to income, as mentioned in Chapter 3. 
Consequently, it can exacerbate urban social and 
economic divisions. The socio-economic character 
of suburban and peripheral areas is typified by 
middle and upper income families with children, 
who have the necessary mobility and lifestyle to 
enable them to function effectively in these localities. 
However, the suburban experience for other groups, 
including the young and old, who lack mobility and 
resources can be very different and can reduce social 
interaction. Furthermore, large segments of urban 
society are excluded from living in such areas.

Social polarisation associated with urban sprawl is 
in some cities so apparent that the concept of the 
'divided' or 'dual' city has been applied to describe 
the divisions between the inner city core and the 
suburban outskirts. In the inner city, poor quality 
neighbourhoods often house a mix of unemployed 

the societal cost of asthma has been estimated at 
3 billion euro/year. Although current legislation 
restricts the emission of harmful substances, certain 
extreme events facilitated by climatic conditions, 
or even accidents, are of concern given the large 
number of people potentially exposed to these 
threats. Moreover, the impact of air pollution is 
becoming a global problem as a consequence of 
long-distance transportation of bio-accumulative 
substances. 

The level of air pollution exposure in the densely 
developed centres of cities may often be at 
higher levels than the suburbs due to the greater 
concentrations and slower movement of traffic. 
However, the noise produced by all vehicles, and 
the rapid growth in transport, particularly air and 
road transport, is more ubiquitous and has resulted 
in well over 120 million people throughout the 
EU being exposed to noise levels affecting their 
well-being. 

Sprawl related growth of urban transport and 
greenhouse gas emissions have major implications 
for global warming and climate change, with the 
expectation of increasingly severe weather events in 
the coming years and increased incidences of river 
and coastal flooding. The risks from the continued 
development of these areas in the context of a 
changing climate is evident in the recent major 
floods in Europe that have affected large urban 
populations. The floods in central Europe in August 
2002 caused 112 casualties and over 400 000 people 
were evacuated from their homes. These expected 
transformations pose major challenges for urban 
planning that are clearly focussed on the growth of 
urban sprawl along the coastal fringes throughout 
Europe, as well as development of sprawling 
extensions across greenfield sites in the river valleys 
and lowlands of Europe. 

The more general permanent flooding of the coastal 
regions of Europe due to rising sea levels and 
climate change is particularly worrying considering 
the concentration of urban populations along the 
coasts and the importance of these areas for tourism. 
The countries of Europe most vulnerable to coastal 
flooding include the Netherlands and Belgium, 
where more than 85 % of the coast is under 5 m 
elevation. Other countries at risk include Germany 
and Romania where 50 % of the coastline is below 
5 m, Poland (30 %) and Denmark (22 %), as well 
as France, the United Kingdom and Estonia where 
lowlands cover 10–15 % of the country. 

Overall, 9 % of all European coastal zones lie below 
5 m elevation. Even with conservative estimates of 
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people, the elderly poor, single young people and 
minority ethnic groups, often suffering from the 
impacts of the selective nature of migration and 
employment loss. 

These socio-economic problems are not, however, 
unique to city centres. In many cities similar 
social and economic problems have increasingly 
developed in the more peripheral areas where post 
war re-housing schemes are today home to some 
of the most disadvantaged urban groups and the 
location of the lowest quality environments. 

From an economic perspective urban sprawl is at the 
very least a more costly form of urban development 
due to:

• increased household spending on commuting 
from home to work over longer and longer 
distances;

• the cost to business of the congestion in 
sprawled urban areas with inefficient 
transportation systems;

• the additional costs of the extension of urban 
infrastructures including utilities and related 
services, across the urban region.

Urban sprawl inhibits the development of public 
transport and solutions based on the development 
of mass transportation systems, and the provision 
of alternative choices in transportation that are 
essential to ensure the efficient working of urban 
environments. These conclusions are reinforced by 
experience from both Munich and Stockholm where 
the efficient control of urban sprawl and resulting 
increase in population densities fosters the use of 
public transport and reduces the growth of car use 
(Lyons, 2003; Cameron et al., 2004). 

Economic inefficiency is also associated with the 
market orientated planning regimes that frequently 
generate sprawling urban areas. Market orientated 
land use allocations driving urban expansion and 
the transformation of economic activity often result 
in the abandonment of former industrial areas. As a 
result, there are many derelict or underused former 
industrial zones throughout Europe. In Spain about 
50 % of sites contaminated from past industrial 
activities are located in urban areas (1999), and in 
Austria it is estimated that abandoned industrial 
sites cover about 2 % of all urban areas (2004).

Generally, the efficiency savings of more compact 
city development as compared with market driven 
suburbanisation can be as high as 20–45 % in land 
resources, 15–-25 % in the construction of local roads 
and 7–15 % savings in the provision of water and 
sewage facilities (Burchell et al., 1992). 

EU enlargement and the accession of new 
Member States have in some instances generated 
economic effects with associated impacts on the 
development of cities. In Tallinn, for example, 
over the past 2–3 years the price of apartments has 
risen considerably during a period of widespread 
increases in real estate and land market transactions 
(Box 8). Generally, increased land prices throughout 
western Europe, as a consequence of urban 
sprawl and speculation, is attracting investors 
to new markets in the new Member States. The 
input of external capital distorts internal markets, 
particularly in small countries like Estonia which 
has a small property market and a population of just 
1.3 million. 

The failure to control urban sprawl at the local level 
despite the policies and tools that are available 
supports the case for the development of new 
initiatives and new policy visions to address 
these policy failures. The EU has obligations to 
act to address the impacts of urban sprawl for 
a wide variety of policy reasons. These include 
its commitments under environmental treaties 
to ensure that these impacts do not seriously 
undermine EU commitments to the Kyoto Protocol 
on greenhouse gas emissions. Other legal bases for 
action originate from the fact that some problems 
of urban sprawl arise from European intervention 
in other policy domains. Overall, these obligations 
define a clear responsibility and mandate for the 
EU to take an active lead in the development of 
new initiatives to counter the environmental and 
socio-economic impacts of sprawl. 

The following chapter examines the principles that 
should define the governance framework for action 
at EU level to combat urban sprawl. This includes 
policy definition according to the principles of 
sustainable development, policy coherence built 
around measures to secure policy integration via 
close coordination between different policies and 
initiatives, and better cooperation between different 
levels of administration. 
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Box 8 Effects of residential areas pricing on urban sprawl in Tallinn 

An inventory of the new residential areas (minimum 5 houses or doors in limits of 200 m from each other) 
in the Tallinn metropolitan area was carried out during January 2006 (Ahas et al., 2006; Tammaru et al., 
2006). The construction of the new residential areas has grown exponentially in 1991–2005. One third 
of all the households living in the suburbs of Tallinn live in the houses that were completed in 2005. The 
171 settlements under study consist of 3 400 dwellings housing 5 600 families and 17 200 inhabitants. It 
becomes evident that 46 % of settlements consist of single-family houses, but only 20 % of the households 
live in them. New housing is concentrated very close to the capital city, in limits of 10–15 km from city 
centre. New settlement areas are spatially more scattered into the new small settlements, mainly on the 
previous farmlands. The majority of new residential areas are located not far from the existing social 
infrastructure, but they are poorly equipped with it themselves. The local populations living in the city are 
beginning to realise new opportunities to sell their inner city apartments at higher prices and purchase new 
housing outside the city. These houses are located in scattered developments approximately 10–15 km 
from the centre of Tallinn typically on former farmlands. The majority of these new residential areas are 
located adjacent to the existing social infrastructures but have nonetheless poor social provision.  
 
Figure Tallinn average price of a two-room apartment (EEK/m2) 

Source:  Estonian Statistical Office, 2006. 

Map New settlements in Tallinn metropolitan area, 2006 

Source:  Tammaru et al., 2006.
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5 Responses to urban sprawl

'Creating high quality urban areas requires close 
coordination between different policies and initiatives, 
and better cooperation between different levels of 
administration. Member States have a responsibility 
to help regional and local authorities to improve the 
environmental performance of the cities of their country' 
(Communication from the European Commission 
to the Council and the European Parliament on 
Thematic Strategy on the Urban Environment, 
2006).

5.1 Initiatives to counter sprawl

This report presents the growing evidence that 
the drivers of many environmental problems 
affecting European urban land originate outside 
the urban territory where the changes are observed. 
The global market economy, trans-European 
traffic networks, large-scale demographic and 
socio-economic changes, cross-boundary pollution, 
as well as differences in land-planning mechanisms 
at national, regional and local levels, are the main 
drivers of change and environmental pressure on, 
and from, urban areas. As a result, there is now 
increasing awareness of the benefits of considering 
urban territory as an integrated unit for stimulating 
better coordination of policies and analysis of their 
economic, social and environmental impacts.

Managing cities is a complex and interrelated task 
which highlights the potential dangers of ad-hoc 
decision making: the solution to one problem, 
at one scale, is often the cause of another, at a 
similar or different scale. It is therefore of prime 
importance to recognise that while the city is 
the main focus of socio-economic activity, and 
the associated pressures and impacts on the 
environment, it cannot be managed in isolation 
from forces and decisions that originate well 
beyond the city borders. 

The EU can take a lead role in developing the best 
frameworks for action at all levels and pave the 
way for local leaders to do more, as attempted 
through recent decisions (European Commission, 
2005; 2006). 

A key dimension of such frameworks is the division 
of responsibilities between the different levels of 
city and regional governance. Urban and regional 
managers at the local level have prime responsibility 
for the management of the city and its region. But 
the strategies and instruments to control urban 
sprawl strongly depend on the interconnectedness 
between local, regional and national conditions that 
are increasingly reshaped by the realities of Europe's 
spatial development. New planning responses to 
combat urban sprawl therefore would be built on 
principles that recognise what is locally driven and 
what should be EU driven. 

A further dimension concerns the revision of the 
thrust of policy at the local level to counter sprawl, 
and the replacement of the dominant trends of 
urbanisation ('laissez-faire') with a new urbanism 
('creative control') (Laconte P., 2006). At present, 
planning policy solutions at all levels of governance 
more typically reflect the logic of economic 
development rather than a sustainable vision of 
urban Europe. 

New policy interventions to counter sprawl could 
be focused on the need to supplement the logic of 
the market and be based on demand-driven rather 
than supply-driven management. In this context, 
identifying the necessary spatial trade offs between 
economic, social and environmental objectives 
and the key requirements for the sustainable 
development of Europe's cities requires an improved 
regional contextualisation of the respective assets 
that should be maintained, restored or enhanced. 

This is the role devolved to spatial development 
in policy making where the EU can support the 
envisioning of spatial planning of Europe's cities 
and regions to effectively address the issue of urban 
sprawl. This articulated vision of sustainable urban 
and regional development can provide the context 
for a range of integrated mutually reinforcing policy 
responses, offering a new policy coherence to be 
implemented at all levels. Particular focus can be 
given to the key EU policy frameworks which can 
make major contributions to policies to combat 
urban sprawl, namely transport and cohesion policy. 
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5.2 The European spatial development 
perspective 

While EU territorial development is the subject 
of continuing debate, the links between territorial 
cohesion and economic and social cohesion, two 
fundamental aims of the European Union (Article 
16 of the Treaty), require further clarification 
and analysis. Many benefits can be secured from 
a broader vision of cohesion that encompasses 
the many dimensions of the development of 
territories, urban areas in particular, and their 
interrelationships.

Europe has continued to debate the merits of 
a stronger and more balanced territorial focus 
for its policies since the Member States and the 
European Commission presented the European 
Spatial Development Perspective (ESDP) in 1999. 
This debate has produced commonly agreed policy 
orientations focused around better territorial balance 
and cohesion, improved regional competitiveness, 
access to markets and knowledge, as well as the 
prudent management of natural and cultural 
resources.

These policy orientations reflect the ongoing 
geographical concentration of many parts of 
European society in highly urbanised areas. The 
long-term aim is to see a European territory with 
many prospering regions and areas, geographically 
widespread, all playing an important economic role 
for Europe and providing good quality of life for 
their citizens. Polycentric spatial development is the 
main concept underpinning the aims of territorial 
cohesion. The concept can be described as a bridging 
mechanism between economic growth and balanced 
development. Accordingly, polycentric development 
can bridge the divergent interests of the Member 
States by encouraging more balanced and 
coordinated competitiveness. Interest in polycentric 
development is also fuelled by the hypotheses put 
forward in the ESDP that polycentric urban systems 
are more efficient, more sustainable and more 
equitable than either monocentric urban systems or 
dispersed small settlements. This process should be 
considered in conjunction with the perspectives of 
land prices mentioned earlier in this report. This is 
particularly pertinent for agricultural land prices in 
the context of the new intensification of agriculture, 
driven by the increase of world-market prices and 
the evident growing demand for biofuels. 

One of the central tenets of the ESDP and its 
follow up studies, notably the Study Programme 
on European Spatial Planning (SPESP) is that 
'many local problems cannot be solved nowadays 

without an integrated way of looking at towns 
and countryside, since they tend to be regional 
problems'. In this context, a territorial dimension 
has been proposed for the conceptual basis of 
structural policies after 2007. The Commission has 
also proposed European territorial cooperation as 
an objective for Structural Funds interventions for 
2007–2013 in support of territorial cohesion within 
the EU.

At the same time, although the Lisbon Strategy has 
no explicit territorial dimension, one of its three 
main priorities calls for Europe to be made an 
attractive area in which to invest and work. This 
priority includes considerations relating to access 
to markets and the provision of services of general 
interest, as well as to factors relating to the creation 
of a healthy environment for enterprise and the 
family. The implementation of the Lisbon Strategy 
and future structural policies will take place in cities, 
regions, in national territories and at European level 
(European Commission, 2005). Therefore, a key 
question for policy-makers at different levels is to 
explore, identify, understand and select potential 
areas for development within their own territory 
in order to contribute effectively to this overall 
European strategy.

5.3 Current barriers to addressing 
urban sprawl 

Despite the complexity of urban systems, a 
piecemeal approach to urban management prevails 
in many cities; sprawl is seldom tackled as an 
integrated issue. In turn, issue integration is rarely 
matched by procedural integration through policy-
making, problem analysis and impact assessment, 
planning, financing and implementation, precisely 
because of the wide scope of the issues involved. 
This constraint on effective urban management, 
already identified as far back as the 1980s (European 
Commission, 1990), still remains high on political 
agendas (European Commission, 2006).

In this context, there is a continuing perception of 
cities as isolated from their wider regional context. 
In reality, however, the functional influences 
of cities are recognised as reaching far beyond 
their immediate boundaries. There are also 
multidimensional links between urban and rural 
areas that are becoming more and more apparent. 
Typically, in Europe today, cities flow imperceptibly 
across municipal boundaries. This process is 
at different stages of development in different 
countries, but it occurs everywhere. At the same 
time, the responsibility for land use management 
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remains divided between different administrations 
and this fragmentation of management, frequently 
exacerbated by the political tensions of neighbouring 
administrations, may lead to incoherent and 
uncoordinated land use management. 

There are many more dimensions to the 
management of urban sprawl. Societal behaviour, 
as mentioned in Chapter 3, is a major factor driving 
urban development as the desire for detached 
homes combines with the widespread use of cars. 
This reflects social values that place great emphasis 
on individual achievements rather than on group 
solidarity. Producers of consumer goods or services 
have made profitable use of this trend through 
detailed customer socio-cultural typologies and 
refined market segmentation (Laconte P., 2006). 

Illustrative of this reality is the fact that, for the past 
20 years, there have been four times more new cars 
than new babies, and vehicle-kilometres traveled 
in urban areas by road are predicted to rise by 40 % 
between 1995 and 2030. Levels of car ownership 
in the EU-10 are still not at the same levels as for 
EU-15, suggesting even further growth. If nothing 
is done, road congestion is expected to increase 
significantly by 2010 and the costs attributable to 
congestion will increase to approximately 1 % of 
Community GDP (EEA, 2006). 

The issue of mobility, and accessibility, therefore 
remains a critical challenge for urban planning and 
management, as well as a key factor in European 
territorial cohesion. The challenge is to secure a 
global approach that takes into account the real 
impacts of investments directed at the creation and 
sustainability of local activities and jobs, based on a 
balanced and polycentric development of European 
urban areas. 

These are challenges that must also be faced 
at regional, local and European levels, in the 
framework of the common transport policy and the 
Trans-European Transport Network (TEN-T). It is 
worth mentioning, in this respect, that in April 2004 
the European Parliament and the Council identified 
30 priority projects that represent an investment of 
EUR 225 billion by 2020, involving, for example, 
the construction of 12 000 km of highways. Will the 
history of urban sprawl in the EU-15 repeat itself in 
the EU-10? 

EU regional policy perspectives will play a major 
role in developing new transport networks during 
the 2007–2013 period, in accordance with the 
priority objectives proposed by the Commission, 
including convergence, regional competitiveness 

and employment, and territorial cooperation. 
Impact assessments of the effects on the expansion 
of city regions generated by these new transport 
investments will be critical for the attainment of all 
these priority objectives (Box 9). 

That said, it is vital to recall that the very complex 
nature of urban systems remains the principal 
barrier for current administrative and political 
initiatives tackling the problems of urban sprawl. 
The fundamental challenge remains understanding, 
in both functional and operational terms, the 
unsustainable development patterns of our cities 
so that future unsustainable development can be 
corrected or avoided. This is still a challenge even 
for experts studying the most 'sustainable' forms of 
urban development. 

In this context, the relationship between urban 
compactness and travel patterns (mobility) is central 
to the debate (Williams K. et al., 2000). However, 
there are more dimensions, for example, to the 
simple causal relationship between high-density 
development and reductions in mobility demand. 
Current monitoring and analysis of such links could 
be improved greatly if employment catchment 
areas were used to define functional urban regions 
(Laconte P., 2006). 

All things considered, the paradigm of the 
compact city as an immediate antidote to the 
sprawling city still cannot be fully substantiated. 
The effectiveness of compaction, as well as 
centralisation and concentration, have been 
thoroughly examined, including the various ways 
in which compaction can be achieved, such as 
intensification, new high-density development, 
traditional neighbourhood development etc. 
However, there are still uncertainties, particularly in 
the areas of ecological, social and economic impacts 
(Williams, K. et al., 2000). 

5.4 Policy coherence and effectiveness 

To be effective policies should deliver what is 
needed on the basis of clear objectives, in terms 
of time and with an evaluation of future impacts. 
Effectiveness also depends on implementing policies 
in a proportionate manner, on taking decisions at the 
most appropriate level, and ensuring that decisions 
taken at regional and local levels are coherent with 
a broader set of principles for sustainable territorial 
development across the EU. 

The EU has a responsibility and a specific capability 
to address the wide ranging and powerful pan-
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European regional forces generating urban sprawl 
with impacts beyond the control of urban managers 
at the local level. For these reasons, policies at 
all levels need to have an urban dimension that 
tackles urban sprawl and helps to redress market 
failures that drive urban sprawl and undermine a 
sustainable vision for the spatial planning of urban 
Europe.

The EU white paper on European governance 
provides the following framework of principles 
underpinning good governance that assists in 
defining a framework for intervention to counter 
sprawl at all levels: 

• Policy coherence: ensuring that policies are 
coherent and not sector-specific and that 
decisions taken at regional and local levels are 
coherent with a broader set of principles;

• Responsiveness to local conditions: flexibility in 
the means provided for implementing legislation 
and programmes with a strong territorial 
impact; 

• Cooperation in policy development: 
development of systematic dialogue and 
increased cooperation with European and 
national associations of regional and local 
government.

5.4.1	 Policy	coherence

Policy coherence provides the first principle of good 
governance through which the EU can support 
initiatives to counter urban sprawl. Cities can benefit 
from initiatives and programmes spanning the entire 
realm of European Commission competence; the 
framework for trilateral agreements between the EU, 
national governments and regional/local authorities 
(COM(2002)709) provides a specific example, and 
some agreements have already been signed, e.g. 
Milan (Laconte P., 2006). 

However, cities also need a long term sustainable 
policy vision to help synchronise the many 
critical success factors, including mobility, access 
to the natural environment, social and cultural 
opportunity, and employment, which all form the 
basis for sustainable urban development. At present, 
in many cases, the policy vision is poorly articulated 
permitting a market driven approach to dominate 
over the interests of sustainable development, a 
deficiency exacerbated by poor integration between 
the levels of governance. The EU can set the tone 
and direction for sectoral policy integration in cities 
whilst recognising that planning responses to the 
problem of sprawl must also be sensitive to the local 
and regional mix of priorities. 

As it stands, EU Cohesion Policy (2007–2013) offers 
an effective framework to build a coordinated 
and integrated approach to the sustainable 
development of urban and rural areas. The 
approach is essential to ameliorate the impacts of 
urban sprawl and specific actions include:

• coordination of land use policies, as well as 
Structural and Cohesion Funds investments 
between urban areas, rural areas, the regions 
and the national levels to manage urban 
sprawl. Initiatives to make urban areas and city 
centres attractive places to live and support the 
containment of urban sprawl;

• encouragement to Member States to explicitly 
delegate to cities funds addressing urban 
issues within Structural Funds operational 
programmes, with full responsibility 
throughout the process for the design and 
implementation of the delegated portion of the 
programme;

• investments to achieve compliance with EU 
laws on air quality, waste-water treatment, 
waste management, water supply and 
environmental noise. Active management 
of congestion, transport demand and public 
transport networks, with a view to improving 
air quality, reducing noise and encouraging 
physical activity all of which can assist in 
addressing the sprawl of cities;

• co-financing of activities under the Structural 
Funds based on plans that address the 
key challenges posed by sprawl and the 
improvement of the overall environmental 
quality of urban areas.

5.4.2	 Responsiveness	to	local	conditions	

Responsiveness to local conditions provides the 
second principle of good governance through which 
the EU can support initiatives to counter urban 
sprawl. The principle emphasises the need for 
flexibility in the means provided for implementing 
EU legislation and programmes with a strong 
territorial impact. 

The EU Urban Thematic Strategy offers an umbrella 
framework to support actions and solutions 
developed at the local level to address urban 
management problems including urban sprawl. 
The strategy offers a coordinated and integrated 
approach to assist Member States and local and 
regional authorities to meet existing environmental 
obligations, to develop environmental management 
plans and sustainable urban transport plans, and 
so to reinforce the environment contribution to the 
sustainable development of urban areas. 
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Box 9 Dresden and Prague: economic growth and new transport links 

German reunification and the collapse of the communist block led to changes in the economic regime from 
planned to market economy in both the former east Germany and the Czech Republic. Adaptation to the 
market economy caused many dramatic changes in traditional economic structures, such as a decrease in 
GDP and a high rate of unemployment, up to 25 % in Saxony. Towards the end of the 1990s, gradual but 
sustainable recovery of the economy commenced and political and social reforms took hold. These changes 
have created completely new driving forces for urban development. EU membership has also led to the 
growing engagement with European markets and access to EU development schemes e.g. TEN-T, ERDF, 
Cohesion Fund etc. For the new EU Member States (EU-10) gross domestic product is expected to triple and 
the number of households is projected to double between 2000 and 2030 (EEA, 2005). But in contrast to 
economic growth, the demographic trends for EU-10 show significant decreases of population, up to 7 % by 
2030 (EEA, 2005). It is clear that all the above-mentioned changes will have a strong impact on land use 
patterns in the area. 

Dresden–Prague: key driving forces for urban development

1950s to 1990s 1990s to present

Economy

• Planning economy • Market economy

• Emphasis on heavy industry and mining • Foreign (Czech Republic)/western German 
investments

• Emphasis on modern high-tech industries, 
commerce and services

• Construction boom

Population/urbanisation

• Slowing population growth since the 1970s • Decrease and ageing population

• Migration to the cities due to industrialisation • Migration of rural population into the cities  
compensates natural decrease of population in 
cities

• Emigration to western Europe for better jobs  
(Saxony)

Housing and planning policy

• Limited market for residential and land 
properties

• Open market for residential and land properties

• Land price was not considered in the planning  
process, dominance of political decisions

• Private sector interests competing with public 
interests in the planning process

• Construction of vast areas of block houses for  
industry workers (especially the Czech Republic)

• Low land prices outside cities and people's 
preference to move to one-family houses

Infrastructure

• Emphasis on public transport and rail • Growing importance of motorways

 
Future development paths: scenarios

Business-as-usual: Extrapolates moderate 1990s trends of land use change, indicating that the land use 
patterns of the area will not change considerably over the next two decades. 

Built-up expansion: Elaborates the socio-economic projections of the European Environmental Agency.

Motorway impact: Evaluates the impact of motorway development (A17/D8 part of TEN Corridor IV).

Around Dresden new residential districts are situated adjacent to existing ones and lead to the merging 
together of former clusters. Construction of the new motorway around the city from west to south creates 
a new development axis for commercial and industrial areas. The simulation results for Prague show a very 
different, more clustered type of future development. The radial network of motorways connecting the 
city to different destinations attracts the development of commercial zones and produces more clustered 
patterns of growth. The municipalities located in the vicinity of Prague experience intensive residential 
development and hence it can be assumed that demand for new housing will remain strong. 
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Box 9 (cont.)

The motorway A17/D8 can reinforce regional development and lead to the establishment of commercial 
and service areas adjacent to larger settlements and towns. In most cases the future growth pressures of 
Dresden and Prague will focus on agricultural land and natural areas around both cities. 

Map  Dresden-Prague: scenarios of urban land use development — late 2000–2020

A: Business-as-usual   B: Built-up expansion   C: Motorway impact

Source:  Moland (JRC).

Figure Land use changes in the Dresden-Prague Corridor 2000–2020

A: Business-as-usual   B: Built-up expansion   C: Motorway impact 

 
 
Source:  Moland (JRC).
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The Thematic Strategy provides a context in which 
good practice experiences of cities in combating 
urban sprawl can be applied and developed such as:

• the development of long term, consistent 
plans promoting sustainable development and 
the limitation of urban sprawl supported by 
monitoring and evaluation systems to verify 
results on the ground;

• policies for the the rehabilitation of derelict 
brownfield sites and renovation of public spaces 
to assist in the creation of more compact urban 
forms; 

• policies for the avoidance of the use of greenfield 
sites and complementary urban containment 
policies; 

• identification of the key partners including the 
private sector and community, as well as local, 
regional and national government and their 
mobilisation in the planning, implementation 
and evaluation of urban development;

• management of the urban-rural interface via 
cooperation and coordination between urban 
authorities and rural and regional authorities in 
promoting sustainable development.

5.4.3	 Cooperation	in	policy	development	

Cooperation in policy development provides the 
third principle of good governance through which 
the EU can support initiatives to counter urban 
sprawl. At the EU level, the Commission can ensure 
that regional and local knowledge and conditions 
are fully taken into account when developing 
policy proposals. In particular the aim is to develop 
systematic dialogue and increased cooperation 
with European and national associations of 
regional and local government and other local 
partners including regional and city networks and 
other NGOs. 

The essentials of this approach are based on the 
development of a reinforced culture of consultation 
and dialogue, a culture which is adopted by all 
European Institutions. In some policy sectors, 
where consultative practices are already well 
established, the Commission could develop 
more extensive partnership arrangements. The 
mobilisation of a broad range of partners with 
different skills has underpinned the 'Bristol 
Accord' in which local partnerships including 
public, private, voluntary and community interests 
are viewed as essential to deliver sustainable 
communities. 

Such partnerships need to be developed and 
maintained over the long term based on flexible 

cooperation between the different territorial levels. 
Regional and city networks and NGOs can in this 
manner make more effective contributions to EU 
policy development. 

5.5 Local urban and regional 
management

The analysis of cities in this report confirms that 
the success of local planning policies and practices 
in restricting the physical expansion of built-up 
areas is critical to efforts to constrain urban sprawl. 

The studies have identified planning policies and 
practices that have successfully restricted the 
sprawling expansion of built-up areas. Indeed, one 
fifth of the cities studied increased the density of 
residential areas from the mid-1950s. At the local 
level policies of urban containment are widely 
used in land use planning as a means of reducing 
urban sprawl and preserving farmland, including 
policies to limit greenfield and promote brownfield 
development based on more or less strict land use 
control. 

Given the heterogeneity of the cities considered in 
this report, the array of policies and other means 
to limit and prevent urban sprawl is potentially 
extensive. Further examination of the policies and 
means to limit urban sprawl in these cities may 
therefore offer deeper insights into the nature of 
the effective local management of urban sprawl. 
The prime aim is to acquire a full understanding 
of the policies and practices behind the 'success 
stories' so that this know-how can be made 
available to all European cities in combating urban 
sprawl. The following analysis of Munich (Box 10) 
highlights some best practice experience that can 
provide catalysts for future integrated approaches 
to the management of urban sprawl throughout 
Europe.

The Munich area has remained exceptionally 
compact when compared to many other European 
cities. The roots of this success may be traced to 
the decisions by the city's planners in the post war 
period to rebuild the historical centre enclosed by a 
combined park and traffic ring. This was followed 
in the early 1960s by the replacement of traditional 
town planning with integrated urban development 
planning, providing guidelines for all municipal 
responsibilities including economy, social issues, 
education, culture as well as town planning. 

By the 1990s comprehensive planning concepts 
were firmly established, based on an integrated 
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urban development plan and focused on the 
objective of keeping the Munich region compact, 
urban and green. Fundamental to the attainment of 
the plan's objectives are a mix of policy initiatives 
including the reuse of brownfield land, avoidance 
of expansion, mixed land use development 
integrating residential and commercial services, 
improvement of public transport as well as 
pedestrian and cycling facilities, and reinforcement 
of regional cooperation.

The Munich case study clearly emphasises the 
dominant role of local and regional policies in 
defining the spatial organisation of cities and 
regions. Munich has successfully adopted and 
implemented a compact city model in the planning 
of the city that has effectively contained urban 
sprawl based on the following key objectives and 
actions:

• integrated city development plan;
• regional cooperation;
• stakeholders' involvement in city planning;
• emphasis on reuse of vacant brownfields;
• continuously improving public transport with 

as few new roads as possible;
• compact-urban-green — keep the city compact 

and urban and green areas green;
• guarantee the necessary resources for 

implementing the strategies of all relevant 
policy areas (transport, housing etc.) for both 
'business as usual' situations and through major 
renovation projects.

The lessons from Munich can also provide the 
good practice basis for sustainable development 
that many other cities throughout Europe urgently 
require.

As well as issues concerning the potential for 
transfer of good practice experience, it is also clear 
that conflict with policy objectives at national, 
regional and local levels can also undermine local 
efforts to combat urban sprawl. The role that EU 
can play in combating sprawl should therefore be 
set not only in the context of complementing what 
is locally driven, but also proactively engaging 
at all levels, given the evident potential for local 
policy failure. 

5.6 By way of conclusion — combat 
against urban sprawl

Land use patterns across Europe show that 
tensions are arising almost everywhere between 
our need for resources and space and the capacity 

of the land to support and absorb this need. Urban 
development is the main driver. 

Throughout Europe in the 1990s, changes in land 
cover were mainly characterised by increases 
in urban and other artificial land development 
and forest area, at the expense of agricultural 
and natural areas. Anticipated growth of the 
urban population by 5 % in the coming decade, 
will further fuel these trends. Globalisation, 
transport networks, socio-demographic changes, 
societal aspirations for the 'urban culture' and 
uncoordinated land-planning mechanisms 
at various levels are the main sources of the 
environmental unsustainability of our cities. 

Scientists, planners and policy-makers are 
becoming increasingly aware that adequate 
decisions on urban development cannot be made 
solely at the local level. This is especially important 
in a European context where more and more urban 
areas are becoming connected in order to realise 
common objectives, such as the Lisbon agenda for 
growth and competitiveness. 

The history of human culture suggests that 
'landscape' is one of the earliest and most 
obvious concepts for perceiving and describing 
our changing environment, be it artificial or 
not. It is at the landscape level that changes of 
land use, naturalness, culture and character 
become meaningful and recognisable for human 
interpretation. In that sense, landscape is as much 
vision as it is reality. 

The way we perceive landscapes, the attraction 
we feel for some of them, and our feelings when 
conflicts arise over the use of land, are all matters 
of extreme importance for conservation and 
future human welfare. A landscape is essentially 
a photograph of what is going on; it reveals, in 
short, who we are. With urban sprawl-generated 
landscapes in continuous flux, we indeed reveal a 
lot about the footprints we will be leaving for the 
next generations. 

The present report demonstrates, in this context, 
the potential for local policy to be isolated in 
overcoming the serious impacts of urban sprawl 
throughout Europe, a fact which highlights the 
requirement for urgent action by all responsible 
agencies and stakeholders. The EU governance 
white paper defines the preconditions for good 
governance emphasising the need to assess 
whether action is needed at the EU level and the 
principles for action when required. 
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Box 10 Munich — development of the compact city

Munich is the capital of the Bavarian state and the 3rd largest city in Germany. The MOLAND study area 
comprises the city of Munich (Landhauptkapital) and 44 surrounding municipalities (completely or partially). 
The total area is 791 km2 and the resident population in 1990 was 1.69 million inhabitants. From 1955 to 
1990 the population has grown by 49 %. 

Munich — compact city

The Munich area has remained exceptionally compact if compared to many other European cities (see 
Chapter 2). It is the only urban area among the 24 urban areas studied where the built-up areas have 
grown at a clearly slower pace than the population. Another indicator of compactness is the share of 
continuous residential areas compared with all residential areas built after 1955. In all other Western 
European cities studied almost all residential areas, built after the 1950s, are discontinuous in character, 
but in Munich only one third is of this character and two thirds are densely built.

Bavarian planning solutions 

Munich was heavily bombed and mostly destroyed in World War II and immediately after the war the 
city's planners faced a decision whether to completely rebuild or to reconstruct what was destroyed. The 
outcome, in what later proved to be an excellent decision, was a mix of both approaches. The historical 
centre was rebuilt largely following the pre-war pattern and style. To ease traffic problems and to increase 
green urban areas a combined park and traffic ring was constructed around the historical city. 

By the early 1960s pressures to find new housing and transport solutions began to mount in Munich. The 
drivers for change were primarily the increased use of the private car, and strong inward migration from 
rural areas. At the same time at the Federal level in Germany, the new building law (Bundesbaugesetz) 
took effect. All these factors together influenced the far-sighted decision adopted by the Munich planners to 
move from traditional town planning to integrated urban development planning, providing guidelines for all 
municipal activities including economy, social issues, education, culture as well as town planning. The first 
integrated city-development plan of 1963 paved the way for Munich's modernisation. 

In the late 1960s another innovative tool was also adopted as a response to citizens' opposition to the new 
development plans. The mayor organised an open discussion forum for urban development issues that 
became a permanent platform where the stakeholders and the city planners could exchange views and 
opinions. At the same time an independent department was created with the responsibility to coordinate all 
municipal planning activities, strengthen links with research and stakeholders involvement.

Regional cooperation was seen as the only way of safeguarding the balanced regional development of 
Munich and the mainly rural neighbouring municipalities. As early as 1950 the majority of the municipalities 
in the Munich region discussed common urban development issues in the form of a 'Planning Association 
of Munich's Economic Region' which became the Munich Regional Planning Association. However, this 
cooperation has remained on a voluntary and consultative basis and no planning authority has been 
transferred to the regional level, in contrast to other German city-regions.

The 1970s and 1980s were characterised by more incremental developments and the planning vision 
became less clear. Nonetheless, the steps taken in the earlier period maintained the high planning 
standards and resulted in a compact and high-quality urban environment. The main objectives of this era 
were as follows:

• city in equilibrium where various economic, social and environmental interests are in balance;
• development of areas inside the urban structure instead of urban expansion in the periphery supported 

by economic incentives, and made possible by large brownfields vacated by industry, the military, the 
Federal Railroads (DBB) and the old airport in Riem;

• strong emphasis on public transport and new road development limited to a minimum;
• preservation of large green recreational areas around the city.

In the 1990s the comprehensive planning concept gained ground and a new version of the integrated urban 
development plan called 'Munich Perspective' was adopted in 1998. The slogan of the plan is to keep Munich 
region compact, urban and green. The plan covers economy, social issues, transport, environment and town 
planning. The main urban structure objectives include continued reuse of brownfields and avoidance of 
expansion. Mixed land use (residential, commercial, services) is seen as an important way of keeping the
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Box 10 (cont.)

city compact. Improvement of public transport as well as pedestrian and cycling facilities and reinforcing 
regional cooperation are also seen as fundamental for the attainment of the plan objectives.

Key objectives and actions for the compact city

• Integrated city development plan
• Regional cooperation
• Stakeholders' involvement in city planning
• Emphasis on reuse of vacant brownfields
• Continuously improving public transport with as few new roads as possible
• Compact-urban-green — keep the city compact and urban and green areas green
• Guarantee the necessary resources for implementing the strategies of all relevant policy areas (transport, 

housing etc.) for both 'business as usual' situations and through major renovation projects.

Map Land use changes in Munich urban area from 1955 to 1990

 

Source:  MOLAND (JRC).
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It is clear according to the good governance criteria 
that the EU has specific obligations and a mandate 
to act and take a lead role in developing the right 
frameworks for intervention at all levels, and to 
pave the way for local action. Policies at all levels 
including local, national and European need to have 
an urban dimension to tackle urban sprawl and 
help to redress the market failures that drive urban 
sprawl. The provision of new visions for the spatial 
development of Europe's cities and regions is vital 
for the creation of a range of integrated mutually 
reinforcing policy responses. 

The policy debate on sustainable visions for 
the spatial planning of urban Europe is already 
actively underway in the European Parliament. The 
Parliament's advocacy of the provision of urban 
green areas and large natural areas to bring citizens 
closer to nature, can form the entrée for wider EU 
contributions to this debate on the visions. This 
will set the tone and direction for sectoral policy 
implementation at all levels, and become the basis 
for the new urban planning model of city regional 
development.

In (re)developing integrated spatial planning for 
the key EU policy frameworks which make major 

contributions to policies to combat urban sprawl, 
transport and cohesion policies are without doubt 
crucially important dimensions for the delivery of 
positive outcomes. EU Cohesion Policy offers in 
particular an effective framework to articulate better 
coordination of land use policies and Structural and 
Cohesion Funds investments between urban areas, 
rural areas, and the regions that can effectively 
manage urban sprawl. 

Finally, good governance, in the context of the EU 
Urban Thematic Strategy, can be translated into 
the provision of support for actions and solutions 
developed at the local level to address urban 
management problems including urban sprawl. In 
this way the EU can directly assist in the transfer 
of good practice experience of the management 
of urban sprawl from one city to another and the 
dissemination of policy solutions that have proven 
effective. 

The impacts of urban sprawl have for years and 
decades generated debates among scientists and 
practitioners, less so among the authorities and 
policy-makers in charge. We hope, with this report, 
to contribute to raising further awareness reactions 
to an issue crucial to Europe's sustainable future. 
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Annex:  Data and methodological  
   approach

A The challenge of scales

The assessment of the phenomena of urban 
sprawl at the European level requires appropriate 
information and tools effective at different scales. 
The issue of urban sprawl must be defined and 
comprehended in the urban-regional context in 
which the dynamics of urban sprawl are operational 
and urban management undertaken. Furthermore, 
there is a need to broaden the window of inquiry 
in order to assess the extent of the impacts of urban 
sprawl across on the political and geographic 
territory of Europe. This is the challenge of scales 
as both the information used and tools applied in 
the assessment of urban sprawl must be effective at 
these scales. 

In this report two main data sets have been used, to 
establish linkages between the different scales:

• Corine land cover (1990 and 2000). CLC 
limitations include resolution of urban areas 
with minimum mapping unit 25 ha and 
minimum change detection of 5 ha. But CLC 
is currently the only harmonised spatial 
data covering all of Europe, with two time 
references shots for most countries. CLC makes 
it possible to assess the extent of urban sprawl 
in Europe, identifying different patterns and 
hot spots, and providing information about the 
neighbourhood of these zones so that change in 
the environmental context can be understood.

• MOLAND (Monitoring Land Use Dynamics) 
database. This is a comprehensive database of 
28 urban areas and 6 wider regions developed 
by JRC since 1998. MOLAND has four time 
windows: mid-1950s, late 1960s, mid-1980s and 
late 1990s. The database includes cities from 
all EU-15 countries except the Netherlands 
and Luxemburg, from several EU-10 countries 
as well as some countries in the pre-accession 
phase. Most urban areas in the MOLAND 
database have 0.5 to 2 million inhabitants. 
The selection of urban areas and regions was 
influenced by European research interests, 
for example, the inclusion of areas with 
Structural Funds subsidies, border regions, 

areas with specific development dynamics etc. 
For each urban area detailed information is 
available on land use/cover changes, but also 
on socio-economic data from the 1950s. The 
database provides a wide time frame that is 
generally lacking at the European level, and the 
wide distribution of cities is useful to illustrate 
issues that are not possible with a narrower 
frame of reference. 

It is important to emphasise that both data sources 
share the same definitions of land cover classes. 
In the case of MOLAND a more detailed level of 
subclasses has been derived in view of its higher 
level of resolution. The common basis of land use 
classes ensures some comparability of results.

B Definition of urban areas

Urban sprawl is extending urban growth far 
beyond their administrative boundaries, and in 
order to ensure that there is full comparability of 
results between cities the units of analysis need to 
be clearly defined. In this report urban areas have 
been defined by morphology and the distribution of 
urban land across the territory. CLC and MOLAND 
data sources originate from different projects, and so 
the definitional bases are slightly different. It should 
also be borne in mind that both data sources possess 
different resolutions. Overall, however, general 
trends, such as direction of change and order of 
magnitude of built-up areas, are consistent between 
both data sets. Details are provided in the following 
paragraphs.

Delineation	of	urban	morphological	zones	with	
Corine	land	cover

Urban morphological zones (UMZ) are defined as 
built up areas lying less than 200 m apart. Urban 
areas defined from land cover classes contributing to 
the urban structure and function are:

• continuous urban fabric (111 according to CLC 
code);
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Overview of the main databases used in this report

Data source MOLAND Corine land cover 1990 Corine land cover 2000

Responsible authority JRC EEA EEA

Period Start date 1950 1986 1999

End date 2000 1995 2001

Geographic coverage 28 cities and 6 wider regions 
in Europe

In this study are included: 
Belgrade, Bilbao, Bratislava, 
Brussels, Copenhagen, 
Dresden, Dublin, Grenoble, 
Helsinki, Iraklion, 
Istanbul, Lyon, Marseille, 
Milan, Munich, Palermo, 
Pordenone, Porto, Prague, 
Sunderland, Tallinn, Trieste, 
Udine, Vienna

EU-25 (with the exception 
of Sweden, Cyprus, Malta), 
Bulgaria, Croatia, and 
Romania

EU-25 Member States of 
the EU and Albania, Bosnia 
and Herzegovina, Bulgaria, 
Croatia, Liechtenstein, 
Macedonia

Spatial resolution Minimum mapping unit 1 ha 
for the artificial surfaces 
and 3 ha for non-artificial 
surfaces

Minimum mapping unit 
25 ha

Minimum mapping unit 
25 ha

Minimum change detection 
5 ha

Temporal coverage mid-1950s, late 1960s, 
mid-1980s and late 1990s

1990 +/– 8 2000 +/– 3 years

Quality Accuracy > = 85 % Accuracy > = 85 % Accuracy > = 85 %

• discontinuous urban fabric (112 according to 
CLC code);

• industrial or commercial units (121 according to 
CLC code);

• green urban areas (141 according to CLC code). 

In addition port areas, airports, and sport and 
leisure facilities, are also included if they are 
neighbours of the core classes or are contiguous with 
the core classes. 

Once UMZ have been identified according to 
the procedure outlined above, a second step is 
undertaken to include road and rail networks, and 
water courses, if they within 300 m of the UMZ 
defined in the first step. Finally, forest and scrub 
(311, 312, 313, 322, 323, 324 CLC code) are also 
included if they are completely within the core 
classes.

The UMZ has been delineated for CLC2000 (with 
reference year 2000). In order to reduce the large 
number of UMZs identified and work with a 
relevant subset, only UMZs with more than 100 000 
inhabitants have been selected. The allocation of the 
population has been undertaken as follows:

• EU-25: Population was derived multiplying 
land cover classes by Population Density Raster 
provided by JRC. The source data was from 
Eurostat (2001).

• Non-EU-25: Population data was derived from 
the CITYPOPULATION (www.citypopulation.
de) database, which in turn collects the 
information from national statistical offices. Data 
is provided by settlement, and settlements are 
then aggregated according to UMZ and data 
from 2001 added.

Urban	areas	in	MOLAND

The area of investigation was selected on the basis 
of the contiguous artificial surface or core area of 
the city, plus a peri-urban buffer zone. The former 
usually corresponds to the Artificial Surface class of 
the Corine land cover map and equals an area (A). 
The buffer zone was calculated as follows:

Buffer zone width = 0.25 x √A  (square root)

The buffer zone typically extends the urban area by 
approximately twice the core area. The calculated 
buffer has often been modified and adapted to the 
neighbouring structures in order to avoid excluding 
or cutting land uses of major significance such as 
an airport, village or, simply, the administrative 
boundaries. In this report urban area refers to the 
area that combines the core area and the buffer 
around it. The urban area is therefore always 
larger than the city, e.g. Munich includes the city of 
Munich and 44 surrounding municipalities either 
completely or partially.
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C  Assessing urban sprawl at the 
European level: Corine land cover

The assessment of urban sprawl has been 
undertaken within the framework of the land and 
ecosystem accounts method developed by the EEA 
and ETC/TE (EEA, 2006). It is based on the Corine 
land cover 2000 database which also contains a 
special data layer of 1990–2000 land cover changes. 
The land accounting methodology permits the 
measurement of land use change related to relevant 
socio-economic land use processes. It is especially 
relevant the grouping of all possible one-to-one 
changes between the 44 Corine land cover classes 
(1892 possible combinations) into 9 major land use 
process (see box below), called land cover flows, 
which facilitate the interpretation of the results. 

For this report the land cover changes include:

• Urban land management: Change of use e.g. 
from residential to commercial.

• Urban sprawl: Residential land development 
(class 1.1 of CLC — urban fabric) with loss of 
non urban land. 

• Sprawl of economic sites and infrastructures: 
Development of land for economic and 
infrastructure land uses (including sport and 
leisure facilities) with loss of non urban land. 
This can be further subdivided into industrial 
and commercial sites, services and recreation, 
transport networks and facilities, and waste 
disposal sites (see Figure 7 as an example).

 
Nomenclature of land cover change (Level 1)

LCF1  Urban land management

LCF2  Urban sprawl

LCF3  Extension of economic sites and 
 infrastructures

LCF4  Agricultural rotation and intensification

LCF5  Conversion of land to agriculture

LCF6  Forests creation and management

LCF7  Water body creation and management

LCF8  Changes of land cover due to natural 
 and multiple causes

These land cover changes have been analysed within 
the UMZs, for reference year 2000. As the focus is 
at the European scale, results can be aggregated in 
1 x 1 km grids (e.g. Maps 1 to 4).

In order to assess the extent of urban sprawl outside 
the UMZ, 3 buffers were defined:

• 0–5 km outside the boundary of the UMZ;
• 5–10 km outside the boundary of the UMZ;
• 10–20 km outside the boundary of the UMZ.

Within each buffer, urban sprawl was calculated and 
the results provided as a percentage of the total area 
(see Figure 8).

D Assessing urban sprawl at regional 
and local levels: MOLAND 

The MOLAND methodology for assessing urban 
sprawl consists of three phases which are described in 
the next paragraphs: change detection, understanding 
changes and the production of scenarios.

Change detection (CHANGE): The objective of 
change detection is to measure changes in the spatial 
extent of urban areas and wider regions.

CHANGE produces a reference land use database 
on the basis of satellite images (IRS) and ancillary 
data (such as maps, aerial photos etc.), typically 
for the years 1997 or 1998, and three historical land 
use databases for selected European urban areas. 
Historical databases are produced for three time 
periods: mid-1950s, late 1960s, and mid-1980s 
depending on the availability of source materials 
(aerial photos, satellite images etc.). 

Understanding (UNDERSTAND): Identifying and 
testing a number of indicators to be used to measure 
the 'sustainability of urban and peri-urban areas'. The 
total number of indicators in the MOLAND indicator 
databank is approximately 50.

For the purpose of this report the following indicators 
have been calculated:

• Growth of built-up areas from the 1950s to the 
late 1990s. 

Built-up area includes the following land use 
classes: residential areas, industrial and commercial 
and service areas and transport areas. It does not 
include green urban areas. The indicator has been 
calculated by taking the extent of the built-up area in 
the 1990s and the built-up area in the 1950s has been 
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subtracted from that area. The growth is expressed as 
a percentage.

• Annual growth of built-up areas from the 
mid-1950s to late 1990s (See above for definition). 
Growth has been calculated for three time 
periods:  
1950s–1960s, 1960s–1980s and 1980s–1990s. It has 
then been divided into an annual percentage.

• Share of low density residential areas compared 
with all residential areas built after the mid-1950s. 
In the MOLAND database the residential 
areas have been classified into two main 
categories: continuous and discontinuous. The 
discriminating factor is density. If buildings and 
other structures cover more than 80 % of the land, 
the area is classified as continuous residential area 
and if they cover less than 80 % it is classified as 
discontinuous residential area. The threshold of 
80 % has been used in this context as a boundary 
between dense and low-density residential areas. 
The indicator has been calculated by measuring 
the extent of all residential areas built after the 
1950s and low density residential areas built after 
the 1950s. The share is the percentage of the latter 
as compared with the former.

• The growth rate of residential, industrial, 
commercial and transport areas (from the 
mid-1950s to the end 1990s). The indicator has 
been calculated by measuring the extent of 
residential, industrial, commercial and transport 
areas in the 1990s and comparing with the same 
areas in the 1950s. Growth is expressed as a 
percentage.

• City population and built up area growth from 
1950s to 1990s. The population statistics have 
been collected from municipal, regional and 
national statistical offices. If a municipality is only 
partially included in the MOLAND database, 
the population figure for that municipality is 
proportionally reduced.

• Residential density (measured by inhabitants/
residential km2). The indicator has been calculated 
by dividing the total number of the population by 
the area of residential land use.

Development of scenarios (FORECAST): 
Development of 'urban growth' scenarios for a sub-

set of the 25 cities, using state-of-the-art urban 
cellular automata model.

The MOLAND urban growth model is based on 
dynamic spatial systems called 'cellular automata'. 
Inputs to the model are different types of spatially 
referenced digital data including: 

• Land use maps showing the distribution of 
land use types in the area of interest. These 
maps are derived from the MOLAND reference 
and historical land use databases. 

• Suitability maps showing the inherent 
suitability of the area of interest for different 
land use types. These maps are created using 
an overlay analysis of maps of various physical, 
environmental and institutional factors. 

• Zoning maps showing the zoning status (i.e. 
legal constraints) for various land uses in the 
area of interest. These maps are derived from 
existing planning maps e.g. master plans, 
zoning plans, designated areas, protected 
areas, historic sites, natural reserves, land 
ownership. 

• Accessibility maps showing accessibility to 
transportation networks for the area of interest. 
These maps are computed from the MOLAND 
land use and transportation network databases, 
based on the significance of access to transport 
networks for the various land uses. 

• Socio-economic data: for the main 
administrative regions of the area of 
interest, comprising demographic statistics 
i.e. population and income, and data on 
production and employment for the four main 
economic sectors e.g. agriculture, industry, 
commerce, and services. 

The outputs from the MOLAND urban model 
consist of maps showing the predicted evolution of 
land use in the area of interest over the next twenty 
years. By varying the inputs into the MOLAND 
urban model e.g. zoning status, transport networks 
etc, the model can be used as a powerful planning 
tool to explore in a realistic way future urban and 
regional development, under alternative spatial 
planning and policy scenarios, including the 
scenario of non-planning. 
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ABSTRACT 
 
 The thesis deals with the detailed modeling of a permanent magnet synchronous 

motor drive system in Simulink. Field oriented control is used for the operation of the drive. 

The simulation includes all realistic components of the system. This enables the calculation 

of currents and voltages in different parts of the inverter and motor under transient and steady 

conditions. The losses in different parts are calculated, facilitating the design of the inverter. 

 A closed loop control system with a Proportional Integral (PI) controller in the 

speed loop has been designed to operate in constant torque and flux weakening regions. 

Implementation has been done in Simulink. A comparative study of hysteresis and Pulse 

Width Modulation (PWM) control schemes associated with current controllers has been 

made in terms of harmonic spectrum and total harmonic distortion. Simulation results are 

given for two speeds of operation, one below rated and another above rated speed.    
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RESUMEN  

Este trabajo trata de modelaje detallado de motores sincrónicos de imán permanente 

en sistemas de mando utilizando Simulink. La simulación incluye todos los componentes 

reales del sistema de mando, permitiendo el cálculo de corrientes y voltajes en las diferentes 

partes del inversor y el del motor durante condiciones transitorias y en estacionarias. Las 

perdidas en las diferentes partes son calculadas para facilitar el diseño del inversor. 

Un sistema de lazo cerrado con un controlador PI en el lazo de velocidad fue 

diseñado para operar en las regiones de torque constante y reducción de flujo. Se realizo la 

implementación utilizando Simulink. Un estudio comparativo de los métodos de control 

hysteresis y PWM asociados a controladores de corriente, en términos de espectro harmónico 

y total de distorsión harmónica. Resultados de las simulaciones son presentadas para dos 

velocidades de operación, uno bajo la velocidad de placa y otra sobre la velocidad de placa.    
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2  

1 INTRODUCTION 
 

Permanent magnet (PM) synchronous motors are widely used in low and mid power 

applications such as computer peripheral equipments, robotics, adjustable speed drives and 

electric vehicles.  

 The growth in the market of PM motor drives has demanded the need of simulation 

tools capable of handling motor drive simulations. Simulations have helped the process of 

developing new systems including motor drives, by reducing cost and time. Simulation tools 

have the capabilities of performing dynamic simulations of motor drives in a visual 

environment so as to facilitate the development of new systems. 

 In this work, the simulation of a field oriented controlled PM motor drive system is 

developed using Simulink. The simulation circuit will include all realistic components of the 

drive system. This enables the calculation of currents and voltages in different parts of the 

inverter and motor under transient and steady conditions. The losses in different parts can be 

calculated facilitating the design of the inverter. 

  A closed loop control system with a PI controller in the speed loop has been 

designed to operate in constant torque and flux weakening regions. Implementation has been 

done in Simulink. A comparative study of hysteresis and PWM control schemes associated 

with current controllers has been made in terms of harmonic spectrum and total harmonic 

distortion. Simulation results are given for two speeds of operation, one below rated and 

another above rated speed.    
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1.1 Motivation 

Modeling and simulation is usually used in designing PM drives compared to 

building system prototypes because of the cost. Having selected all components, the 

simulation process can start to calculate steady state and dynamic performance and losses 

that would have been obtained if the drive were actually constructed. This practice reduces 

time, cost of building prototypes and ensures that requirements are achieved. 

 In works available until now ideal components have been assumed in the inverter 

feeding the motor and simulations have been carried out. The voltages and currents in 

different parts of the inverter have not been obtained and hence the losses and efficiency can 

not be calculated. In this work, the simulation of a PM motor drive system is developed using 

Simulink. The simulation circuit includes all realistic components of the drive system. This 

enables the calculation of currents and voltages in different parts of the inverter and motor 

under transient and steady conditions. The losses in different parts are calculated. A 

comparative study associated with hysteresis and PWM control techniques in current 

controllers has been made.  

A speed controller has also been designed for closed loop operation of the drive. 

Design method for the PI controller is also given.  

 

 

 



 
 
 
 

 

 4 

1.2 Previous Work 

PM motor drives have been a topic of interest for the last twenty years. Different 

authors have carried out modeling and simulation of such drives. 

In 1986 Sebastian, T., Slemon, G. R. and Rahman, M. A. [1] reviewed permanent 

magnet synchronous motor advancements and presented equivalent electric circuit models 

for such motors and compared computed parameters with measured parameters. 

Experimental results on laboratory motors were also given.  

In 1986 Jahns, T.M., Kliman, G.B. and Neumann, T.W. [2] discussed that interior 

permanent magnet (IPM) synchronous motors possessed special features for adjustable speed 

operation which distinguished them from other classes of ac machines. They were robust 

high power density machines capable of operating at high motor and inverter efficiencies 

over wide speed ranges, including considerable range of constant power operation. The 

magnet cost was minimized by the low magnet weight requirements of the IPM design. The 

impact of the buried magnet configuration on the motor’s electromagnetic characteristics was 

discussed. The rotor magnetic saliency preferentially increased the quadrature-axis 

inductance and introduced a reluctance torque term into the IPM motor’s torque equation. 

The electrical excitation requirements for the IPM synchronous motor were also discussed. 

The control of the sinusoidal phase currents in magnitude and phase angle with respect to the 

rotor orientation provided a means for achieving smooth responsive torque control. A basic 

feed forward algorithm for executing this type of current vector torque control was discussed, 

including the implications of current regulator saturation at high speeds. The key results were 

illustrated using a combination of simulation and prototype IPM drive measurements.  
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In 1988 Pillay and Krishnan, R. [3], presented PM motor drives and classified them  

into two types such as permanent magnet synchronous motor drives (PMSM) and  brushless 

dc motor (BDCM) drives. The PMSM has a sinusoidal back emf and requires sinusoidal 

stator currents to produce constant torque while the BDCM has a trapezoidal back emf and 

requires rectangular stator currents to produce constant torque. The PMSM is very similar to 

the wound rotor synchronous machine except that the PMSM that is used for servo 

applications tends not to have any damper windings and excitation is provided by a 

permanent magnet instead of a field winding. Hence the d, q model of the PMSM can be 

derived from the well known model of the synchronous machine with the equations of the 

damper windings and field current dynamics removed. Equations of the PMSM are derived 

in rotor reference frame and the equivalent circuit is presented without dampers. The damper 

windings are not considered because the motor is designed to operate in a drive system with 

field-oriented control. Because of the nonsinusoidal variation of the mutual inductances 

between the stator and rotor in the BDCM, it is also shown in this paper that no particular 

advantage exists in transforming the abc equations of the BCDM to the d, q frame. 

As an extension of his previous work, Pillay, P. and Krishnan, R. in 1989 [4] 

presented the permanent magnet synchronous motor (PMSM) which was one of several types 

of permanent magnet ac motor drives available in the drives industry. The motor had a 

sinusoidal flux distribution. The application of vector control as well as complete modeling, 

simulation, and analysis of the drive system were given. State space models of the motor and 

speed controller and real time models of the inverter switches and vector controller were 

included. The machine model was derived for the PMSM from the wound rotor synchronous 
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motor. All the equations were derived in rotor reference frame and the equivalent circuit was 

presented without dampers. The damper windings were not considered because the motor 

was designed to operate in a drive system with field-oriented control. Performance 

differences due to the use of pulse width modulation (PWM) and hysteresis current 

controllers were examined. Particular attention was paid to the motor torque pulsations and 

speed response and experimental verification of the drive performance were given. 

 Morimoto, S., Tong, Y., Takeda, Y. and Hirasa, T. in 1994 [5], in their paper aimed 

to improve efficiency in permanent magnet (PM) synchronous motor drives. The controllable 

electrical loss which consisted of the copper loss and the iron loss could be minimized by the 

optimal control of the armature current vector. The control algorithm of current vector 

minimizing the electrical loss was proposed and the optimal current vector could be decided 

according to the operating speed and the load conditions. The proposed control algorithm 

was applied to the experimental PM motor drive system, in which one digital signal 

processor was employed to execute the control algorithms, and several drive tests were 

carried out. The operating characteristics controlled by the loss minimization control 

algorithm were examined in detail by computer simulations and experimental results. 

  The paper in 1997 by Wijenayake, A.H. and Schmidt, P.B. [6], described the 

development of a two-axis circuit model for permanent magnet synchronous motor (PMSM) 

by taking machine magnetic parameter variations and core loss into account. The circuit 

model was applied to both surface mounted magnet and interior permanent magnet rotor 

configurations. A method for on-line parameter identification scheme based on no-load 

parameters and saturation level, to improve the model, was discussed in detail. Test schemes 
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to measure the equivalent circuit parameters, and to calculate saturation constants which 

govern the parameter variations were also presented. 

 In 1997 Jang-Mok, K. and Seung-Ki, S. [7], proposed a novel flux-weakening 

scheme for an Interior Permanent Magnet Synchronous Motor (IPMSM). It was implemented 

based on the output of the synchronous PI current regulator reference voltage to PWM 

inverter. The on-set of flux weakening and the level of the flux were adjusted inherently by 

the outer voltage regulation loop to prevent the saturation of the current regulator. Attractive 

features of this flux weakening scheme included no dependency on the machine parameters, 

the guarantee of current regulation at any operating condition, and smooth and fast transition 

into and out of the flux weakening mode. Experimental results at various operating 

conditions including the case of detuned parameters were presented to verify the feasibility 

of the proposed control scheme. 

Bose, B. K., in 2001 [8], presented different types of synchronous motors and 

compared them to induction motors. The modeling of PM motor was derived form the model 

of salient pole synchronous motor. All the equations were derived in synchronously rotating 

reference frame and was presented in the matrix form. The equivalent circuit was presented 

with damper windings and the permanent magnet was represented as a constant current 

source. Some discussions on vector control using voltage fed inverter were given.  

Bowen, C., Jihua, Z. and Zhang, R. in 2001 [9], addressed the modeling and 

simulation of permanent magnet synchronous motor supplied from a six step continuous 

inverter based on state space method. The motor model was derived in the stationary 

reference frame and then in the rotor reference frame using Park transformation. The 
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simulation results obtained showed that the method used for deciding initial conditions was 

very effective. 

In 2002 Mademlis, C. and  Margaris, N. [10], presented an efficiency optimization 

method for vector-controlled interior permanent-magnet synchronous motor drive. Based on 

theoretical analysis, a loss minimization condition that determines the optimal q-axis 

component of the armature current was derived. Selected experimental results were presented 

to validate the effectiveness of the proposed control method. 

In 2004, Jian-Xin, X.,  Panda, S. K.,  Ya-Jun, P., Tong Heng, L. and  Lam, B. H. [11] 

applied a modular control approach to a permanent-magnet synchronous motor (PMSM) 

speed control. Based on the functioning of the individual module, the modular approach 

enabled the powerfully intelligent and robust control modules to easily replace any existing 

module which did not perform well, meanwhile retaining other existing modules which were 

still effective. Property analysis was first conducted for the existing function modules in a 

conventional PMSM control system: proportional-integral (PI) speed control module, 

reference current-generating module, and PI current control module. Next, it was shown that 

the conventional PMSM controller was not able to reject the torque pulsation which was the 

main hurdle when PMSM was used as a high-performance servo. By virtue of the internal 

model, to nullify the torque pulsation it was imperative to incorporate an internal model in 

the feed-through path. This was achieved by replacing the reference current-generating 

module with an iterative learning control (ILC) module. The ILC module records the cyclic 

torque and reference current signals over one entire cycle, and then uses those signals to 

update the reference current for the next cycle. As a consequence, the torque pulsation could 
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be reduced significantly. In order to estimate the torque ripples which might exceed certain 

bandwidth of a torque transducer, a novel torque estimation module using a gain-shaped 

sliding-mode observer was further developed to facilitate the implementation of torque 

learning control. The proposed control system was evaluated through real-time 

implementation and experimental results validated the effectiveness.  

 Araujo, R.E., Leite, A.V. and Freitas, D.S. in 1997 [12], mentioned the 

different simulation tools available and the benefits that were obtained by accelerating the 

process for the development of visual design concepts. Among various software packages for 

simulation of electronic circuits, like SPICE and SABER, EMTP, EUROSTAG, or for 

specialized simulations tools for power electronics system like SIMPLORER, POSTMAC, 

SIMSEN, ANSIM, and PSCAD, they had chosen MATLAB/Simulink. MATLAB/Simulink 

had user-friendly environment, visual design, Real-Time Workshop and libraries of models 

for the various components of a power electronic system. 

Ong, C in 1998 [13], explained the need for powerful computation tools to solve 

complex models of motor drives. Among the different simulation tools available for dynamic 

simulation he had chosen MATLAB/SIMULINK® as the platform for his book because of 

the short learning curve required to start using it, its wide distribution, and its general 

purpose nature. 

 Macbahi, H. Ba-razzouk, A. Xu, J. Cheriti, A. and Rajagopalan, V. in 2000 [14], 

mentioned that a great number of universities and researchers used the 

MATLAB/SIMULINK software in the field of electrical machines because of its advantages 
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such as  user friendly environment, visual oriented programming concept, non-linear 

standard blocks and a large number of toolboxes for special applications. 

 In 1997 Reece, J.H., Bray, C.W., Van Tol, J.J. and Lim, P.K. [15], discussed three 

possible computer simulation tools such as PSpice, HARMFLO and the Electromagnetic 

Transients Program (EMTP) in their project on power systems containing adjustable speed 

drives. They selected EMTP as the primary simulation tool because of its broad range of 

capabilities, which were well matched to their problem.  

 French, C.D., Finch, J.W. and Acarnley, P.P. in 1998 [16], had found that in recent 

years the increase in desktop computing power has lead to an increase in the sophistication of 

both design and simulation tools available to the design engineer. One such tool becoming 

more wide spread amongst academia and industry was Mathwork’s Simulink / Matlab 

package. This paper described how Simulink could be used as an integrated development 

environment for simulation and real time control of electric motor drive systems. This was 

carried out with the aid of motor models together with simulation and real time control 

circuits. It was demonstrated how such a set-up could be used as a cost effective control 

system rapid prototyping scheme. 

Onoda, S. and Emadi, A. in 2004 [17], had developed a modeling tool to study 

automotive systems using the power electronics simulator (PSIM) software. PSIM was 

originally made for simulating power electronic converters and motor drives. This user-

friendly simulation package was able to simulate electric/electronic circuits. 
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Venkaterama, G. [18]; had developed a simulation for permanent magnet motors 

using Matlab/simulink. The motor was a 5 hp PM synchronous line start type. Its model 

included the damper windings required to start the motor and the mathematical model was 

derived in rotor reference frame. The simulation was presented with the plots of rotor 

currents, stator currents, speed and torque. 

 Simulink PM Synchronous Motor Drive demo circuit (2005) [19] used the AC6 block 

of SimPowerSystems library. It modeled a permanent magnet synchronous motor drive with 

a braking chopper. The PM synchronous motor was fed by a PWM voltage source inverter, 

which was built using a Universal Bridge Block. The speed control loop used a PI regulator 

to produce the flux and torque references for the vector control block. The vector control 

block computed the three reference motor line currents corresponding to the flux and torque 

references and then fed the motor with these currents using a three-phase current regulator. 

Motor current, speed, and torque signals were available at the output of the block.   

 The demo circuit (2005) in Simulink for Permanent magnet synchronous motor fed 

by PWM inverter [20] had a three-phase motor rated 1.1 kW, 220 V, 3000 rpm. The PWM 

inverter was built entirely with standard Simulink blocks. Its output went through Controlled 

Voltage Source blocks before being applied to the PMSM block's stator windings. Two 

control loops were used. The inner loop regulated the motor's stator currents. The outer loop 

controlled the motor's speed. Line to line voltages, three phase currents, speed and torque 

were available at the output of the scope blocks.   

In the above works, none of them have considered a real drive system simulation in 

Simulink operating at constant torque and flux weakening regions. 
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1.3 Outline of the Present Work 

 The thesis is divided into 6 chapters. Chapter 2 presents a theoretical review of 

permanent magnet motors drives which includes permanent magnet materials, classification 

of the permanent magnet motors, position sensors, inverters and current controllers.  Chapter 

3 deals with the detailed modeling of PMSM, closed loop control techniques used for PM 

motor drives, field oriented control of the motor in constant torque and flux-weakening 

regions, and the design of speed control for PM motor. The fourth chapter is dedicated to the 

simulation. It deals with the selection of the simulation tool for dynamic simulation of motor 

drives. The real drive system is simulated using Simulink with block by block explanation. 

Chapter 5 deals with the simulation results. A comparative study of PMW and Hysteresis 

current controllers used with this drive system has been made in terms of total harmonic 

distortion. Finally, Chapter 6 presents general conclusions and recommendations for future 

work. 
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2 DESCRIPTION OF THE DRIVE SYSTEM 

This chapter deals with the description of the different components such as permanent 

magnet motors, position sensors, inverters and current controllers of the drive system. A 

review of permanent magnet materials and classification of permanent magnet motors is also 

given.  

 

2.1  Permanent Magnet Synchronous Motor Drive System 
 

The motor drive consists of four main components, the PM motor, inverter, control 

unit and the position sensor. The components are connected as shown in figure 2.1.  

 

Figure 2.1 Drive System Schematic 

Descriptions of the different components are as follows: 
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2.2  Permanent Magnet Synchronous Motor  

A permanent magnet synchronous motor (PMSM) is a motor that uses permanent 

magnets to produce the air gap magnetic field rather than using electromagnets. These motors 

have significant advantages, attracting the interest of researchers and industry for use in 

many applications. 

2.2.1 Permanent Magnet Materials 

The properties of the permanent magnet material will affect directly the performance 

of the motor and proper knowledge is required for the selection of the materials and for 

understanding PM motors. 

The earliest manufactured magnet materials were hardened steel. Magnets made from 

steel were easily magnetized. However, they could hold very low energy and it was easy to 

demagnetize. In recent years other magnet materials such as Aluminum Nickel and Cobalt 

alloys (ALNICO), Strontium Ferrite or Barium Ferrite (Ferrite), Samarium Cobalt (First 

generation rare earth magnet) (SmCo) and Neodymium Iron-Boron (Second generation rare 

earth magnet) (NdFeB) have been developed and used for making permanent magnets. 

The rare earth magnets are categorized into two classes: Samarium Cobalt (SmCo) 

magnets and Neodymium Iron Boride (NdFeB) magnets. SmCo magnets have higher flux 

density levels but they are very expensive. NdFeB magnets are the most common rare earth 

magnets used in motors these days. A flux density versus magnetizing field for these magnets 

is illustrated in figure 2.2. 
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Figure 2.2 Flux Density versus Magnetizing Field of Permanent Magnetic Materials[21] 

2.2.2 Classification of Permanent Magnet Motors 

2.2.2.1 Direction of field flux 

PM motors are broadly classified by the direction of the field flux. The first field flux 

classification is radial field motor meaning that the flux is along the radius of the motor. The 

second is axial field motor meaning that the flux is perpendicular to the radius of the motor. 

Radial field flux is most commonly used in motors and axial field flux have become a topic 

of interest for study and used in a few applications. 
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2.2.2.2 Flux density distribution 

PM motors are classified on the basis of the flux density distribution and the shape of 

current excitation. They are PMSM and PM brushless motors (BLDC).  The PMSM has a 

sinusoidal-shaped back EMF and is designed to develop sinusoidal back EMF waveforms. 

They have the following: 

1. Sinusoidal distribution of magnet flux in the air gap 

2. Sinusoidal current waveforms 

3. Sinusoidal distribution of stator conductors. 

BLDC has a trapezoidal-shaped back EMF and is designed to develop trapezoidal 

back EMF waveforms. They have the following: 

1. Rectangular distribution of magnet flux in the air gap 

2. Rectangular current waveform 

3. Concentrated stator windings. 

2.2.2.3 Permanent magnet radial field motors 

In PM motors, the magnets can be placed in two different ways on the rotor. 

Depending on the placement they are called either as surface permanent magnet motor or 

interior permanent magnet motor.  

Surface mounted PM motors have a surface mounted permanent magnet rotor. Each 

of the PM is mounted on the surface of the rotor, making it easy to build, and specially 

skewed poles are easily magnetized on this surface mounted type to minimize cogging torque. 

This configuration is used for low speed applications because of the limitation that the 
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magnets will fly apart during high-speed operations. These motors are considered to have 

small saliency, thus having practically equal inductances in both axes [22]. The permeability 

of the permanent magnet is almost that of the air, thus the magnetic material becoming an 

extension of the air gap. For a surface permanent magnet motor d qL L= [8].  

The rotor has an iron core that may be solid or may be made of punched laminations 

for simplicity in manufacturing [23]. Thin permanent magnets are mounted on the surface of 

this core using adhesives. Alternating magnets of the opposite magnetization direction 

produce radially directed flux density across the air gap. This flux density then reacts with 

currents in windings placed in slots on the inner surface of the stator to produce torque.  

Figure 2.3 shows the placement of the magnet. 

 

Figure 2.3 Surface Permanent Magnet Motor [21] 
 

Interior PM motors have interior mounted permanent magnet rotor as shown in figure 

2.4. Each permanent magnet is mounted inside the rotor. It is not as common as the surface-

mounted type but it is a good candidate for high-speed operation. There is inductance 

variation for this type of rotor because the permanent magnet part is equivalent to air in the 
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magnetic circuit calculation. These motors are considered to have saliency with q axis 

inductance greater than the d axis inductance ( q dL L> )[8]. 

 

Figure 2.4 Interior Permanent Magnet Motor [21] 

2.3 Position Sensor 

Operation of permanent magnet synchronous motors requires position sensors in the 

rotor shaft when operated without damper winding. The need of knowing the rotor position 

requires the development of devices for position measurement. There are four main devices 

for the measurement of position, the potentiometer, linear variable differential transformer, 

optical encoder and resolvers.  The ones most commonly used for motors are encoders and 

revolvers. Depending on the application and performance desired by the motor a position 

sensor with the required accuracy can be selected 
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2.3.1 Optical Encoders 

The most popular type of encoder is the optical encoder as shown in figure 2.5, which 

consists of a rotating disk, a light source, and a photo detector (light sensor). The disk, is 

mounted on the rotating shaft, has coded patterns of opaque and transparent sectors. As the 

disk rotates, these patterns interrupt the light emitted onto the photo detector, generating a 

digital pulse or output signal. 

 

Figure 2.5 Optical Encoder [24] 

Optical encoders offer the advantages of digital interface. There are two types of 

optical encoders, incremental encoder and absolute encoder.  

2.3.1.1 Incremental encoders 

Incremental encoders have good precision and are simple to implement but they 

suffer from lack of information when the motor is at rest position and in order for precise 

position the motor most be stop at the starting point.  

The most common type of incremental encoder uses two output channels (A and B) to 

sense position. Using two code tracks with sectors positioned 90° degrees out of phase, the 

two output channels of the quadrature encoder indicate both position and direction of rotation 

as shown in figure 2.6. If A leads B, for example, the disk is rotating in a clockwise direction. 

If B leads A, then the disk is rotating in a counter-clockwise direction. By monitoring both, 
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the number of pulses and the relative phase of signals A and B, it's possible to track position 

and direction of rotation. Some quadrature encoders also include a third output channel, 

called a zero or index or reference signal, which supplies a single pulse per revolution. This 

single pulse is used for precise determination of a reference position. The precision of the 

encoder is fix by its code disk but it can be increased by detecting the Up and Down 

transitions on both the A and B channels. 

 

Figure 2.6 Quadrature Encoder Channels [25] 

2.3.1.2 Absolute encoders 

The absolute encoder, as shown in figure 2.7 captures the exact position of the rotor 

with a precision directly related to the number of bits of the encoder. It can rotate indefinitely 

and even if the motor stops the position can be measured or obtained.  

 It provides a “whole word” output with a unique code pattern representing each 

position. This code is derived from independent tracks on the encoder disc (one for each “bit” 

of resolution) corresponding to individual photo detectors. The output from these detectors is 

HI (light) or LO (dark) depending on the code disc pattern for that particular position. 
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Figure 2.7 Absolute Encoder [26] 

Absolute encoders are used in applications where a device is inactive for long periods 

of time or moves at a slow rate, such as flood gate control, telescopes, cranes, valves, etc. 

They are also recommended in systems that must retain position information through a power 

outage. 

2.3.2 Position Revolver 

Position revolver as shown in figure 2.8, also called rotary transformers, works on the 

transformer principle. The primary winding is placed on the rotor and depending upon  the 

rotor shaft angle the induced voltage at the two secondary windings of the transformer shifted 

by 90° would be different. The position can be calculated using the two voltages. 

The resolver is basically a rotary transformer with one rotating reference winding 

(Vref) and two stator windings. The reference winding is fixed on the rotor, and therefore, it 

rotates jointly with the shaft passing the output windings, as is depicted in figure 2.8. Two 

stator windings are placed in quadrature (shifted by 90°) with one another and generate the 

sine and cosine voltages (Vsin , Vcos) respectively. Both windings will be further referred to as 
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output windings. In consequence of the excitement applied on the reference winding Vref 

and along with the angular movement of the motor shaft θ, the respective voltages are 

generated by resolver output windings Vsin , Vcos. 

 

Figure 2.8 Resolver [27] 

The frequency of the generated voltages is identical to the reference voltage and their 

amplitudes vary according to the sine and cosine of the shaft angle θ. Considering that one of 

the output windings is aligned with the reference winding, then it is generated full voltage on 

that output winding and zero voltage on the other output winding and vice versa. The rotor 

angle θ can be extracted from these voltages shown in figure 2.9. 
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Figure 2.9 Excitation and Output Signal of the Resolver [27] 

The shaft angle can be determined by an Inverse Tangent [8] function of the quotient 

of the sampled resolver output voltages Vsin , Vcos . This determination can be expressed, in 

terms of resolver output voltages, as follows: sintan( )
cos

Ua
U

θ =  
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2.4 Current Controlled Inverter  

The motor is fed form a voltage source inverter with current control. The control is 

performed by regulating the flow of current through the stator of the motor. Current 

controllers are used to generate gate signals for the inverter. Proper selection of the inverter 

devices and selection of the control technique will guarantee the efficacy of the drive.  

2.4.1 Inverter 

Voltage Source Inverters are devices that convert a DC voltage to AC voltage of 

variable frequency and magnitude. They are very commonly used in adjustable speed drives 

and are characterized by a well defined switched voltage wave form in the terminals [23]. 

Figure 2.10 shows a voltage source inverter. The AC voltage frequency can be variable or 

constant depending on the application.  

 

Figure 2.10 Voltage Source Inverter Connected to a Motor 

Three phase inverters consist of six power switches connected as shown in figure 2.10 

to a DC voltage source. The inverter switches must be carefully selected based on the 

requirements of operation, ratings and the application. There are several devices available 
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today and these are thyristors, bipolar junction transistors (BJTs), MOS field effect 

transistors (MOSFETs), insulated gate bipolar transistors (IGBTs) and gate turn off thyristors 

(GTOs). The devices list with their respective power switching capabilities are shown in 

table 2.1  MOSFETs and IGBTs are preferred by industry because of the MOS gating permits 

high power gain and control advantages. While MOSFET is considered a universal power 

device for low power and low voltage applications, IGBT has wide acceptance for motor 

drives and other application in the low and medium power range. The power devices when 

used in motor drives applications require an inductive motor current path provided by 

antiparallel diodes when the switch is turned off. Inverters with antiparallel diodes are shown 

in figure 2.11. 

Table 2.1 Devices Power and Switching Capabilities 
Device Power Capability Switching Speed 

BJT Medium Medium 

GTO High Low 

IGBT Medium Medium 

MOSFET Low High 

THYRISTOR High Low 
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Figure 2.11 Inverter with IGBTs and Antiparallel Diodes 

2.4.2 IGBTs  

IGBTs provide high input impedance and are used for high voltage applications. The 

high input impedance allows the device to switch with a small amount of energy and for high 

voltage applications the device must have large blocking voltage ratings. The device 

behavior is described by parameters like voltage drop or on-resistance, turn on time and turn 

off time. Figure 2.12 shows the characteristic plot of the device (International rectifier IGBT 

(IRGIB10B60KD1) Appendix 1).   
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Figure 2.12 Typical IGBT Output Characteristics for IRGIB10B60KD1 (app. 1) 

The symbolic representation and the equivalent circuit of an IGBT are shown in 

figure 2.13. 

 

Figure 2.13 IGBT Symbol and Equivalent Circuit (app. 1) 
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2.4.3 Current Control 

The power converter in a high-performance motor drive used in motion control 

essentially functions as a power amplifier, reproducing the low power level control signals 

generated in the field orientation controller at power levels appropriate for the driven 

machine. High-performance drives utilize control strategies which develop command signals 

for the AC machine currents. The basic reason for the selection of current as the controlled 

variable is the same as for the DC machine; the stator dynamics (effects of stator resistance, 

stator inductance, and induced EMF) are eliminated. Thus, to the extent that the current 

regulator functions as an ideal current supply, the order of the system under control is 

reduced and the complexity of the controller can be significantly simplified. 

Current regulators for AC drives are complex because an AC current regulator must 

control both the amplitude and phase of the stator current. The AC drive current regulator 

forms the inner loop of the overall motion controller. As such, it must have the widest 

bandwidth in the system and must, by necessity, have zero or nearly zero steady-state error. 

Both current source inverters (CSI) and voltage source inverters (VSI) can be operated in 

controlled current modes. The current source inverter is a "natural" current supply and can 

readily be adapted to controlled current operation. The voltage source inverter requires more 

complexity in the current regulator but offers much higher bandwidth and elimination of 

current harmonics as compared to the CSI and is almost exclusively used for motion control 

applications.  
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Current controllers can be classified into two groups, hysteresis and PWM current 

controllers. Both types are discussed bellow. 

2.4.3.1 PWM Current Controller 

PWM current controllers are widely used. The switching frequency is usually kept 

constant. They are based in the principle of comparing a triangular carrier wave of desire 

switching frequency and is compared with error of the controlled signal. The error signal 

comes from the sum of the reference signal generated in the controller and the negative of the 

actual motor current. The comparison will result in a voltage control signal that goes to the 

gates of the voltage source inverter to generate the desire output. Its control will respond 

according to the error. If the error command is greater than the triangle waveform, the 

inverter leg is held switched to the positive polarity (upper switch on). When the error 

command is less than the triangle waveform, the inverter leg is switched to the negative 

polarity (lower switch on).  This will generate a PWM signal like in figure 2.14. The inverter 

leg is forced to switch at the frequency of the triangle wave and produces an output voltage 

proportional to the current error command. The nature of the controlled output current 

consists of a reproduction of the reference current with high-frequency PWM ripple 

superimposed[23]. 

 

Figure 2.14 PWM current controller 
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2.4.3.2 Hysteresis current controller 

Hysteresis current controller can also be implemented to control the inverter currents. 

The controller will generate the reference currents with the inverter within a range which is 

fixed by the width of the band gap.  In this controller the desired current of a given phase is 

summed with the negative of the measured current. The error is fed to a comparator having a 

hysteresis band. When the error crosses the lower limit of the hysteresis band, the upper 

switch of the inverter leg is turned on. But when the current attempts to become less than the 

upper reference band, the bottom switch is turned on. Figure 2.15 shows the hysteresis band 

with the actual current and the resulting gate signals. This controller does not have a specific 

switching frequency and changes continuously but it is related with the band width [4] [23]. 

 

Figure 2.15 Hysteresis controller 

 



 
 
 

 
 

 31 

3 MODELING OF PM DRIVE SYSTEM 

This chapter deals with the detailed modeling of a permanent magnet synchronous 

motor. Field oriented control of the motor in constant torque and flux-weakening regions are 

discussed. Closed loop control of the motor is developed using a PI controller in the speed 

loop. Design of the speed controller is discussed. 

3.1 Detailed Modeling of PMSM 

Detailed modeling of PM motor drive system is required for proper simulation of the 

system. The d-q model has been developed on rotor reference frame as shown in figure 3.1. 

At any time t, the rotating rotor d-axis makes and angle θr with the fixed stator phase axis and 

rotating stator mmf makes an angle α with the rotor d-axis. Stator mmf rotates at the same 

speed as that of the rotor.  

 

Figure 3.1 Motor Axis 
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The model of PMSM without damper winding has been developed on rotor reference 

frame using the following assumptions: 

1) Saturation is neglected. 

2) The induced EMF is sinusoidal. 

3) Eddy currents and hysteresis losses are negligible. 

4) There are no field current dynamics. 

Voltage equations are given by: 

q s q r d qV R i ω λ ρλ= + +         3.1 

d s d r q dV R i ω λ ρλ= − +        3.2 

Flux Linkages are given by 

q q qL iλ =          3.3 

d d d fL iλ λ= +          3.4 

Substituting equations 3.3 and 3.4 into 3.1 and 3.2  

( )q s q r d d f q qV R i L i L iω λ ρ= + + +       3.5 

( )d s d r q q d d fV R i L i L iω ρ λ= − + +       3.6 

Arranging equations 3.5 and 3.6 in matrix form 

 s q r d r fq q

r q s d fd d

R L LV i
L R LV i
ρ ω ω λ

ω ρ ρλ
+⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞

= +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟− +⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠
    3.7 

The developed torque motor is being given by    

( )3
2 2e d q q d

PT i iλ λ⎛ ⎞= −⎜ ⎟
⎝ ⎠

       3.8 
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The mechanical Torque equation is     

m
e L m

dT T B J
dt
ωω= + +        3.9 

 

Solving for the rotor mechanical speed form equation 3.9   

e L m
m

T T B dt
J

ωω − −⎛ ⎞= ⎜ ⎟
⎝ ⎠∫          3.10 

and  
2

m r P
ω ω ⎛ ⎞= ⎜ ⎟

⎝ ⎠
         3.11 

In the above equations ωr is the rotor electrical speed where as ωm is the rotor 

mechanical speed. 

3.1.1 Parks Transformation and Dynamic d q Modeling  
The dynamic d q modeling is used for the study of motor during transient and steady 

state. It is done by converting the three phase voltages an currents to dqo variables by using 

Parks transformation[8].  

Converting the phase voltages variables vabc to vdqo variables in rotor reference frame the 

following equations are obtained 

cos cos( 120) cos( 120)
2 sin sin( 120) sin( 120)
3

1/ 2 1/ 2 1/ 2

q r r r a

d r r r b

o c

V V
V V
V V

θ θ θ
θ θ θ

− +⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= − +⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦

    3.12 

Convert Vdqo to Vabc 

 
cos sin 1

cos( 120) sin 120 1
cos( 120) sin( 120) 1

a r r q

b r r d

c r r o

V V
V V
V V

θ θ
θ θ
θ θ

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= − −⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥+ +⎣ ⎦ ⎣ ⎦ ⎣ ⎦

     3.13 
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3.1.2 Equivalent Circuit of Permanent Magnet Synchronous Motor  

Equivalent circuits of the motors are used for study and simulation of motors. From 

the d-q modeling of the motor using the stator voltage equations the equivalent circuit of the 

motor can be derived. Assuming rotor d axis flux from the permanent magnets is represented 

by a constant current source as described in the following equation f dm fL iλ = , figure 3.2 is 

obtained. 

 

Figure 3.2 Permanent Magnet Motor Electric Circuit without Damper Windings 

3.2 PM Motor Control 

Control of PM motors is performed using field oriented control for the operation of 

synchronous motor as a dc motor. The stator windings of the motor are fed by an inverter that 

generates a variable frequency variable voltage. Instead of controlling the inverter frequency 

independently, the frequency and phase of the output wave are controlled using a position 

sensor as shown in figure 3.3.  
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Figure 3.3 Self Control Synchronous Motor 

Field oriented control was invented in the beginning of 1970s and it demonstrates that 

an induction motor or synchronous motor could be controlled like a separately excited dc 

motor by the orientation of the stator mmf or current vector in relation to the rotor flux to 

achieve a desired objective. In order for the motor to behave like DC motor, the control needs 

knowledge of the position of the instantaneous rotor flux or rotor position of permanent 

magnet motor. This needs a resolver or an absolute optical encoder. Knowing the position, 

the three phase currents can be calculated. Its calculation using the current matrix depends on 

the control desired. Some control options are constant torque and flux weakening. These 

options are based in the physical limitation of the motor and the inverter. The limit is 

established by the rated speed of the motor, at which speed the constant torque operation 

finishes and the flux weakening starts as shown in figure 3.4. 
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Figure 3.4 Steady State Torque versus Speed 

3.2.1 Field Oriented Control of PM Motors 

The PMSM control is equivalent to that of the dc motor by a decoupling control 

known as field oriented control or vector control. The vector control separates the torque 

component of current and flux channels in the motor through its stator excitation.  

 The vector control of the PM synchronous motor is derived from its dynamic model. 

Considering the currents as inputs, the three currents are: 

sin( )a m ri I tω α= +         3.14 

2sin( )
3b m ri I t πω α= + −        3.15 

2sin( )
3c m ri I t πω α= + +        3.16 

Writing equations 3.14 to 3.16 in the matrix form: 
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 ( )

s( )
2s( )
3

2s( )
3

r
a

b r m

c

r

co ti
i co t I
i

co t

ω α
πω α

πω α

⎛ ⎞
⎜ ⎟+

⎛ ⎞ ⎜ ⎟
⎜ ⎟ ⎜ ⎟= + −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠

⎜ ⎟+ +
⎝ ⎠

      3.17 

Where α is the angle between the rotor field and stator current phasor, rω is the electrical 

rotor speed. 

The previous currents obtained are the stator currents that must be transformed to the 

rotor reference frame with the rotor speed rω , using Park’s transformation. The q and d axis 

currents are constants in the rotor reference frames since α is a constant for a given load 

torque. As these constants, they are similar to the armature and field currents in the 

separately excited dc machine. The q axis current is distinctly equivalent to the armature 

current of the dc machine; the d axis current is field current, but not in its entirety. It is only a 

partial field current; the other part is contributed by the equivalent current source 

representing the permanent magnet field. For this reason the q axis current is called the 

torque producing component of the stator current and the d axis current is called the flux 

producing component of the stator current. 

Substituting equation 3.17 and 3.12 is obtain id and iq in terms of Im as follows 

sin
cos

q
m

d

i
I

i
α
α

⎛ ⎞ ⎛ ⎞
=⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠
          3.18 

Using equations 3.1, 3.2, 3.8 and 3.18 the electromagnetic torque equation is obtained 

as given below. 
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23 1 ( ) sin 2 sin
2 2 2e d q m f m

PT L L I Iα λ α⎡ ⎤= ⋅ − +⎢ ⎥⎣ ⎦
    3.19 

3.2.1.1 Constant torque operation 

Constant torque control strategy is derived from field oriented control, where the 

maximum possible torque is desired at all times like the dc motor. This is performed by 

making the torque producing current iq equal to the supply current Im. That results in 

selecting the α angle to be 90 º degrees according to equation 3.18. By making the id current 

equal to zero the torque equation can be rewritten as: 

3
2 2e f q

PT iλ⎛ ⎞⎛ ⎞= ⋅⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

       3.20 

Assuming that: 

 3
2 2t f

Pk λ⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

       3.21 

The torque is give by  

e t qT k i= ⋅          3.22 

Like the dc motor, the torque is dependent of the motor current.  

3.2.1.2 Flux-weakening 

Flux weakening is the process of reducing the flux in the d axis direction of the motor 

which results in an increased speed range.  

The motor drive is operated with rated flux linkages up to a speed where the ratio 

between the induced emf and stator frequency (V/f) is maintained constant. After the base 

frequency, the V/f ratio is reduced due to the limit of the inverter dc voltage source which is 

fixed. The weakening of the field flux is required for operation above the base frequency. 
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This reduces the V/f ratio. This operation results in a reduction of the torque proportional to a 

change in the frequency and the motor operates in the constant power region[22].    

The rotor flux of PMSM is generated by permanent magnet which can not be directly 

reduced as induction motor. The principle of flux-weakening control of PMSM is to increase 

negative direct axis current and use armature reaction to reduce air gap flux, which 

equivalently reduces flux and achieves the purpose of flux-weakening control[28].  

This method changes torque by altering the angle between the stator MMF and the 

rotor d axis.  In the flux weakening region where ωr > ωrated angle α is controlled by proper 

control of id and iq for the same value of stator current. Since iq is reduced the output torque is 

also reduced. The angle α can be obtained as: 

1 q

d

i
Tan

i
α − ⎛ ⎞
= ⎜ ⎟

⎝ ⎠
        3.23 

The current Im is related to id and iq by: 

2 2
m d qI i i= +          3.24 

Flux-weakening control realization 

The realization process of equivalent flux-weakening control is as follows, 

1)  Measuring rotor position and speed ωr from a sensor which is set in motor rotation axis. 

2)  The motor at the flux weakening region with a speed loop, Te* is obtained from the PI 

controller. 

4)  Calculate Iq* using equation 3.20 (
*

3
2 2

e
q

f

Ti
P λ

=
⎛ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

) 
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5)  Calculate Id* using equation:  * d f
d

d

i
L

λ λ−
=   

6)  Calculate α using equation 3.23. 

7)   Using α and rotor position the controller will generate the reference currents as per 

equation 3.17. 

8)   Then the current controller makes uses of the reference signals to control the inverter for 

the desired output currents. 

9)  The load torque is adjust to the maximum available torque for the reference speed 

( )
rated

L e rated
r

T T ω
ω

= . 

3.3 Speed Control of PM Motor  

Many applications, such as robotics and factory automation, require precise control of 

speed and position. Speed Control Systems allow one to easily set and adjust the speed of a 

motor. The control system consists of a speed feedback system, a motor, an inverter, a 

controller and a speed setting device. A properly designed feedback controller makes the 

system insensible to disturbance and changes of the parameters. 

The purpose of a motor speed controller is to take a signal representing the demanded 

speed, and to drive a motor at that speed.  Closed Loop speed control systems have fast 

response, but become expensive due to the need of feed back components such as speed 

sensors. 
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3.3.1 Implementation of the Speed Control Loop 

For a PM motor drive system with a full speed range the system will consist of a 

motor, an inverter, a controller (constant torque and flux weakening operation, generation of 

reference currents and PI controller ) as shown in figure 3.5. 

r

1
s  

Figure 3.5 Block Diagram 

The operation of the controller must be according to the speed range. For operation 

up to rated speed it will operate in constant torque region and for speeds above rated speed it 

will operate in flux-weakening region. In this region the d-axis flux and the developed torque 

are reduced.  The process can be easily understood with the flow diagram in figure 3.6. 



 
 
 

 
 

 42 

 
Figure 3.6 System Flow Diagram 

 
Speed controller calculates the difference between the reference speed and the actual 

speed producing an error, which is fed to the PI controller. PI controllers are used widely for 

motion control systems. They consist of a proportional gain that produces an output 
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proportional to the input error and an integration to make the steady state error zero for a step 

change in the input. Block diagram of the PI controller is shown in figure 3.7. 

 

 
 

Figure 3.7 PI Controller 

Speed control of motors mainly consist of two loops the inner loop for current and the 

outer loop for speed. The order of the loops is due to their response, how fast they can be 

changed. This requires a current loop at least 10 times faster than the speed loop.  

Since the PMSM is operated using field oriented control, it can be modeled like a dc 

motor. The design begins with the innermost current loop by drawing the block diagram. But 

in PMSM drive system the motor has current controllers which make the current loop. The 

current control is performed by the comparison of the reference currents with the actual 

motor currents.  
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The design of the speed loop assumes that the current loop is at least 10 times faster 

than speed loop, allowing to reduce the system block diagram by considering the current loop 

to be of unity gain as shown in figure 3.8. 

 
Figure 3.8 Block Diagram of Speed Loop 

The open loop transfer function of the motor is given by: 

( ) 2

1 p

i T i
s

ksk k kGH
J s
α

⎛ ⎞+⎜ ⎟⎛ ⎞= ⎜ ⎟⎜ ⎟
⎝ ⎠⎜ ⎟

⎝ ⎠

       3.25 

kT = PM flux = λf 

The crossover frequency has been selected an order smaller than the current loop. To 

satisfy dynamic response without oscillations the phase margin ( PMφ ) should be greater than 

45º, preferably close to 60º. Knowing the motor parameters and phase margin, the ki and kp 

gains can be obtained for the motor controller using equations 3.26 and 3.27. 

Phase Margin 180OLφ= + °  

2 1 1i T p

i s j

k k ks kJ s ω

α

=

⎛ ⎞+ =⎜ ⎟⋅ ⎝ ⎠
       3.26 
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Angle 2 1 180i T p
PM

i

k k ks kJ s
α φ⎛ ⎞+ = °+⎜ ⎟⋅ ⎝ ⎠

     3.27 

 The gains for the speed controller was obtained using the motor parameters and by 

selecting a crossover frequency. The selected values are: 

fc (crossover frequency)= 100Hz  J = 0.000179  kT = λf = 0.272 

Using equation 3.26 and 3.27 and motor parameters the values of ki and kp are 

obtained as 129.9014 and 0.3581 respectively.  
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4 DRIVE SYSTEM SIMULATION IN SIMULINK 
 

This chapter describes different tools available for electrical and electronic systems 

simulation and then justification is given for selecting Simulink for the PMSM system.  

Block by block an explanation is given for Simulink simulation of the drive system.  

4.1 Simulation Tools 
Study of electric motor drives needs the proper selection of a simulation tool. Their 

complex models need computing tools capable of performing dynamic simulations. Today 

with the growth in computational power there is a wide selection of software titles available 

for electrical simulations such as ACSL, ESL, EASY5, and PSCSP are for general systems 

and  SPICE2, EMTP, and ATOSEC5 for simulating electrical and electronic circuits. IESE 

and SABER are examples of general-purpose electrical network simulation programs that 

have provisions for handling user-defined modules. SIMULINK® is a toolbox extension of 

the MATLAB program. It is a program for simulating dynamic systems [13]. 

Simulink has the advantages of being capable of complex dynamic system 

simulations, graphical environment with visual real time programming and broad selection of 

tool boxes[12]. The simulation environment of Simulink has a high flexibility and 

expandability which allows the possibility of development of a set of functions for a detailed 

analysis of the electrical drive [12]. Its graphical interface allows selection of functional 

blocks, their placement on a worksheet, selection of their functional parameters interactively, 

and description of signal flow by connecting their data lines using a mouse device. System 
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blocks are constructed of lower level blocks grouped into a single maskable block. Simulink 

simulates analogue systems and discrete digital systems[16].  

4.2 Simulink Simulation of PMSM Drive 

 The PM motor drive simulation was built in several steps like abc phase 

transformation to dqo variables, calculation torque and speed, and control circuit.  

The abc phase transformation to dqo variables is built using Parks transformation and 

for the dqo to abc the reverse transformation is used. For simulation purpose the voltages are 

the inputs and the current are output. Parks transformation used for converting Vabc to Vdqo 

is shown in figure 4.1 and the reverse transformation for converting Idqo to Iabc is shown in 

figure 4.2. 

Va

Vb

Vc

Wrt

VQ
VD
V0

Vqd0
Vabc

Vabc to Vqd0

u(1)

u(2)

u(3)

5
Vabc

4
Vqd0

3
V0

2
VD

1
VQ

Mux

Mux

Mux

(u(1) + u(2) + u(3))*(1/3)

Fcn2

(u(1)*sin(u(4)) + u(2)*sin(u(4)-2*pi/3) + u(3)*sin(u(4)+2*pi/3) )*(2/3)

Fcn1

(u(1)*cos(u(4)) + u(2)*cos(u(4)-2*pi/3) + u(3)*cos(u(4)+2*pi/3) )*(2/3)

Fcn
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3
Vc

2
Vb

1
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Figure 4.1 Vabc to Vdqo block 
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Figure 4.2 Idqo to Iabc block 
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The d and q axis motor circuits built using Simulink elements are shown in figure 4.3 

and 4.4. 
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Figure 4.3 d-axix circuit 
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Figure 4.4 q-axis circuit 

Figure 4.5 shows the torque block in Simulink. This block is developed using 

equation 3.8 for torque developed.  

Yd
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Figure 4.5 Torque Block 
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The speed of the motor is obtain using figure 4.5 and equation 3.9. The developed 

speed block is shown in figure 4.6.  
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Figure 4.6 Speed Block 

The vector control requires a block for the calculation of the reference current using 

the α angle, the position of the rotor and the magnitude of the Im. The block is shown in 

figure 4.7. It is built using equation 3.17.  
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Figure 4.7 Vector Control Reference Current Block 
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The inverter is implemented in Simulink as shown in figure 4.8. The inverter consists 

of the "universal bridge" block from the power systems tool box with the parameters of the 

IGBT that was presented in chapter 2. The voltages and currents in the motor and in all the 

devices of the inverter can be obtained. The losses in the inverter and motor can be calculated. 
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Figure 4.8 Voltage Source Inverter 

For proper control of the inverter using the reference currents, current controllers are 

implemented to generate the gate pulses for the IGBT’s. Current controllers used are shown 

in figure 4.9 and 4.10. 
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Figure 4.9 Hysteresis Current Controller 

 

Figure 4.10 PWM Current Controller 
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Using all the drive system blocks the complete system block has been developed as 

shorn in figure 4.11.  

 

Figure 4.11 PM Motor Drive System in Simulink 
 

Yd

Yf

Yf

s

- +

Wr Yq

s

-
+

Wr Yd

Te

TL

Wr

Wr

s -
+

Vq

s -
+

Vd

Va

Vb

Vc

Wrt

Vq

Vd

Vo

Vqdo

Vabc
Vabc to Vqd

v+
-

V M1

v+
-

V M
Yq

Iq

Yd

Id

Te

Te

TL

TL

Rq

Is

Pang

Wr

Ia

Ib

Ic

Reference Currents

200

Reference
Speed

Rd

Product1

Product

Lqs

Lqm

Lds

Ldm

Iq

Id

Io

Wrt

Ia

Ib

Ic

Iabc

Iqdo

Iqdo To Iabc

Iq

Id

Is

Iqd - Is

1
s

Int2

1
s

Int1

1
s

Int

Is

Wr

Iq*

Id*

Pan

Fux-Weakening

PI

Discrete
PI Controller

Iref

Iabc

Vabcinv

Iabcinv

Is

Vah

Vbh

Vch

Current Control
and

Inverter

0

Cero

i +-

CM1

i +-

CM



 
 
 

 
 

 53 

5 SIMULATION RESULTS 

This chapter deals with the simulation results of PMSM drive system. The parameters of 

the motor and IGBT parameters are also given. Comparative study of the current controllers 

used in the system is given in tabular form. 

5.1  Simulation Results 

The system built in Simulink for a PMSM drive system has been tested with the two 

current control methods, Hysteresis and PWM, at the constant torque and flux-weakening 

regions of operation. The motor parameters used for simulation are given in table 5.1. These 

parameters were taken from reference [7]. IGBT parameters of the inverter are given in 

Appendix1.  

The motor is operated with constant torque up to its rated speed and beyond that rated 

speed flux-weakening mode is adopted. Simulation results are given at electrical speeds of 

200 radians per second (31 Hz) and 600 radians per second (95 Hz).  The above speeds 

represent below and above rated speed of the motor. 

Table 5.11 Interior Permanent Magnet Motor Parameters 
Symbol Name Value 

VLL Rated Voltage 220 V 
Pout magnetic flux  900w 

P Number of Poles 4 
ωm Rated Speed 1700 rpm 
Rs Stator Resistance 4.3 Ω 
λaf PM Flux Linkage 0.272 Wbturns 
Ld q-axis Inductance 27 mH 
Ld d-axis Inductance 67 mH 
Is Rated Current 3 A 
Ismax Maximung Current 2Israted 
J Motor Inertia 0.000179 kg m2 
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The simulation was carried out using two current control techniques to study the 

performance of the motor drive. The techniques are Hysteresis current control and PWM 

current control. The plots of current, torque and speed are given for both cases. 

5.1.1 Simulation for Operation at 200 rad/s 

Hysteresis Current Control 
 

 

Figure 5.1 Iabc Currents with Hysteresis Control at 200 rad/s 

Figure 5.1 shows the three phase currents drawn by the motor as a result of the 

hysteresis current control. The currents are obtained using Park's reverse transformation. It is 

clear that the current is non sinusoidal at the starting and becomes sinusoidal when the motor 

reaches the controller command speed at steady state. The corresponding dq component of 

current is given in figure 5.2. Since field oriented control is used the value of id is zero. 
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Figure 5.2 Idqo Currents with Hysteresis Control at 200 rad/s 

Figure 5.3 shows the developed torque of the motor. The starting torque is twice the 

steady state value. The steady torque is 2.5 Nm. 

 

Figure 5.3 Developed Torque with Hysteresis Control at 200 rad/s 
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Figure 5.4 Motor Electrical Speed with Hysteresis Control at 200 rad/s 

Figure 5.4 shows a variation of the speed with time. The steady state speed is the 

same as that of the commanded reference speed.  

 

Figure 5.5 IGBT Current with Hysteresis Control at 200 rad/s 

Figure 5.5 presents the waveform of the current flowing through the IGBT. The 

current pulses appear to be similar but since the switching frequency is dependent on the 

error in the hysteresis control the pulses widths differ. The average switching freqency is 

about 5 kHz. 
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Figure 5.6 Diode Current with Hysteresis Control at 200 rad/s 

Figure 5.6 shows the waveform of the current flowing through an antiparallel diode.  

 

Figure 5.7 IGBT Average Power Loss with Hysteresis Control at 200 rad/s 

Figure 5.7 shows the conduction loss in each IGBT at steady state.  The voltage 

across the device is multiplied by the current through the device at every instant and the 

average of the instantaneous power is plotted.  
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Figure 5.8 Diode Loss for Hysteresis Control at 200 rad/s 

Figure 5.8 shows the average power loss in the diode. This is obtained from the 

instantaneous power calculated by multiplying voltage across the diode and current through 

it. 

 

Figure 5.9 Speed Error for Hysteresis Control at 200 rad/s 

Figure 5.9 shows the speed error plot for hysteresis control. The drive speed loop 

operates to maintain the command speed within an error represented in the speed error plot. 
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The above plots have been repeated with PWM control for comparing hysteresis 

control with PWM control. 

PWM Current Control 

 

Figure 5.10 Iabc Currents with PWM Control at 200 rad/s 

Figure 5.10 shows the three phase currents as a result of the PWM current control 

obtained from Park's reverse transformation. It is clear that the current is non sinusoidal at 

the starting and becomes sinusoidal when the motor reaches the controller command speed at 

steady state. The corresponding dq component of current is given in figure 5.11 with id 

almost equal to zero for constant torque operation.  
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Figure 5.11 Idqo Currents with PWM Control at 200 rad/s 

 

Figure 5.12 Developed Torque with PWM Control at 200 rad/s 

Figure 5.12 shows the developed torque of the motor. The starting torque is twice the 

steady state value. The developed torque is the same as the load torque (2.5Nm) under steady 

state condition. 
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Figure 5.13 Motor Electrical Speed with PWM Controller at 200 rad/s 

Figure 5.13 shows a variation of the speed with time. The steady state speed is the 

same as that of the commanded reference speed.  

 

Figure 5.14 IGBT Current with PWM Controller at 200 rad/s 

Figure 5.14 presents the waveform of the current flowing through the IGBT. The 

current pulses are similar. In this case the switching frequency is constant. 
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Figure 5.15 Diode Current with PWM Control at 200 rad/s 

Figure 5.15 shows the waveform of the current flowing through the antiparallel diode.  

 

Figure 5.16 IGBT Average Power Loss with PWM Control at 200 rad/s 

Figure 5.16 shows the average conduction loss in each IGBT at steady state.  The 

voltage across the device is multiplied by the current through the device at each instant and 

the average is taken.  
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Figure 5.17 Diode Average Power Loss with PWM Control at 200 rad/s 

Figure 5.17 shows the average power loss in the diode.  

 

Figure 5.18 Speed Error with PWM Control at 200 rad/s 

Figure 5.18 shows the speed error plot for PWM control. The drive speed loop 

operates to maintain the command speed within an error represented in the speed error plot. 

The speed error is practically zero with PWM control. 
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5.1.2 Simulation for Operation at Higher Speed of 600 rad/s 

Hysteresis Current Control 

 

Figure 5.19 Iabc Currents with Hysteresis Control at 600 rad/s 

Figure 5.19 shows the three phase currents as a result of the hysteresis current control 

obtained from Park's reverse transformation. It is clear that the current is non sinusoidal at 

the starting and becomes sinusoidal when the motor reaches the controller command speed of 

600 rad/sec at steady state. The corresponding dq component of current is given in figure 

5.20. Both d and q axis current are present. However the q axis current is very small since the 

torque gets very much reduced at higher speed, operating at constant power region. 



 
 
 

 
 

 65 

 

Figure 5.20 Idqo Currents with Hysteresis Control at 600 rad/s 

 

Figure 5.21 Developed Torque with Hysteresis Control at 600 rad/s 

Figure 5.21 shows the developed torque of the motor. The starting torque is quiet high 

and the steady state value of torque is reduced to 1.5 Nm at this speed. At this speed the 

motor is operating in the constant power region. 
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Figure 5.22 Motor Electrical Speed with Hysteresis Control at 600 rad/s 

Figure 5.22 shows a variation of the speed with time. The steady state speed is the 

same as that of the commanded reference speed of 600 rad/sec.  

 

Figure 5.23 IGBT Current with Hysteresis Control at 600 rad/s 

Figure 5.23 presents the waveform of the current flowing through the IGBT. The 

current pulses appear to be similar but since the switching frequency is dependent on the 

hysteresis band width, the pulses widths differ. 
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Figure 5.24 Diode Current with Hysteresis Control at 600 rad/s 

Figure 5.24 shows the waveform of the current flowing through the antiparallel diode.  

 

Figure 5.25 IGBT Average Power Loss with Hysteresis Control at 600 rad/s 

Figure 5.25 shows the average conduction loss in each IGBT at steady state.  The 

voltage across the device is multiplied by the current through the device and the average is 

taken.  
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Figure 5.26 Diode Average Power Loss with Hysteresis Control at 600 rad/s 

Figure 5.26 shows the average power loss in the diode.  

 

 

Figure 5.27 Speed Error with Hysteresis Control at 600 rad/s 

Figure 5.27 shows the speed error plot for hysteresis control. The drive speed loop 

operates to maintain the command speed within an error represented in the speed error plot. 
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The above plots have been repeated with PWM control for comparing hysteresis 

control with PWM control. 

PWM Current Control 

 

Figure 5.28 Iabc Current with PWM Control at 600 rad/s 

Figure 5.28 shows the three phase currents as a result of the PWM current control 

obtained from Park's reverse transformation. It is clear that the current is non sinusoidal at 

the starting and becomes sinusoidal when the motor reaches the controller command speed at 

steady state. The corresponding dq component of current is given in figure 5.29. Both d and q 

axis current are present. However the q axis current is very small since the torque gets very 

much reduced at this higher speed due to power being maintained constant. 
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Figure 5.29 Idqo Currents with PWM Control at 600 rad/s 

 

Figure 5.30 Developed Torque with PWM Control at 600 rad/s 

Figure 5.30 shows the developed torque of the motor. When the speed of the motor is 

less than the rated speed, the torque is more and gets reduced at speeds greater than the rated 

speed. 
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Figure 5.31 Motor Electrical Speed with PWM Control at 600 rad/s 

Figure 5.31 shows a variation of the speed with time. The steady state speed is the 

same as that of the commanded reference speed.  

 

Figure 5.32 IGBT Current with PWM Control at 600 rad/s 

Figure 5.32 presents the waveform of the current flowing through the IGBT. The 

current pulses are similar since the switching frequency is constant. 
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Figure 5.33 Diode Current with PWM Control at 600 rad/s 

Figure 5.33 shows the waveform of the current flowing through the antiparallel diode. 

 

Figure 5.34 IGBT Average Power Loss with PWM Control at 600 rad/s 

Figure 5.34 shows the average conduction loss in each IGBT at steady state.  The 

voltage across the device is multiplied by the current through the device and the average is 

taken.  
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Figure 5.35 Diode Average Power Loss with PWM Control at 600 rad/s 

Figure 5.35 shows the average power loss in the diode.  

 

Figure 5.36 Speed Error with PWM Control at 600 rad/s 

Figure 5.36 shows the speed error plot for PWM control. The drive speed loop 

operates to maintain the command speed within an error represented in the speed error plot. 

The speed error is practically zero with PWM control. 
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5.1.3 Harmonic Spectrum and Total Harmonic Distortion 

Harmonic content in a voltage or current wave form determines the quality of power. 

The power quality is judged by a factor called Total Harmonic Distortion (THD). The higher 

the THD the lower is the power quality. The THD can be calculated using equation 5.1. 

_ _ _ _ _ _ _ _ _% 100%
_ _ _ _ _ _ _

Sum of all squares of amplitude of all harmonic voltagesTHD
Square of the amplitude of the fundamental voltage

= ⋅     5.1 

Harmonic contents in phase voltages and currents are determined using Fast Fourier 

Transform (FFT). The results are given below for Hysteresis and PWM modes of current 

control. These results are obtained using Simulink FFT tool of Powergui to display the 

frequency spectrum of voltage and current waveforms and THD content. These signals are 

stored in the workspace in the ASM structure with time variable generated by the Scope 

block. Because the model is discretized, the signal saved in this structure is sampled at a 

fixed step and consequently satisfies the FFT tool requirements.  

IEEE Standard 519-1992 provides a guideline for the acceptable levels of voltage 

distortion to loads (including motors). A broad recommendation is to establish the voltage 

distortion monitoring limits at 5% THD and at 3% for any particular harmonic frequency.  



 
 
 

 
 

 75 

 

 
Figure 5.37 Phase Voltage FFT with Hysteresis Control at 200 rad/s 

Figure 5.37 shows the phase voltage waveform with hysteresis control and the 

corresponding harmonic spectrum. The value of THD calculated using Simulink is 4.59% 

and meets IEEE 519 limits. 

 

 
Figure 5.38 Phase Current FFT with Hysteresis Control at 200 rad/s 

Figure 5.38 shows the phase current waveform with hysteresis control and the 

corresponding harmonic spectrum. The value of THD is 0.37%. The current waveform is 

practicaly sinusoidal because the motor behaves as a filter for higher harmonics. 
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Figure 5.39 Phase Voltage FFT with PWM Control at 200 rad/s 

Figure 5.39 shows the phase voltage waveform with PWM control and the 

corresponding harmonic spectrum. The value of THD calculated using Simulink is 3.10% 

and meets IEEE 519 limits.. 

 

 

Figure 5.40 Phase Current FFT with PWM Control at 200 rad/s 

Figure 5.40 shows the phase current waveform with PWM control and the 

corresponding harmonic spectrum. The value of THD is 0.41%. Since the motor offers a 

large impedance to higher harmonic voltages, harmonic currents are practically zero and the 

current drawn by the motor is sinusoidal.  
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Figure 5.41 Phase Voltage FFT with Hysteresis Control at 600 rad/s 

Figure 5.41 shows the phase voltage waveform with hysteresis control and the 

corresponding harmonic spectrum. The value of THD is 3.55% and meets IEEE 519 limits. 

 

 
Figure 5.42 Phase Current FFT with Hysteresis Control at 600 rad/s 

Figure 5.42 shows the phase Current waveform with hysteresis control and the 

corresponding harmonic spectrum. The value of THD is 0.10% 
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Figure 5.43 Phase Voltage FFT with PWM Control at 600 rad/s 

Figure 5.43 shows the phase voltage waveform with PWM control and the 

corresponding harmonic spectrum. The value of THD is 2.95% and meets IEEE 519 limits. 

 

 
Figure 5.44 Phase Current FFT with PWM Control at 600 rad/s 

Figure 5.44 shows the phase current waveform with PWM control and the 

corresponding harmonic spectrum. The value of THD is 0.13% 
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After reviewing the results of the simulation, table 5.2 is prepared which shows the 

essential points in performance comparison.  

Table 5.22Summary of Results 
  Hysteresis 200 PWM 200 Hysteresis 600 PWM 600 
Speed Error (rad/s) 0.07 0.016 0.06 0.016 

Loss IGBT (w) 0.28 0.28 0.65 0.5 
Loss Diode (w) 0.7 0.65 0.9 0.7 

Pin (w) 300 330 575 565 
Pout (w) 244.8 244.8 436 436 

Efficiency 81.6% 74.18% 75.83% 77.17% 
Voltage THD% 4.59% 3.10% 3.55% 2.95% 
Current THD% 0.37% 0.41% 0.10% 0.13% 

 

The Simulink simulation allows performance study of PM motor drives with two 

current control techniques. Table 5.2 presents the areas of performance study and detailed 

simulation results. From the results it is seen that PWM current control technique is superior 

to hysteresis controller. It is able to maintain the speed error within an extremely small limit. 

This method also gives lower harmonic contents in motor voltage waveforms. The simulation 

time with Hysteresis control is short, about 1/3 of the PWM simulation time. Hysteresis 

control incurs higher switching frequencies with the possibility of exceeding device ratings. 

PWM has constant switching frequency. 

In both methods the voltage THD% is higher than current THD% which demonstrates 

that the motor acts like a filter for the high order harmonics (low pass filter) that were 

attenuated by the motor inductances. The voltage and currents THD% for both methods 

where within IEEE 519 recommended limits.  
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6 CONCLUSIONS AND FUTURE WORK 

6.1 Conclusion 

A detailed Simulink model for a PMSM drive system with field oriented control has 

being developed and operation below and above rated speed has been studied using two 

current control schemes. Simulink has been chosen from several simulation tools because its 

flexibility in working with analog and digital devices. Mathematical models can be easily 

incorporated in the simulation and the presence of numerous tool boxes and support guides 

simplifies the simulation of large system compared to Spice. Simulink is capable of showing 

real time results with reduced simulation time and debugging.  

In the present simulation measurement of currents and voltages in each part of the system 

is possible, thus permitting the calculation of instantaneous or average losses, efficiency of 

the drive system and total harmonic distortion.  

Usually in such a drive system the inverter is driven either by hysteresis or by PWM 

current controllers. A comparative study has been made of the two current control schemes in 

terms of switching frequency, device losses, power quality, speed error and current control 

ability. This study proves that PWM current controllers are better than hysteresis current 

controllers because of having constant switching frequency and lower THD of the input 

voltage waveforms. The error between the speed command and the actual speed is also 

greatly reduced. Hysteresis current controllers have a variable switching frequency that 

depends of the hysteresis band and if the bandwidth is very small it may affect the device 
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switching capability. However, the simulation with hysteresis current controller allows faster 

simulations with reduced time and computational resources. 

A speed controller has been designed successfully for closed loop operation of the 

PMSM drive system so that the motor runs at the commanded or reference speed. The 

simulated system has a fast response with practically zero steady state error thus validating 

the design method of the speed controller.  

6.2 Future Work 

The implementation of additional control techniques like unity power factor control, 

constant mutual air gap flux linkages control, optimum torque per ampere control and sensor-

less control can be taken up for detail simulation and performance calculation of PMSM 

drive systems. Detailed modeling and simulation of other types of synchronous motor drives 

can also be taken up for transient and steady state analysis. 
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Abstract

In this paper, rotation-extension CORDIC methods, i.e. double-rotation and triple-
rotation, are proposed for the objective of improving the performance and accuracy of the
CORDIC computational algorithm in radix-2. In the double-rotation and triple-rotation
methods, the convergences of the CORDIC computations are accelerated by duplicating and
triplicating the micro-rotation angles to be 2θ and 3θ, respectively. The non-redundant
mechanism, where a rotation direction δ is in a set of 1 and -1, depending on an intermedi-
ate converging parameter (either y or z), is applied to constant scaling factors. Convergence
range and accuracy of elementary functions hardware performed by using the CORDIC
methods in rotation mode and vectoring mode on the circular, hyperbolic, and linear co-
ordinate systems are examined, investigated and compared to Matlab/Simulink simulation
results. The comparison results show that the proposed CORDIC methods provide higher
computational accuracy than the conventional one at the same number of iterations. A
high precision CORDIC algorithm is introduced and evaluated for VLSI implementation.
Finally, speed and area performance of the CORDIC hardware based on the pipeline (un-
folded) digit-parallel architecture of the proposed CORDIC methods are compared to the
CORDIC methods previously published in the literature.

1. Introduction

The COordinate Rotation DIgital Computer (CORDIC) is known as an iterative al-
gorithm using only shift-and-add operations to perform several mathematic functions for
scientific and engineering fields. CORDIC was firstly described in 1959 by J.E. Volder [1] as
an elegant way to evaluate trigonometric functions. It was originally developed to replace
the analog navigation computer on the B-58 aircraft bomber due to a need for higher per-
formance and higher accuracy [2]. In 1971, J. Walther [3] extended the CORDIC algorithm
to hyperbolic functions and the algorithm is today used in many application areas such
as matrix computation, digital signal processing, digital image processing, communication,
robotics and graphics [4]. The key concept of the algorithm is based on rotation of a two
dimensional (2-D) (x,y) vector in circular, hyperbolic, and linear coordinate systems. J.E.
Volder described and implemented the iterative formulation of a computational algorithm
for the CORDIC in trigonometric functions, division and multiplication. It became more
and more attractive when J. Walther showed that by modifying a few parameters, it can
be used to perform a single algorithm for unified implementation of a wide range of ele-
mentary transcendental functions related to Logarithms, Exponentials, Square Root, etc.
Meanwhile, D. Cochran [5] gave examples of various algorithms which present that the
CORDIC technique is a better choice for scientific calculating applications. Its popularity
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was much more increased thereafter primarily due to its potential for efficient and low-cost
implementation. Some of the popular applications are: (1) direct digital frequency syn-
thesis [6], digital modulation and coding for speech/music synthesis and communication;
(2) direct and inverse kinematics computation for robot manipulation; and (3) planar and
three-dimensional (3-D) vector rotation for graphics and animation [7].

The development of the CORDIC algorithm and architectures [8] has taken place for
achieving the highest throughput rate and reduction of hardware-complexity as well as
the computational latency of implementation. Some of the typical approaches for reducing-
complexity implementation are targeted on minimization of using the scaling-operation and
complexity of barrel-shifters and adders in the CORDIC engine. The inherent drawback of
the conventional CORDIC algorithm is computational latency. Angle recording schemes,
mixed-grain rotation and higher radix CORDIC have been developed to reduce the latency.
Parallel and pipelined techniques have been suggested for high-throughput computation.
In this paper, we focus on two subjects, i.e. (1) reduction of computational latency and
improving the computational accuracy of the CORDIC algorithm based-on micro-rotation
duplication and triplication methods, and (2) design and architecture of a high precision
CORDIC architecture.

The rest of the paper is organized as follows. The related works are discussed in Section 2.
Section 3 explains the contribution of this paper. The rotation-extension CORDIC method,
i.e. the double-rotation and triple-rotation methods, are proposed in Section 4. The unified
CORDIC algorithm and a high precision CORDIC algorithm are introduced and discussed
in Section 5. Section 6 considers the algorithm and time investigation of the high precision
CORDIC core. Finally, concluding remarks are presented in Section 7.

2. Related Works

There are various proposed methods for the high performance CORDIC algorithm, re-
ducing the computational latency and increasing the computational accuracy, i.e. (1) high
radix method, (2) parallel rotation method, (3) redundant number representation, and (4)
rotation extension method.

2.1. High Radix CORDIC method

In 1996, E. Antelo et al. [9] proposed the mixed radix-2 and radix-4 method for a re-
dundant CORDIC processor implemented in pipelining architecture. The combination of
the two radix can reduce latency and area of the pipelining stats. The full radix-4 and
very-high CORDIC method with on-line scaling factor computation for high performance
rotation architectures [10] [11] were introduced. Meanwhile, C.C. Li [12] suggested the
fast on-line scaling factor compensation for redundant CORDIC algorithm in radix-4 and
simplified the on-line decomposition algorithm in hardware. J.Villalba [13] introduced an
extension version of the radix-4 CORDIC method in vectoring mode, where the selection
method is applied for non-redundant and redundant computation. The constant scaling
factor for radix 2-4-8 CORDIC algorithm was investigated by T. Aoki et al. [14]. The algo-
rithm dynamically changed from radix-2 to radix-4 and from radix-4 to radix-8 depending
on the specified sequence of CORDIC algorithm. The constant scaling factor of each radix

was expressed as Kc =
∏N
i=1

√
1 + δ2

i · r−2·i, where Kc is a constant scaling factor, N is

the maximum number of iterations, δi is rotation direction of micro-rotation of CORDIC,
ri is the radix-based determined by ith iteration. The articles dealing with the high radix
CORDIC method shows that the scaling factor used for computation and compensation be-
comes a main problem. They attempt to solve this problem by proposing the on-line scaling

International Journal of Signal Processing, Image Processing and Pattern Recognition 
Vol. 5, No. 1, March, 2012

66



factor computation method and by finding a range of the computation in order to constant
the scaling factor on radix-2-4-8 CORDIC algorithm. However, the CORDIC method used
for the constant scaling factor is too complex and hard for hardware implementation.

2.2. Parallel CORDIC rotation method

The parallel CORDIC method was proposed by T.B. Juang et al. [15]. The algorithm
predicts the rotation direction δi from binary value of initial angle. The original sequential
CORDIC rotations is divided into two phase, where the rotation in each phase is executed
in parallel. S.F. Hsiao [16] applied the method to implement a Sine/Cosine generator with
memory-efficient concept; meanwhile W.Han et al. [17] implemented a digital down con-
verter based on the parallel CORDIC algorithm. Thereby, the method can provide a con-
stant scaling factor because the two parallel processing cores are based on the conventional
CORDIC. Although, the scaling factor has been solved by using the parallel technique, the
overhead of summation and prediction of the two parallel CORDIC engines and rotation
direction are aggravated.

2.3. Redundant Number Representation Method

The third efficient way to accelerate the CORDIC algorithm is to use redundant number
representation, such as singed-digit (SD) representation and carry-save representation. In
1990, M.D. Ercegovac [18] presented redundant (carry-free) addition instead of a conven-
tional (carry-propagate) one and on-line scaling factor computation method in order to
minimize area and to increase bandwidth. But, the on-line computation method is too
complex which is very difficult in practice. To ignore the on-line scaling factor computation
method, N. Takagi et al. [19] introduced the redundant CORDIC method with a constant
scaling factor. Thereby, the scaling factor is investigated by minimizing the error from the
CORDIC computation.

2.4. Rotation Extension Method

From the reviewed articles, the reduction of the CORDIC computational latency by the
high radix method makes the scaling factor in instability situation. The unstable scaling
factor problem can be solved by the on-line computation method which is too complex
for hardware practice. The parallel technique is used to accelerate the computation. The
method is based on the two conventional CORDIC cores processing in parallel. Thereby,
the scaling factor problem is solved, but the prediction overhead of the rotation direction
and the combination of the two conventional CORDIC results are added. The extension-
rotation method based on radix-2 accelerates the micro-rotation angle φ with n · φ, where
n is an integer value. The double-rotation method performs the computational results with
micro-rotation angle 2φ. Its scaling factor is first calculated by on-line computation method
and then by optimizing the errors of the computational result in order to constant a scaling
factor.

This paper is focused on the reducing computational latency and the improving com-
putational accuracy of CORDIC with the constant scaling factor based on radix-2. The
radix-2 is used because the scaling factor can be found mathematically. The design and
architecture of the CORDIC algorithm on the radix-2 is straightforward for hardware imple-
mentation. We propose both the rotation-extension CORDIC methods, i.e. non-redundant
double-rotation and non-redundant triple-rotation. They are analyzed, investigated, and
simulated to evaluate the constant scaling factors and the input domain capability for el-
ementary functions. The initial parameter values and the compensation parameter values
for each elementary function, which can be performed in circular, hyperbolic, and linear
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coordinate systems are also proposed. We compare the computational accuracy of the el-
ementary functions with Matlab/Simulink in order to show that the proposed CORDIC
methods provide high computational accuracy. Finally, a high accuracy CORDIC algo-
rithm and its architecture is introduced for VLSI hardware implementation, and also the
time and area efficiency based on FPGA and Silicon technology are compared with the
existing CORDICs.

3. Contribution

The reducing computational latency and the increasing computational accuracy of CORDIC
become a challenge for engineers and scientists. Recently, they extremely attempt to im-
prove the computational performance and accuracy by proposing several methods such as
the parallel and prediction CORDIC (PCORDIC) [16] [15], the double-rotation CORDIC
(DRCORDIC), etc. The double-rotation method with redundant method was proposed by
Takagi et al. [19] in rotation mode only; thereby, the convergence of CORDIC parameters
is accelerated by duplicate rotation angle θ to be 2θ. They used few MSB for prediction of
rotation angle and attempted to constant the scaling factor. Similarly, we apply Takagi’s
idea for our double-rotation CORDIC method, but the difference is that the non-redundant
method is utilized in order to constant the scaling factor, and the operation on vectoring
mode is extended. In addition, we propose the triple-rotation CORDIC method where the
micro-rotation angle is triplicated from the conventional CORDIC angle θ to be 3θ.

This paper provides contributions as follow:

• Improvement of performance and accuracy of CORDIC computation: the
convergence of CORDIC parameters is accelerated by increasing the micro-rotation
angle to be 2θ and 3θ for the double-rotation and triple-rotation CORDIC meth-
ods. The non-redundant method is applied in order to constant the scaling factor
mathematically.

• Analysis of the double-rotation and triple-rotation CORDIC methods: the
unified micro-rotation equations for the double-rotation and triple-rotation CORDIC
methods based on radix-2 are proposed, where they are targeted for hardware sim-
plification. The convergence ranges and the initial parameters which will be used to
perform elementary functions on rotation and vectoring modes in the circular mode
such as sine and cosine functions, in hyperbolic mode such as sine and cosine hy-
perbolic functions, and linear mode such as multiplication and division functions are
examined and comprehensively summarized for VLSI implementation.

• Design and time investigation of high accuracy CORDIC arithmetic units:
an algorithm and a computational latency model of a high precision CORDIC arith-
metic unit is introduced for simple VLSI implementation. The model can be applied
to estimate the computational delay and accuracy of the high precision CORDIC core
conforming to the expected absolute error.

4. Rotation-Extension CORDIC Algorithm

The algorithm is based on the rotation of a vector on the xy plane. As shown in Figure 1,
a vector xin, yin having angle A is rotated by angle B, resulting in a new vector xout, yout.
This rotation is described by the expressions shown in Equ. 1 [20]
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Figure 1: Vector rotation

xout = R · cos(A+B) = xin · cosB − yin · sinB (1)

yout = R · sin(A+B) = xin · sinB − yin · cosB,

where R is the modulus of the vector and A is the initial angle. The rotation can be
described in matrix form as

[
xout
yout

]
=

[
cosB −sinB
sinB cosB

] [
xin
yin

]
(2)

Instead of B as presented in Equ. (2), we use notation φ. The basic idea dealing with
the rotation-extension CORDIC computation method is described in Equ. (3), where xin,
yin, and φ are input parameters and r is a rotation degree. For the sake of simplicity, we
derive and consider all equations based on the circular coordinate system.

[
xout
yout

]
=

[
cos φ −sin φ
sin φ cos φ

]r [
xin
yin

]
(3)

4.1. Conventional CORDIC

The algorithm performs a sequence of rotations by elementary angles. For the conven-
tional CORDIC method, the rotation φ on the xy plan can be decomposed into a product
of n elementary rotations when r = 1 as:

[
xout
yout

]
= cos φ

[
1 −tanφ

tanφ 1

] [
xin
yin

]
, (4)

where cos φ is a constant scaling factor. The elementary rotation matrix R(δi) describes
the elementary rotation with angle θi = tan−1(2−i) while i is iteration step. δi ∈ {1,−1}
determines the rotation direction.

n−1∏
i=0

R(δi) =
n−1∏
i=0

1√
1 + 2−2i

[
1 −δi2−i

δi2
−i 1

]
(5)
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Since the rotation angle θi is always a constant value (based on a non-redundant method [21]),
the constant scaling factor cos φ will be

∏n−1
i=0

1√
1+2−2i

, which approximately equals to

0.60725. The maximum and minimum rotation angle are defined as ±
∑n−1
i=0 tan

−1(2−i),
which is in range of [-1.74329,+1.74329]. The micro-rotation equation of the conventional
CORDIC method is presented in Equ. (6).

xi+1 = xi − δi · 2−i · yi
yi+1 = yi + δi · 2−i · xi (6)

zi+1 = zi − δi · θi

4.2. Double-Rotation CORDIC

The aim of the double-rotation method is to accelerate the rotation computation of the
CORDIC algorithm by duplicating the elementary angle to be 2θi. Thus, the degree of
parameter r in Equ. (3) is equal to 2.

[
xout
yout

]
= cos2 φ

[
1 −tanφ

tanφ 1

]2 [
xin
yin

]
(7)

The decomposition of the production of n elementary rotation is shown in Equ. (8) with
θi = tan−1(2−i−1).

n∏
i=1

R(δi) =
n∏
i=1

1

(1 + 2−2i−2)

[
1 −δi · 2−i−1

δi · 2−i−1 1

]2

(8)

To stabilize the scaling factor, the non-redundant number, where δi ∈ {−1, 1}, is applied
for the double-rotation CORDIC method. Thereby, the optimal constant scaling factor
is formulated by

∏n
i=1

1
(1+2−2i−2)

which approximately equals to 0.9219. The maximum

and minimum rotation angle
∑n
i=1 2 · tan−1(2−i−1) is in range of [-0.9885,+0.9885]. The

micro-rotation equation of the double-rotation CORDIC method is shown in Equ. (9).

xi+1 = xi − δi · 2−i · yi − 2−2i−2 · xi
yi+1 = yi + δi · 2−i · xi − 2−2i−2 · yi (9)

zi+1 = zi − δi · 2 · θi

4.3. Triple-Rotation CORDIC

Like the conventional and double-rotation methods, the triple-rotation method can ac-
celerate a micro rotation θi by triplicating the elementary angle θi to be 3θi.

[
xout
yout

]
= cos3 φ

[
1 −tanφ

tanφ 1

]3 [
xin
yin

]
(10)

The decomposition of the product of n elementary rotation is described in Equ. (11),
where r = 3, representing the triplicated rotation.
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n+1∏
i=2

R(δi) =
n+1∏
i=2

1

(1 + 2−2i−4)
3
2

[
1 −δi2−i−2

δi2
−i−2 1

]3

(11)

The micro-rotation angle is θi = tani(2−i−2). The non-redundancy for rotation direction
is also applied. Thereby, the scaling factor is approximately constant at 0.9922, which
is calculated from

∏n+1
i=2

1

(1+2−2i−4)
3
2

. The maximum and minimum rotation angle can be

found by
∑n+1
i=2 3 · tan−1(2−i−2), which is in range of [-0.3747, +0.3747]. The micro-rotation

equation of the triple-rotation CORDIC method being simplified for VLSI hardware imple-
mentation is shown in Equ. (12).

xi+1 = xi(1− 2−2i−3 − 2−2i−4)− δi(2−i−1 + 2−i−2 − 2−3i−6)yi

yi+1 = δixi(2
−i−1 + 2−i−2 − 2−3i−6) + (1− 2−2i−3 − 2−2i−4)yi (12)

zi+1 = zi − δi · 3 · θi

4.4. Accuracy Evaluation

The computational accuracy can be considered on either rotation mode or vectoring
mode. In this paper, the iterative CORDIC in rotation mode on the circular coordinate
system is taken into account, where parameter zi will be driven to 0. The summation
formula of parameter z on each CORDIC methods are shown as following:

zout−CV = zin −
∑n−1
i=0 δi · tan−1(2−i)

zout−DR = zin −
∑n
i=1 δi · 2 · tan−1(2−i−1)

zout−TR = zin −
∑n+1
i=2 δi · 3 · tan−1(2−i−2)

(13)

The condition that the triple-rotation and double-rotation CORDIC methods have more
precision than the conventional one can be expressed as:

∣∣∣zin −∑n+1
i=2 δi · 3 · tan−1(2−i−2)

∣∣∣ >
∣∣zin −∑n

i=1 δi · 2 · tan−1(2−i−1)
∣∣

>
∣∣∣zin −∑n−1

i=0 δi · tan−1(2−i)
∣∣∣ (14)

From Equ. 14 the rotation direction δ on each iteration depends on an intermediate pa-
rameter zi of each method. Analysis based on mathematic assumption could not guarantee
the computational accuracy due to nonlinear equation. Therefore, the accuracy evaluation
by using simulation based on statistical analysis in mathematic which is Mean Absolute
Percent Error and standard statistic can be applied in practice.

Table 1: Probability of rotation direction δ of the conventional, double-rotation, and triple-
rotation CORDIC methods, where zin is varied from 0.0 to 0.3

CORDIC method
δ

-1 0 1
Conventional 0.5020 0 0.4980
Proposed Double-rotation 0.5051 0.1434 0.4734
Proposed Triple-rotation 0.5051 0 0.4949
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The Mean Absolute Percent Error (MAPE) mathematical factor is employed for accuracy
evaluation in available range [-1.74329, +1.74329], [-0.9885,+0.9885], and [-0.3747, 0.3747]
of the conventional, double-rotation, and triple-rotation CORDIC methods. The simulation
results show that the proposed CORDIC methods provide the smallest MAPE at the same
number of iterations, which implies better accuracy as illustrated in Table 2. The MAPE
is defined by the formula:

M =
1

n

n∑
i=1

∣∣∣∣Ai − FiĀ

∣∣∣∣ , (15)

where Ai is the actual value and Fi is the forecast value. The difference between Ai and
Fi is divided by the average actual value Ā again. The absolute value of this calculation is
summed for every forecast point in time and divided again by the number of fitted points
n.

Table 2: The MAPE comparison of xI and yI of the conventional, double-rotation and
triple-rotation CORDIC methods, where the iteration step I equals to 8, 10, and 16.

Mean absolute percent error (MAPE)
CORDIC I=8 I=10 I=16

xI , cos(φ)
Conventional 0.0597% 0.0153% 2.2425E-4%

Double-rotation 0.0297% 0.0086% 1.1735E-4%
Triple-rotation 0.0225% 0.0060% 8.0427E-5%

yI , sin(φ)
Conventional 0.0481% 0.0131% 1.6301E-4%

Double-rotation 0.0232% 0.0057% 9.2696E-5%
Triple-rotation 0.0180% 0.0050% 9.3906E-5%

Four standard statistical indicators are employed for accuracy evaluation of the proposed
CORDIC computational methods, i.e. maximum absolute error (Max. |error|), minimum
absolute error (Min. | error|), average absolute error (Ave. |error|), and standard deviation
absolute error (Ave.Dev. |error|). All formulas are expressed as follow:

Maximum absolute error (Max. |error|)

Max. |error| = Max. {|A0 − F0| , · · · , |AN − FN |} (16)

Minimum absolute error (Min. |error|)

Min. |error| = Min. {|A0 − F0| , · · · , |AN − FN |} (17)

Average absolute error (Ave. |error|)

Ave. |error| =
1

N

N∑
i=0

|Ai − Fi| (18)

Standard deviation absolute error (Ave.Dev. |error|)

Xi = |Ai − Fi|

X̄ =
1

N

N∑
i=0

|Ai − Fi|

Ave.Dev. |error| =

√√√√ 1

N

N∑
i=0

(Xi − X̄)2 (19)
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The analysis results with the four statistical indicators are shown in Table 3 and 4. Both
tables show the comparison of the computational error of the conventional, double-rotation
and triple-rotation CORDIC methods based on Matlab simulation in the various number of
iterations(N) at 8, 10, 16, 32, and 64. For measuring environment, since we want to measure
the computational accuracy on the three parameters, i.e. xout, yout, and zout, the CORDIC
methods have to be performed on both rotation mode and vectoring mode. Then, the
circular coordinate system is selected for our test case. Table 3 reports the analysis result
of the CORDIC methods in rotating mode performed by function number 1 in Table 5.
Similarly, the analysis result in vectoring mode of the CORDIC method performed by
function number 3 is illustrated in Table 4. From the tables, the double-rotation and
triple-rotation CORDIC methods still provide higher accuracy than the conventional one
when they are analyzed by the statistical measurements.

Table 3: Show the analysis of computational accuracy of CORDIC methods in rotation
mode on the circular coordinate system.

Iteration CORDIC
Statistical Analysis

(N) Max. |error| Min. |error| Ave. |error| Std.Dev. |error|

xout

8
Conventional 9.4966E-3 3.2120E-5 4.5125E-3 2.6722E-3

Double-rotation 4.8971E-3 1.5988E-5 2.3296E-3 1.3431E-3
Triple-rotation 3.6940E-3 2.2748E-5 1.7411E-3 1.0119E-3

10
Conventional 2.3952E-3 4.7574E-6 1.1589E-3 6.6409E-4

Double-rotation 1.2320E-3 6.9294E-6 5.7707E-4 3.3635E-4
Triple-rotation 9.1174E-4 5.6572E-7 4.3358E-4 2.5278E-4

16
Conventional 3.7365E-5 1.2253E-7 1.8090E-5 1.0543E-5

Double-rotation 1.8925E-5 8.1072E-9 9.1003E-6 5.3043E-6
Triple-rotation 1.4181E-5 2.6530E-8 6.7987E-6 3.9405E-6

32
Conventional 5.8888E-10 4.6108E-13 2.7506E-10 1.6137E-10

Double-rotation 2.9457E-10 2.9358E-12 1.3889E-10 8.0351E-11
Triple-rotation 2.1399E-10 1.0505E-12 1.0593E-10 5.9295E-11

64
Conventional 9.9920E-16 3.7453E-15 5.8693E-15 3.6346E-16

Double-rotation 3.4417E-15 1.5543E-15 2.4920E-15 2.1890E-16
Triple-rotation 1.5543E-15 1.1102E-16 7.1996e-16 2.8387E-16

yout

8
Conventional 6.748E-3 1.7481E-5 2.9117E-3 1.7723E-3

Double-rotation 3.3532E-3 8.9682E-6 1.4952E-3 8.7957E-4
Triple-rotation 2.5376E-3 1.5211E-5 1.1163E-3 6.5960E-4

10
Conventional 1.6862E-3 3.3777E-6 7.4364E-4 4.3493E-4

Double-rotation 8.2529E-4 3.9484E-6 3.7026E-4 2.1735E-4
Triple-rotation 6.1626E-4 4.1980E-7 2.7813E-4 1.6486E-4

16
Conventional 2.6937E-5 9.8153E-8 1.1614E-5 6.8945E-6

Double-rotation 1.3301E-5 1.6685E-8 5.8318E-6 3.4532E-6
Triple-rotation 9.6708E-6 4.4125E-9 4.3576E-6 2.5698E-6

32
Conventional 4.0018E-10 1.9198E-12 1.7623E-10 1.0478E-10

Double-rotation 2.0294E-10 5.1292E-13 8.9197E-11 5.2357E-11
Triple-rotation 1.5010E-10 2.9110E-13 6.8012E-11 3.8826E-11

64
Conventional 5.7732E-15 4.4580E-15 4.0651E-15 5.3280E-16

Double-rotation 2.4425E-15 2.6645E-15 9.8142E-16 5.0489E-16
Triple-rotation 1.7764E-15 1.0012E-15 4.2967E-16 3.1539E-16

4.5. Convergence & Accuracy Trade-Off

The performance and time efficiency of the double-rotation and triple-rotation CORDIC
methods can be investigated and evaluated by two methods based on the conventional
CORDIC and Matlab simulation. First, determination of absolute error constraint method:
thereby, the absolute error is given as a different expected error ∆E of a CORDIC computa-
tional result and a Matlab simulation result. If the actual different error ∆e of a CORDIC
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Table 4: The analysis of computational accuracy of CORDIC methods in vectoring mode
on the circular coordinate system.

Iteration CORDIC
Statistical Analysis

(N) Max. |error| Min. |error| Ave. |error| Std.Dev. |error|

xout

8
Conventional 2.1886E-5 5.8874E-8 9.577E-6 9.2267E-6

Double-rotation 6.0890E-6 3.2259E-6 3.5329E-6 2.0376E-6
Triple-rotation 2.6975E-6 1.3162E-7 1.3317E-6 9.2651E-7

10
Conventional 1.296E-6 8.4752E-9 5.9492E-7 5.9646E-7

Double-rotation 3.0917E-7 6.8938E-8 1.9876E-7 1.0249E-7
Triple-rotation 2.5691E-7 2.5071E-9 9.0108E-8 1.0678E-7

16
Conventional 3.3458E-10 4.3225E-12 1.2284E-10 1.4963E-10

Double-rotation 6.9108E-11 2.7643E-12 4.7638E-11 1.6298E-11
Triple-rotation 4.5727E-11 1.3323E-14 1.9549E-11 2.3043E-11

32
Conventional 5.5511E-15 2.2204E-15 3.3307E-16 1.3597E-16

Double-rotation 4.1078E-15 3.2196E-16 3.7970E-15 3.6316E-16
Triple-rotation 1.4433E-15 3.1307E-16 9.5479E-16 4.4823E-16

64
Conventional 5.5511E-15 2.2204E-15 3.3307E-16 1.3597E-16

Double-rotation 4.1078E-15 3.2196E-16 3.7970E-15 3.6316E-16
Triple-rotation 1.4433E-15 3.1307E-16 9.5479E-16 4.4823E-16

zout

8
Conventional 6.6160E-3 3.4315E-4 3.7572E-3 2.5093E-3

Double-rotation 3.1040E-3 2.9878E-4 1.8719E-3 1.1285E-3
Triple-rotation 2.3227E-3 8.0323E-4 1.5465E-3 5.8293E-4

10
Conventional 1.6100E-3 1.1742E-4 9.3258E-4 6.3258E-4

Double-rotation 6.7778E-4 1.0275E-4 4.2626E-4 2.6665E-4
Triple-rotation 7.1681E-4 7.0811E-5 3.4929E-4 2.6975E-4

16
Conventional 2.5868E-5 2.9403E-6 1.2778E-5 1.0149E-5

Double-rotation 9.9709E-6 4.0604E-6 7.2306E-6 2.2905E-6
Triple-rotation 9.5632E-6 1.6408E-7 4.7247E-6 4.5793E-6

32
Conventional 3.2805E-10 1.0026E-10 2.3369E-10 9.6639E-11

Double-rotation 1.7855E-10 7.2290E-11 9.8846E-11 4.5243E-11
Triple-rotation 1.5460E-10 2.4420E-11 8.5503E-11 5.5706E-11

64
Conventional 1.1102E-16 2.7756E-17 6.6613E-17 3.1646E-17

Double-rotation 1.1102E-16 2.7756E-17 6.6613E-17 3.1646E-17
Triple-rotation 1.1102E-16 2.7756E-17 4.1633E-17 4.3885E-17

computational result and a Matlab simulation result is equal or less than ∆E, then the
number of iterations will be kept in record.

Figure 2 illustrates the relationship of the given absolute error with the number of itera-
tions of the conventional, double-rotation, and triple-rotation CORDIC methods based on
Matlab/Simulink. As the figure, at the same number of iterations, the triple-rotation and
double-rotation CORDIC methods provide higher accuracy than the conventional one. In
turn, at the same absolute error, the triple-rotation and double-rotation CORDIC methods
require the smaller number of iterations.

Second, observation of the converging parameters x, y, z of the micro-rotation: a Sine-
Cosine function is performed by setting the initial parameters x, y, and z in rotating mode,
where the parameter z is driven to be zero z −→ 0 by the CORDIC algorithm. Based
on our experiment with several values of input z, the triple-rotation CORDIC method
converges faster than the double-rotation and conventional ones for all three parameters.
The converging of the three parameters is captured and shown in Figure 3 as an example,
where z is initialized with φ = −0.1 radian, y is set to 0, and x is defaulted by the constant
scaling factor of each CORDIC method. The proposed CORDIC method provides better
performance with the fewer number of iterations compared to the conventional and the
double-ration method.

International Journal of Signal Processing, Image Processing and Pattern Recognition 
Vol. 5, No. 1, March, 2012

74



0 0.2 0.4 0.6 0.8 1

x 10
−3

5

10

15

20

25

|Error constraint|

Ite
ra

tio
n 

st
ep

s

Conventional
Double−rotation
Triple−rotation

(a) 5 to 25

0 0.2 0.4 0.6 0.8 1

x 10
−3

5

6

7

8

9

10

|Error constraint|

Ite
ra

tio
n 

st
ep

s

Conventional
Double−rotation
Triple−rotation

(b) 5 to 10

0 1 2 3 4

x 10
−4

10

10.5

11

11.5

12

|Error constraint|

Ite
ra

tio
n 

st
ep

s

Conventional
Double−rotation
Triple−rotation

(c) 10 to 13

0 0.2 0.4 0.6 0.8 1 1.2

x 10
−4

12

14

16

18

20

22

24

|Error constraint|

Ite
ra

tio
n 

st
ep

s

Conventional
Double−rotation
Triple−rotation

(d) 13 to 25

Figure 2: The expected number of iterations with the absolute error varied from 1.0E-8 to
1.0E-3.
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Figure 3: The convergence of CORDIC parameters where x is initialized with the constant
scaling factors of each CORDIC method, y = 0, and z = φ = −0.1 radian.
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5. Unified CORDIC Algorithm

In this section, the unified micro-rotation of the double-rotation and triple-rotation
CORDIC methods is introduced. It is described in the circular, hyperbolic, and linear
coordinate systems in a unified manner by defining the parameter m so that

• m=1: for the circular/trigonometric coordinate system

• m=0: for the linear coordinate system

• m=-1: for the hyperbolic coordinate system

In that case, the unified micro-rotation of the double-rotation and triple-rotation CORDIC
methods are:

The unified micro-rotation of the double-rotation CORDIC method

xi+1 = xi −m · (δi · 2−i · yi + 2−2i−2 · xi)
yi+1 = yi + δi · 2−i · xi −m · 2−2i−2 · yi (20)

zi+1 =

{
zi − δi · 2 · tan−1(2−i−1) if m = 1 , −1

zi − δi · 2−i if m = 0

The unified micro-rotation of the triple-rotation CORDIC method

xi+1 = xi · (1−m · (2−2i−3 + 2−2i−4))− δi(m · (2−i−1 + 2−i−2)− 2−3i−6) · yi
yi+1 = δi · xi · (2−i−1 + 2−i−2 −m · 2−3i−6) + (1−m · (2−2i−3 + 2−2i−4)) · yi (21)

zi+1 =

{
zi − δi · 3 · tan−1(2−i−2) if m = 1 , −1

zi − δi · 3 · 2−i−2 if m = 0

With the non-redundant method the scaling factor for the double-rotation and triple-
rotation CORDICs are Kdr =

∏n
i=1

1
(1+2−2i−2)

and Ktr =
∏n+1
i=2

1

(1+2−2i−4)
3
2

which are ap-

proximately 0.9219 and 0.992. The elementary functions being performed by the methods
are listed in Table 5.

6. Algorithm and Investigation of a high precision CORDIC Core

6.1. Algorithm

The main characteristics of the double-rotation and triple-rotation CORDIC methods
are: (1) reduction of computational latency, and (2) high computational accuracy with the
small number of iterations. Thus, in this section we utilize such characteristics to design
a high precision CORDIC core algorithm. The algorithm runs the double-rotation method
for normal-accuracy mode, and the triple-rotation one for high-accuracy mode. It consists
of three main parts, i.e. pre-processing, CORDIC processing, and post-processing as shown
in Algorithm 1.

Table 5 is simultaneously considered with the Algorithm 1 due to its parameter relation-
ship. The functional parameter (func) is in accordance with the function number shown
in the table. The function number 1, 2 and 3 are used to implement circular/trigonometric
functions such as sine, cosine, magnitude and phase functions, the function number 4, 5 and
6 are used to implement hyperbolic functions such as sine hyperbolic and cosine hyperbolic
functions, and the function number 7 and 8 are used to implement linear functions, i.e.
multiplication and division function, respectively.
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Algorithm 1 [xout, yout, zout] = High-ACC-CORDIC(xin, yin, zin, Iter, K, K−1, rmode,
m, func, hs)

1: {******** Pre-processing ********}
2: if (hs = 1) then
3: start = 2, end = Iter + 1
4: else
5: start = 1, end = Iter
6: end if
7: if (func = 1) or (func = 4) then
8: xstart=K, ystart=0, zstart=zi
9: else

10: xstart=xi, ystart=yi, zstart=zi
11: end if
12: {******** CORDIC processing ********}
13: for i = start to end do
14: if (rmode = 0) then
15: if (zi ≥ 0) then
16: δi = 1
17: else
18: δi = −1
19: end if
20: else
21: if (yi ≥ 0) then
22: δi = −1
23: else
24: δi = 1
25: end if
26: end if
27: if (hs = 1) then
28: xi+1 = xi · (1−m · (2−2i−3 + 2−2i−4))− δi(m · (2−i−1 + 2−i−2)− 2−3i−6) · yi
29: yi+1 = δi · xi · (2−i−1 + 2−i−2 −m · 2−3i−6) + (1−m · (2−2i−3 + 2−2i−4)) · yi
30: if (m = 0) then
31: zi+1 = zi − δi · 3 · 2−i−2

32: else
33: zi+1 = zi − δi · 3 · tan−1(2−i−2)
34: end if
35: else
36: xi+1 = xi −m · (δi · 2−i · yi + 2−2i−2 · xi)
37: yi+1 = yi + δi · 2−i · xi −m · 2−2i−2 · yi
38: if (m = 0) then
39: zi+1 = zi − δi · 2−i

40: else
41: zi+1 = zi − δi · 2 · tan−1(2−i−1)
42: end if
43: end if
44: xi = xi+1

45: yi = xi+1

46: zi = zi+1

47: end for
48: {******** Post-processing ********}
49: if (rmode = 0) then
50: if (func = 2) or (func = 5) then
51: xout = xi ·K−1

52: yout = yi ·K−1

53: zout = zi
54: else
55: xout = xi
56: yout = yi
57: zout = zi
58: end if
59: else
60: xout = xi ·K−1

61: yout = yi
62: zout = zi
63: end if
64: return xout, yout, zout
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Table 5: The relationship of the elementary functions performed by the high precision
CORDIC and all input arguments.

No. Functions rmode

Initial values Configuration values

xin yin zin
K−1

m
hs = 0 hs = 1

Circular/Trigonometric Coordinate System

1
xout = cos(zin)

0

K 0 given value 0 0 1
yout = sin(zin)

2
xout = xin · cos(zin)− yin · sin(zin)

given value given value given value K−1
dr

K−1
tr 1

yout = xin · sin(zin) + yin · cos(zin)

3
xout =

√
x2in + y2in 1 given value given value given value K−1

dr
K−1

tr 1
zout = zin + tan−1

(
yin
xin

)
Hyperbolic Coordinate System

4
xout = cosh(zin)

0

K 0 given value 0 0 -1
yout = sinh(zin)

5
xout = xin · cosh(zin) + yin · sinh(zin)

given value given value given value K−1
dr

K−1
tr -1

yout = xin · sinh(zin) + yin · cosh(zin)

6
xout =

√
x2in − y

2
in 1 given value given value given value K−1

dr
K−1

tr -1
zout = zin + tanh−1

(
yin
xin

)
Linear Coordinate System

7
xout = xin

0 given value given value given value 1 1 0
yout = yin + xin · zin

8
xout = xin

1 given value given value given value 1 1 0
zout = zin + yin

xin

In the pre-processing step, the computational mode (hs) is determined in either normal-
accuracy mode or high-accuracy mode, where the start (start) and end (end) indexes will
be set up. Afterwards, the input parameters xstart, ystart, and zstart will be initialized
corresponding to (start) and func. In the CORDIC processing step, the micro-rotation
of either double-rotation or triple-rotation methods will be executed iteratively, where the
execution in either rotation mode or vectoring mode and the coordinate systems depend
on the rotating parameter rmode and the coordinate parameter m. Finally, the post-
processing step will compensate the computed results with inversion of the constant scaling
factor corresponding to func in Table 5.

6.2. Computational Time Investigation

The block diagram of the high precision CORDIC core according to Algorithm 5 is shown
in Figure 4a. Due to the small convergence range of the double-rotation and triple-rotation
methods, the convergence extension module which could be realized by convergence ex-
tension methods is included. Generally, there are two types of the convergence extension
methods introduced to solve the convergence range problem, i.e. mathematic identity
method [19], [22] and expansion of the set of iterative method [23]. The mathematic iden-
tity method applies the mathematic properties such as trigonometric identities in order
to compress inputs xi, yi, and zi and to decompress outputs xout, yout, and zout gener-
ated by the high precision CORDIC core. The expansion of the set of iterative method
expands the linear CORDIC convergence range by choosing the set of iterative indexes to
i = −M,−M + 1, · · · , N , where M and N are two integers applied to determine the con-

vergence. Then, the convergence ranges are |zi| ≤ 2M+1 and
∣∣∣ yixi ∣∣∣ ≤ 2M+1 for driving z or
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Figure 4: The block diagram of the high precision CORDIC core with the convergence
extension module and its computational latency.

y toward zero. For the sake of simplicity the detail of the convergence extension methods
will be ignored in this paper and its computational latency will be specified as a constant
value.

From the block diagram in Figure 4a, the computational time investigation of the high
precision CORDIC core with the convergence extension module can be examined as follow-
ing: 1) suppose that Text, Tpre, Tdr, Ttr, and Tpost are internal delay of the convergence ex-
tension, the pre-processing, the double-rotation, the triple-rotation and the post-processing,
respectively. 2) Tdr and Ttr depending on the number of CORDIC iterations (Niter−dr,
Niter−tr) corresponding to the expected accuracy as shown in Figure 2 are expressed as:

Tdr = Tmicro−dr ·Niter−dr (22)

Ttr = Tmicro−tr ·Niter−tr,

where Tmicro−dr and Tmicro−tr are the computational delay of the micro-rotation of the
double-rotation and triple-rotation CORDICs. The number of iterations of the double-
rotation and triple-rotation CORDIC methods is denoted as Niter−dr and Niter−tr. There-
fore, the computational delay investigation of the high precision CORDIC core with the
convergence extension module can be described as:

T = 2 · Text + Tpre + TCORDIC + Tpost, (23)

TCORDIC =

{
Tdr hs = 0 (Normal accuracymode),

Ttr hs = 1 (High accuracymode)

Suppose that Text, Tpre, Tpost, Tmicro−dr, and Tmicro−tr equal to 1 clock cycle, then the
delay of the high precision CORDIC core based on the double-rotation and triple-rotation
CORDIC methods when the expected absolute error 3.0E-4 are at 11 clock cycle and
13 clock cycle. The graph in Figure 4b shows the relationship of the expected absolute
computational error and the delay of the high precision CORDIC Core in normal-accuracy
mode and high-accuracy mode with the absolute errors range from 0 to 1.0E-3.

6.3. Performance Comparison

This section compares the proposed CORDIC methods with the existing ones. The
micro-rotation in pipelined (unfolded) digit-parallel architecture has been brought up for
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Figure 5: The existing constant scaling factor CORDIC based on redundant method.
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Figure 6: The proposed constant scaling factor CORDIC based on non-redundant method.

consideration in speed and area performance, where pre-processing and post-processing are
ignored. Basic components normally used to implement the CORDIC consist of 3-to-2
Carry-Save-Adder (CSA), Sign-Digit-Adder (SDA), redundant sign selection (SIGN-SEL),
non-redundant sign selection (SIGN-SEL-NON), and right shifter (SHR). To obtain com-
parison results close to reality as much as possible, the basic components are implemented
and analyzed in various data width at 16-bit, 32-bit, and 64-bit on 90-nm Faraday silicon
technology. The synthesis results are individually normalized based on delay and consumed
area of the targeted technology; afterward they are normalized again in the various data
width as presented in Table 6.

The two existing constant scaling factor CORDIC methods, i.e. the redundant double-
rotation [19] CORDIC and the 2D-Householder [24] CORDIC, have been put forward for
comparison with the proposed CORDIC methods, whose architectures on rotation mode
in the circular coordinate system are illustrated in Figure 5 and 6. Table 7 compares the
speed and area performance of these CORDIC methods. Based on pipeline architecture,
the computational operators corresponding to each CORDIC algorithm are performed as
the delay models. Also the number of utilized basic computational operators, conforming

International Journal of Signal Processing, Image Processing and Pattern Recognition 
Vol. 5, No. 1, March, 2012

80



Table 6: Basic components synthesis results on 90-nm Faraday silicon technology.

Basic component
16-bit 32-bit 64-bit

D(ns) A(µm2) D(ns) A(µm2) D(ns) A(µm2)

3-to-2 CSA 0.13/0.0807 252.23/0.5708 0.13/0.0458 504.11/0.4836 0.13/0.0245 1,005.87/0.3978
SDA 1.61/1 442.96/1 2.84/1 806.74/0.7714 5.31/1 1,534.29/0.6068
SHR 0.70/0.4348 377.89/0.8533 0.62/0.2183 1,045.85/1 0.92/0.1733 2,528.40/1
SIGN-SEL 0.15/0.0932 13.33/0.0301 0.15/0.0528 13.33/0.0127 0.15/0.0282 13.33/0.0053
SIGN-SEL-NON 0.01/0.0063 2.35/0.0053 0.01/0.0035 2.35/0.0220 0.01/0.0019 2.35/0.0009

Table 7: The time and area performance of the CORDIC methods in pipeline (unfolded)
digit-parallel architecture.

Double-rotation [19]
Delay yi + βi2

−2i−2xi − αi2
iyi =⇒ DSHR +DSIGN−SEL +DCSA +DSDA

Area 4 ·ASHR + 2 ·ACSA + 3 ·ASDA +ASIGN−SEL

2D-Householder [24]
Delay 2 · ωi − βi2−2i−1ωi − αi2

ixi =⇒ DSHR +DSIGN−SEL +DCSA +DSDA

Area 4 ·ASHR + 2 ·ACSA + 3 ·ASDA +ASIGN−SEL

Double-rotation
Delay xi + δi2

−iyi − δi2−2i−2xi =⇒ DSHR +DSIGN−SEL−NON +DCSA +DSDA

Area 4 ·ASHR + 2 ·ACSA + 3 ·ASDA +ASIGN−SEL−NON

Triple-rotation
Delay (xi − 2−2i−3xi − 2−2i−4xi)− (δi2

−i−1yi + δi2
−i−2yi − δi2−3i−6yi)

=⇒ DSHR +DSIGN−SEL−NON +DCSA + 2 ·DSDA

Area 10 ·ASHR + 4 ·ACSA + 7 ·ASDA +ASIGN−SEL−NON

to Figure 5 and 6, is modeled as the area models. In [19], the redundant double-rotation
method with a constant scaling factor is applied to only the CORDIC rotation mode.
The proposed double-rotation method extends to vectoring mode. The redundant rotation
direction (αi, βi ∈ {−1, 0, 1} ) are employed in [19], but we apply the non-redundant rotation
direction in our double-rotation CORDIC. From the delay and area models in Table 7, the
delay and consumed area on 16-bit data width of the double-rotation CORDIC method
of [19] can be evaluated as following: Delay : 0.4348 + 0.0932 + 0.0807 + 1 = 1.6087, Area
: 4× 0.8533 + 2× 0.5708 + 3 + 0.0301 = 7.5849.

In [24], the redundant 2D-Householder CORDIC method is applied on both rotation
mode and vectoring mode. By the way, its scaling factor is performed by the on-line
computation which increases the complexity for VLSI implementation. However, for the
sake of simplification, the on-line computation is neglect for this comparison. The delay
and area on 16-bit data width of the 2D-Householder CORDIC method can be estimated
as following: Delay : 0.4348+0.0932+0.0807+1 = 1.6087, Area : 4×0.8533+2×0.5708+
3 + 0.0301 = 7.5849. By the same method the delay and area on 16-bit of the proposed
double-rotation CORDIC method can be evaluated as follow: Delay : 0.4348 + 0.0063 +
0.0807 + 1 = 1.5218, Area : 4 × 0.8533 + 2 × 0.5708 + 3 + 0.0053 = 7.5601, and Delay :
0.4348+0.0063+0.0807+2 = 2.5218, Area : 10×0.8533+4×0.5708+7+0.0053 = 17.822
for the proposed triple-rotation CORDIC method. The time and area efficiency of these
CORDIC methods in different data width can be illustrated in Table 8.

From the comparison, the proposed redundant double-rotation CORDIC method pro-
vides better time efficiency than the non-redundant double-rotation and 2D-Householder
CORDIC methods. However, the proposed double-rotation one is extended to vectoring
mode and also unemploy to use the on-line constant scaling factor computation. Area
efficiency of the three CORDIC methods have similar values because they use the same
number of basic components. The proposed triple-rotation CORDIC methods is also eval-
uated to demonstrate its time and area efficiencies. Although the time and area efficiency
of the triple-rotation CORDIC method are lower than the double-rotation CORDIC meth-
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Table 8: Normalized speed and area performance comparison of the proposed CORDIC
methods and the existing CORDIC methods in different data width.

CORDIC methods
16-bit 32-bit 64-bit

Delay Area Delay Area Delay Area
Double-rotation [19] 1.6087 7.5856 1.317 7.2916 1.226 6.6214
2D-Householder [24] 1.6087 7.5856 1.317 7.2916 1.226 6.6214
Proposed double-rotation 1.5217 7.5608 1.2677 7.2811 1.1996 6.6171
Proposed triple-rotation 2.5218 17.822 2.2678 17.332 2.1996 15.84

ods, but the method provides higher computational accuracy. Its time efficiency can be
improved by increasing a pipeline stage or by enhancing the performance of Adder.

7. Conclusion

Design and analysis of the extension-rotation CORDIC methods, the double-rotation and
the triple-rotation, to improve the performance and accuracy of the CORDIC computation
have been presented and discussed. The paper can be summarized as follow:

1. The methods use non-redundant values to stabilize the constant scaling factor and
to avoid the on-line scaling factor problem. The computational accuracy of the two
CORDIC methods is measured by statistical measurements, i.e. MAPE,Max. |error|,
Min. |error|, Ave. |error|, Std.Dev. |error|, and compared to the conventional CORDIC
method and the Matlab Simulation results. The analysis results show the double-
rotation and triple-rotation CORDIC methods provide higher accuracy than the con-
ventional one with the same number of iterations. On the other hand, with the same
computational accuracy, the double-rotation and triple-rotation can be achieved with
smaller number of iteration.

2. The unified CORDIC algorithms of the double-rotation and triple-rotation CORDIC
methods applied to perform elementary function in rotation mode and vectoring mode
on the circular, hyperbolic, linear coordinate systems are come out. Afterward, they
are utilized for algorithm of the high precision CORDIC core.

3. The high accuracy CORDIC core is introduced and investigated in order to show
the performance and time efficiency in normal-accuracy and high-accuracy modes
in various expected absolute error. Based on the pipeline (unfolded) digit-parallel
architecture, the speed and area performance of the proposed CORDIC methods are
compared with the existing CORDIC methods, where the proposed double-rotation
CORDIC method provide better time efficiency with similar area efficiency to the
existing constant scaling factor CORDIC methods.
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Abstract—A optimization method of self-tuning fuzzy PID 
controller for permanent magnet synchronous motor (PMSM) 
is presented in this paper. The proposed controller is 
developed for speed control of the PMSM using in vehicle. The 
design of self-tuning fuzzy PID controller is a complex task due 
to a large number of parameters and rule bases. In this paper, 
the parameters of membership functions and rule bases of 
fuzzy logic controller are optimized by adaptive weighted 
particle swarm optimization (PSO), which is an efficient and 
simple tool for multi-objective and multi-dimensional problem. 
The proposed controller is verified by simulation, the result 
showing robust and good dynamic response. 

Keywords- self-tuing fuzzy PID controller; adaptive weighted 
particle swarm optimization; permanent magnet synchronous 
motor; particle swarm optimization; fuzzy controller 

I.  INTRODUCTION  
The modern power electronics, magnetic material 

technology developing, permanent magnet synchronous 
motor (PMSM) drives have been used widely in traction 
drives, electrically powered air compressor drives in 
vehicles, high torque servomotor, and hydraulic pump 
drives, because of its high torque to current ratio, large 
power to weight ratio, high efficiency, high power factor and 
robustness [1]. In order to achieve high performance, the 
vector control of the PMSM has been employed, and 
applications of advanced control theories and techniques 
have further improved the performance of PMSM drives. 

Self-tuning fuzzy PID controller has the advantages of 
fuzzy logic and proportional-integral-derivative (PID) 
controllers, which is shown to be a versatile for control of 
nonlinear system with good accuracy and fast dynamic 
response. The controller is also able to tolerate many poor 
selections or inadequate implementations of the controller 
which would make most conventional controllers unstable, 
while design of the controller is not an easy task for 
engineers, because of a large number of parameters and rule 
bases [2].  

Particle Swarm Optimization (PSO) is presented by 
Kennedy in 1995, which is an evolutionary computation 
technique [4]. The algorithm is derived from the social 
psychological theory and has been shown robust for solving 
problems featuring nonlinearity, multiple optima, and high 
dimensionality. The algorithm is used in optimization of 

controller parameters, and the scaling factors of fuzzy logic 
controller are optimized by PSO in [5]. Adaptive weighted 
PSO improves the searching capability of PSO via the 
adaptive inertia weight and acceleration factor [7]. In this 
paper, the parameters of membership functions and rule 
bases of the fuzzy logic controller (FLC) are optimized by 
adaptive weighted PSO. 

II. MODEL OF PMSM DRIVE 
The mathematical model of PMSM drive can be 

represented by the following equations in a synchronously 
rotating rotator d-q reference frame as [8, 9] 

  
0d s d p r q d

q p r d s q q p r f

V R pL n L i
V n L R pL i n

ω
ω ω ψ
+ −

= +
+

  (1) 

                        e L m r m rT T J p Bω ω= + +                              (2) 

              
3

( )
2

p
e f q d q d q

n
T i L L i iψ= + −                   (3) 

where vd and vq are the d- and q-axes stator voltages, 
respectively; id and iq are the d- and q-axes currents, 
respectively; Rs is the state resistance per phase; Ld and Lq 
are the d- and q-axes stator inductances, respectively; Te and 
TL are the electromagnetic and load torques, respectively; Jm 
is the moment of inertia of the motor; Bm is the friction 
coefficient of the motor; np is the number of pole pairs; r is 
the rotor mechanical speed; p is the differential operator 
(d/dt); and f is the permanent magnet flux linkage. The 
parameters of PMSM drive can be obtained by parameter 
identification. 

III. CONTROL PRINCIPLE 
The self-tuning fuzzy PID controller with vector control 

is used to control the PMSM drive in this paper, and the 
structure of PMSM drive is shown as fig. 1. The r

* and r 
are the setting rotor mechanical speed and actual speed, 
respectively; iq

* and id
* are the q- and d-axes reference 

currents, respectively; ia
*, ib*, and ic* are A, B, and C phases 

reference currents, respectively. Hysteresis current controller, 
which is an instantaneous feedback current controller, 
generates the gate pulses, according the error of three-phase 
reference currents and three-phase actual currents. The iq* is 
given by self-tuning fuzzy PID controller, and at same time, 
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id
* is zero.  The actual currents continually track the 

reference currents with the current controller, and the 
equations of PMSM drive are simplified as following 
equations 

                       ( )1
q q q p r fpi v Ri n

Lq
ω ψ= − −                   (4) 

                           d p r q qv n L iω= −                                      (5) 

                       e L m r m rT T J p Bω ω= + +                        (6) 

                           ( )3
2

p
e f q

n
T iψ=                                      (7) 

 

 
Fig. 1.  Block diagram of PMSM drive. 

IV. ADAPTIVE WEIGHTED PSO 
In the more than ten years since the PSO algorithm is fist 

described by Kennedy, many improved algorithms and 
advance researches, which have been used to solve 
optimization problems, are represented [6]. PSO is 
discovered through simulation of a simplified social model. 
It imitates the natural process of group communication to 
share individual experience flocking, migrating, or hunting. 
In PSO, starting with a randomly initialized population 
called swarm, each member called particle flies through the 
searching space, evaluating the fitness, and remember the 
best position on which it has the minimum fitness. Particles 
of the swarm communicate the best positions to each other 
and adjust their positions and velocities according to these 
best positions. The velocity adjustment is based on the 
historical behaviors of the particles themselves and their 
companions’. The particles tend to fly better and better 
positions. The procedure can be described by following 
equations 

1 2( ) ( 1) ( 1) ( 1)i i pbest i gbest iv t wv t r x x t r x x tα α= − + − − + − −  (8) 

                 ( ) ( 1) ( )i i ix t x t v t= − +                                                      (9) 
where w is the inertia weight factor;  is positive constant, 
defined as acceleration coefficient; r1 and r2 are two random 
functions in the range of [0, 1]; xi represents the position of 
ith particle and xpbest the best previous position of ith particle; 
xgbest is the position of best particle among the entire 
population; vi is velocity for the ith particle. The current 
position of every particle is evaluated by (8) (9). 

To improve the reaching capability of PSO algorithm, 
adaptive weighted PSO has been proposed. The acceleration 
factor  in (8) is represented as follows 

                      
0

t

t
N

α α= +                                               (10) 

where Nt denotes the number of iterations, t represents the 
current generation, and suggested range for 0 is [0.5,1]. The 
inertia weight is changed at every generation via the 
following formula 
                             0 3 0(1 )w w r w= + −                                  (11) 
where w0 is positive constant in [0,1], and the suggested 
range for w0 is [0.5,1]; r3 is a random function in the range 
of [0,1]. 

V. OPTIMIZATION OF CONTROLLERE  

A. SELF-TUNING FUZZY  PID CONTROLLER 
    The field of fuzzy controller applications has expanded 

including many industrial control applications, and 
significant research work has supported the development 
fuzzy controllers, since Mamdani introduce the controller 
using compositional rule of inference that has been 
proposed by Zedeh. The self-tuning PID controller, as an 
important type of fuzzy PID controller, is proposed [10]. 
The structure of the controller is shown as fig.2. Self-tuning 
fuzzy controller consists of general PID and parameter self-
tuning fuzzy inference part. Error e and error change ec are 
taken as controller inputs. FLC is utilized for tuning of the 
parameters of general PID at any time according to e, ec. 
General PID controller can be described as follows 

                   p i d cu K e K edt K e= ⋅ + ⋅ + ⋅                 (12) 

where e, and ec denote system error, error change 
respectively. Kp, Ki, Kd are proportion coefficient, integral 
coefficient and differential coefficient respectively. The 
increased Kp enhance the response speed of system, but the 
over much of  Kp will results in instability of the closed 
system; Ki can remove steady error of system; Kd can 
improve dynamic performance of  dynamic performance of 
system. 

 
Fig. 2.  Structure of self-tuning fuzzy PID controller 

 

B. OPITIZATION PRINCIPLE 
The performance of self-tuning fuzzy PID controller is 

determined by FLC. Adjusting the membership functions 
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and rule bases of fuzzy controller is the key task of 
controller design. The optimal FLC makes Kp, Ki, Kd  of the 
general PID controller attain approptiate values, and the 
system gains robust, fast response, and fine dynamic 
performance. The optimizaion of membership functions and 
rule bases of FLC using adaptive weighted PSO is 
represented in this paper. The input variables error, error 
change are defined as {e}, {ec}, respectively, and the output 
Kp, Ki, Kd of PID controller are defined as {Kp}, {Ki}, {Kd}, 
respectively. The membership functions for error are shown 
as fig. 3. 

0 f(xi(1)) f(xi(1)+xi(2)) f(xi(1)+xi(2)+xi(3))-f(xi(1))-f(xi(1)+xi(2))- f(xi(1)+xi(2)+xi(3)) e

1

(e)

NB NM ZO PBPMPSNS

 
Fig. 3.  Membership functions for error 

 
The universe of discourse for {e} is the range of [-1, 1], and 
f(xi(1)), f(xi(1)+xi(2)), f(xi(1)+xi(2)+xi(3)) are the parameters 
of the membership functions. The parameters of 
membership functions for {ec}, {Kp}, {Ki}, {Kd} is defined 
as follows 

                              

( )( )
( ) ( )( )
( ) ( ) ( )( )

3 2 ,

3 1 3 2 ,

3 2 3 1 3

i

i i

i i i

f x j

f x j x j

f x j x j x j

−

− + −

− + − +

              (13) 

where j = 1, 2, 3, 4, and 5 represent parameters for {e}, {ec}, 
{Kp}, {Ki}, and {Kd}, respectively. The function f(x) is 
defined as follows 

         

( ) ,
(3 ) (3 1) (3 2)

1, 2,3,4,5
(3 2), (3 1), (3 ) [0,1]

i i i

i i i

xf x
x j x j x j

j
x j x j x j

=
+ − + −

=
− − ∈

              (14) 

The function f(x) makes parameters of membership 
functions and the universe of discourse for the input and 
output in the range of [-1, 1]. 

The parameters Kp, Ki, and Kd are determined by the rules 
as follows 

Rule k: if e is Ak and ec is Bk, 
 then Kp is xi(3k+13), Ki is xi(3k+14),  
and Kd is xi(3k+15)                                           (15) 
k = 1, 2, ,m. 

where m is the number of fuzzy rules, and for the controller, 
the number of fuzzy rules is 49; Ak, Bk, xi(3k+13), xi(3k+14), 
and xi(3k+15) are the kth fuzzy sets of the input and output 
variables used in fuzzy rules. The fuzzy term set is {NB, 
NM, NS, ZO, PS, PM, PB}. NB, NM NS, ZO, PS, PM, PB 
can be represented as 1, 2, 3, 4, 5, 6, 7, respectively, so 

xi(3k+13), xi(3k+14), and xi(3k+15) are integral numbers in 
the range of [1, 7]. 

In adaptive weighted PSO, xi(3j), xi(3j-1), and xi(3j-2) are 
the previous 15 dimensions of particles,  and xi(3k+13), 
xi(3k+14), xi(3k+15) are the following 147 dimensions of 
particles. The particles consist of the two parts which 
represent parameters of membership functions and rules. 

C. Optimization Procedure 
The swarm has 162-dimension particles, and the 

following 147 dimensions of xi are the integral numbers in 
the range of [1, 7]. The procedure of optimization using 
adaptive weighted PSO is described as 

 Initialize the particles.  
 Generate the FLC using (13-15). 
 Evaluate the fitness for each particle. The integral of 
time multiplied by absolute error (ITAE) is used as 
fitness function, and the ITAE can be defined as 

                       
0

( )
T

if ITAE e t tdt= =                      (16) 

Update xpbest and xgbest 
xpbest = xi  If  fi < fpbest 
xgbest = xi  If  fi < fgbest 

Generate r1, r2, and , w using (10) (11) 
Update velocity vi and position xi using (8) (9).  
If attain the maximum iteration, exit, and otherwise go 
to iterate. 

VI. SIMULATION RESULTS 
Model of PMSM drive is built, which is described as 

fig.1. The similar structure is used in actual system for 
vehicle, and nominal parameters of the simulated PMSM are 
listed in Table I. 

Table I. PMSM parameters  
PMSM parameters Nominal values (unit) 

Rated power  40 (kW) 

Rated voltage  380 (V) 

Rated current 70 (A) 

Pole pairs P 4 

d-axis inductance Ld 1.25 (mH) 

q-axis inductance Lq 1.25 (mH) 

Stator resistance Rs 0.02 ( ) 

Motor inertia Jm 0.089 (kg. m2) 

Friction coefficient Bm 0.005 (N.m.sec/rad) 

Magnetic flux constant f 0.381 (V.sec/rad) 

  In adaptive weighted PSO, the number of iteration is 50, 
and the size of population is 20. Fig. 4 shows the speed 
response of self-tuning fuzzy PID controller using the 
proposed optimization algorithm and without optimization 
for a step change under a step load torque of 6 Nm. In the 
figure, it can be seen that the performance of optimal 
controller is better than the performance of controller without 
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optimization. Fig. 5 and Fig.6 show optimal electromagnetic 
torque and optimal stator phase current, respectively.  
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Fig. 4.  Speed response of self-tuning fuzzy PID controller using adaptive        

weighted PSO and without optimization for a step change in load 
torque 
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Fig. 5.  Electromagnetic torque of self-tuning fuzzy PID controller using 

adaptive weighted PSO for a step change in load torque 
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Fig. 6.  Phase current of self-tuning fuzzy PID controller using adaptive 

weighted PSO for a step in load torque 

VII. CONCLUSION 
Optimization of self-tuning fuzzy PID controller based 

on adaptive weighted PSO is proposed for speed controller 
of PMSM, in this paper. The algorithm has searched 
parameters of membership functions and rules for the system. 
The simulation results prove the controller using the 
proposed algorithm owns high performance. 
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Abstract—A novel PID controller based on particle swarm 
optimization (PSO) has been applied to permanent magnet 
synchronous motor (PMSM). The PSO controller has replaced 
the conventional PID controller in the speed-regulation loop of 
vector control. It is intelligent and convenient to find the PID 
parameter. Experimental results have also demonstrated that 
PMSM which uses the PSO controller has better robustness and 
smaller torque ripple than the one uses the conventional PID 
controller.  
 

Keywords-Particle Swarm Optimization, Vector Control, 
Ziegler-Nichols PID, PMSM 

I.  INTRODUCTION  
With high efficiency, small size and less rotor loss, 

permanent magnet synchronous motor (PMSM) is not only 
widely used in the CNC machine tools, industrial robots, 
mini-automobile, motor-driven bicycles and home appliances 
but also widely used in the audio equipment, computer 
peripherals, medical instrument, chemical industry, textile 
industry and so on[1-4]. The speed-regulation of PMSM usually 
adopts PI control. But it is difficult to find the proper PI 
parameter. Bad proportional-integral parameter may cause the 
system unstable and beyond control. Besides, for the reason 
that the motor is a control object of multiple variables, 
nonlinear and strong coupling, it must fine adjustment its PI 
parameter to keep working stably and precisely. But the PI 
controller can’t adjust its parameter automatically. However, 
genetic algorithm [5-6], ant colony algorithm, cultural algorithm, 
bacterial foraging oriental, particle swarm optimization (PSO) 
[7, 8] and many other intelligent optimization algorithms can be 
introduced to solve the problems. These algorithms don’t need 
precise mathematical model and can be used to solve complex 
nonlinear problems. So they can provide solutions to select the 
suitable PI parameter for motor control automatically.  

Particle Swarm Optimization based on a psychology of 
social influence and learning is introduced by Kennedy and 
Eberhart in 1995. Due to its simple, easy-to-implement and 
none gradient information, PSO becomes a focus these days. It 
is used to solve constrained optimization, multi objective 
optimization and dynamic optimization and so on [9]. It is 
widely applied in robot control, pattern recognition, signal 
processing, data classification and power systems, etc [10]. In 
this paper, PSO is applied to the speed control of PMSM. PSO 
controller regulates the speed instead of the conventional PI 
controller.  

                                                        
Supported by Beijing Natural Science Foundation (4092013) 

II. VECTOR CONTROL OF PMSM 
PMSM control strategies can be divided into three 

categories: vector control, direct torque control and sensor-less 
control. Make the following assumptions before establishing 
the mathematical model of PMSM. 

(1) The magnetic field produced by permanent magnets 
was sinusoidal distribution;  

(2) Conductance of the Interior magnet was the same as the 
conductance of the air;  

(3) The electrical conductivity of the permanent magnet 
was zero;  

(4) Ignoring the stator and rotor core resistance;  

(5) Excluding eddy current and hysteresis loss.  

Based on the above basic assumptions, vector equations of 
stator voltage and current in PMSM can be expressed as  

/s s s s s t r fu R i L di d jω ψ= + +    (1) 

s d qu u ju= +              (2) 

             s d qi i ji= +              (3) 
where us, Rs, is and Ls is the stator voltage, stator resistance, 

stator current and stator inductance; ωr is the rotor electrical 
angular velocity; id and iq is the direct axis and quadrature axis 
current; ud and uq is the direct axis and quadrature axis voltage; 
Ψf is the rotor flux.  

Due to the rotor field is provided by the permanent magnet, 
Ψf is invariableness. 

Torque vector equation of PMSM is  

sine f s f qT i iψ β ψ= =        (4) 
Where Te is the electromagnetic torque and β is the torque 

angle. 

Equation (4) indicates that, the electromagnetic torque is on 
the decision of quadrature axis component of the stator current. 
The electromagnetic torque can be controlled directly through 
changing the quadrature axes current. If is and Ψf is orthogonal, 
that is to say, β equals to 90˚ (id=0), then the electromagnetic 
torque is on the decision of the stator current. 
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The dynamic equations for PMSM are 

         /e LT J d dt K T= ⋅ Ω + ⋅Ω +         (5) 

/d dtθΩ = Ω                (6) 
Where J is the rotor inertia coefficient, Ω is the rotor 

mechanical angular velocity, TL is the load torque, θΩ is the 
rotor angle (mechanical angle), K is the damping coefficient 
(K is usually a non-linear function.)  

The concept of vector control is that it equivalent PMSM to 
DC motor through coordinate transformation. The coordinate 
transform from stationary ABC coordinate to synchronously 
rotating dq coordinate is  

cos cos( 120 ) cos( 120 )2 (7)
3 sin sin( 120 ) sin( 120 )

a
d

b
q

c

i
i

i
i

i

θ θ θ
θ θ θ

⎛ ⎞
⎛ ⎞ ⎛ ⎞− + ⎜ ⎟= ⋅ ⋅⎜ ⎟ ⎜ ⎟ ⎜ ⎟− − − − +⎝ ⎠⎝ ⎠ ⎜ ⎟

⎝ ⎠

 

where, ia, ib, ic is the A, B, C phase winding current, 
respectively; θ is the phase of Ψf in stationary ABC coordinate.  

Rotor flux of PMSM is physical observable and θ can be 
read from sensors. Both of them won’t be affected by the 
changes of the motor parameters when system is working. 

There are some different kinds of PMSM vector control 
schemes. The following block diagram is the scheme of a rotor 
filed oriented control [11].  
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Figure 1.  Vector control of PMSM

 
 

III. PID PARAMETER TUNING 

A. Ziegler-Nichols PID Parameter Tuning 
In the PMSM vector control system, the speed regulating 

loop usually adopt proportional-integral (PI) controller. 
Because the PI controller is simple in structure and is easy to 
use. But it is difficult to find the proper PI parameter. In 1942 
John Ziegler and Nathaniel Nichols introduced the famous PID 
loop tuning techniques. After years of development, it has 
grown to be an intermediate method between experience and 
calculation. Ziegler-Nichols method can find the exact 
parameter at first, and then you can make fine adjustments. 

Ziegler-Nichols PID tuning method is as follows. First, set 
Kd=Ki=0, Second, increase Kp until the system oscillates, that 
is to say, at that time the closed-loop system pole is in 
imaginary axis. Finally, calculate the PID parameter using the 
formula [12] shown in table �. 

TABLE�.  ZIEGLER-NICHOLS PID TUNING FORMULA 

Controller Type Kp Ki Kd 

P 0.5Kz ∞ 0 

PI 0.45Kz π/(0.6ω) 0 

PID 0.6Kz π/ω 0.25π/ω 
Where Kz is the factor of proportional when the system 

oscillates, ω is the oscillation frequency. 

 

 

B.  PID online Self-Tuning Using PSO 
Model and parameters are varying while PMSM is running. 

The changing of model and parameters will reduce the 
performance of the dynamic system. To select the PI parameter 
automatically at the initial stage of the system and to fine 
adjust the PI parameter according to the operating condition, 
the PSO controller has been introduced to tuning PI parameter 
for PMSM. Inspired form the coordinate relation of the fish, 
birds, monkeys and other animal, the PSO can find the best 
position to reach the target. Based on this idea, take the 
possible PMSM PID parameters as the position of a particle. 
Through finding the optimal particle in the solution space to 
implement PID parameters online self-tuning. 

The basic principle of PSO controller used in PMSM can 
be described as follows. 

Considering a group which consists of n particles, each 
particle searches the best position under a certain velocity. It 
updates its position according to the best record of its own and 
others’ in the history. 

The current position of particle L is represented as 

( , ) 1, 2, ,l l l
p iK K K l n= = .      (8) 

The current velocity of particle L is represented as 
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( , ) 1,2, ,l l l
p iV V V l n= = .     (9) 

The best position of particle L in its search history is 
represented as 

( , ) 1,2, ,l l l
p iP P P l n= = .     (10) 

The best position of the population in its search history is 
represented as 

g( , )g g
best p iP P P= .         (11) 

Update the velocity and position by the following equations 
1

1 2[ ] [ ]l l l l g l
bestV V c P K c P Kω α β+ = ⋅ + ⋅ ⋅ − + ⋅ ⋅ −   (12) 

1 1 1,2, ,l l lK K V l n+ += + = .   (13) 

Where ω is the constant inertia weight, c1, c2 is the learning 
factor (c1, c2 is usually on [0, 4] interval); α, β are uniformly 
distribution pseudo-random numbers on [0, 1] interval. 

The velocity of a particle is usually limited to a maximum 
speed. It can prevent the system unstable from the affect of 
some bad particles. 

In General, the motor needs the PI parameters be tuned at 
the appropriate value quickly during startup. Then make fine 
adjustments according to the load torque to improve the 
performance of the system. So we use time-varying weights in 
the speed updating equation (11) to substitute the constant 
weight and set the weight range on [ωmax, ωmin] interval. At 
each sampling time, the population iterates M_max times. The 
iteration in the time m of the inertia weight is 

m ax m in
m ax _ m ax

m m
M

ω ωω ω −= − ⋅      (14) 

Ring topology is used as the neighbor topology of particle 
swarm. The influence of neighbors is delivered one by one 
until the best particle is found. 

The fitness function composed of the speed error (e) and 
the speed error change (de) of PMSM is as 

( ) ( ) , [0,1]F e l de lα β α β= ⋅ + ⋅ ∈ .  (15) 
Through the iteration of M_max times, we found the best 

particle which produces a minimum fitness function. The 
position value (Kp, Ki) of this particle in the search space is the 
optimal PI parameters. 

The pseudo-code of PSO tuning algorithm is given below. 

Standard PSO Algorithm (  ) 

{ 

Initialize population； 

for m=1:M_max 

{ 

      for l=1:n 

      { 

         Evaluate each particle； 

       Find the present best particle; 

      } 

   Update the position and velocity of particle; 

Find the global best particle; 

} 

Output the value of the particle; 

} 

 

The program flow chart of PSO tuning algorithm for 
PMSM is as follow. 

 

 
 

Figure 2.  The program flow chart  
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IV. SIMULATION AND ANALYSIS  

A. Matlab Experiments 
Simulation has been done in the simulink environment in 

MATLAB version 2009a. The Sim Power System Toolbox is 
used. The outer loop in Fig.3 is speed regulating loop and its 
inner loop is current regulating loop. The speed regulating  

 

 

controller is the PSO controller, and the current controller is 
the PWM inverter. Modularizing the system and encapsulating 
the features of independent modules. Simulation model of 
single close loop speed regulating is as  

 
 

 
B.  Simulation Results Analyses  

In the Simulation, set the initial braking load torque of 
PMSM to -15N·m. The initial speed of the motor is 0rad/s, and 
the final target speed is 800rad / s. 

Trial and try and record the value of Kp when the motor 
first becomes oscillating. Calculate the Proportional-integral 
factor according to Ziegler-Nichols PI tuning formula. The 
speed and torque response of PMSM using PI controller is as 
shown in Fig 4(a) and Fig 5(a), respectively. 

PSO Controller replaced the conventional PI controller by 
using the MATLAB functions provided by the S-Function 
blocks. Set the initial position range of the particle as Kp= [0, 
30], Ki= [0, 20]. Output the optimal particle through the 
program written in s-function. The position of the best particle 
is the optimal PI parameter for PMSM. Through the 
simulation, we observed that this optimal range of particles’ 
position is: Kp = [2, 3], Ki = [1, 2]. We can found that the PI 
parameter obtained by Ziegler-Nichols PID tuning method is in 
this range. That is to say, the PSO controller can find the 
proper PI parameter intelligently, and this method only needs 
one trial.  To improve the robust of the system, we use the PI 
parameter optimal range (Kp = [2, 3], Ki = [1, 2]) instead of the 
global best particle’s position value. The speed and torque 
simulation results of PSO controller are shown in Fig. 4 (b) 
and Fig. 5 (b), respectively. 

To better analysis Fig. 4, we give the detailed figure as 
shown in Fig.6. Fig.6 is obtained by putting the simulation 
results of PI and PSO controller in the same figure—Fig.4. We 
change its axes to see their difference clearly. As you can see 
from Fig. 6, the motor speed is smoother when using the PSO 
controller. Form equation (5), we known that the torque of 
PMSM is related with its speed. So the torque ripple of PSO 

 

controller will be much smoother than conventional PI 
controller. Fig. 5 proves that the PSO controller can indeed 
significantly reduce the electromagnetic torque ripple.  
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Figure 5.  Torque of PMSM 
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Figure 6. PI and PSO Speed Response of PMSM  

 
The PMSM parameters used in simulation experiments is 

shown in Table �. 

TABLE Ⅱ PARAMETERS OF PMSM 

Stator phase 
resistance 

2.875Ω the number of 
pole pairs 

4 

d-axis inductance 0.85mH q-axis inductance 0.85mH 
torque constant 1.05N• m moment of inertia 0.0018kg•m2 

Permanent magnet 
flux 

0.175Wb Comparator 
Bandwidth 

20KHz 

 

V. CONCLUSION  
This paper introduced the PSO algorithm to permanent 

magnet synchronous motor PID parameter tuning. Making full 
use of the global optimization ability and self-updating 
property of particle swarm, PSO controller can quickly and 
intelligently select the proper PI parameters. PSO controller 
can also reduce the electromagnetic torque ripple so as to make 
PMSM more stable and robust. 
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Abstract-The decoupling control method of permanent-
magnet synchronous motor(PMSM) is proposed by using exact
linearization via state variable feedback. The exact
linearization conditions of multi-input and multi-output are
discussed with differential geometry method based on the
mathematic model of PMSM. The PMSM linearization and
decoupling controller design are completed by coordinates
transformation and state variable feedback transformation.
The decoupling controller was designed and the control results
are researched by computer simulation. The simulation results
show that the decoupling method this paper proposed is
feasible and the multi-input multi-output linearization of
PMSM using state variable feedback exact linearization
method can obtain satisfactory effect.

Keywords-Permanent-magnet synchronous motor(PMSM);
Decoupling control; Exact linearization; Nonlinear control.

I. INTRODUCTION

Due to Permanent magnet synchronous motor (PMSM)
more widely used in servo control areas, its control
technology becoming drawn people's attention. At the same
time, strong coupling, nonlinear system[l] and the special
character of permanent magnet in PMSM lead to this system
more difficulty to control.

The exact linearization does not make any change to the
system information in the process of state feedback
coordinate transformation, that is, transformation did not lose
any useful system information. In addition, the exact
linearization takes the system into manifolds to consider
problems that has broader scope than in the Euclidean
space[2-6].

We know that the linear systems control theory has been
quite improvement. Advanced control theory, such as direct
torque control [7], adaptive control [8], robust control [9] has
been quite perfect and has been widely used in practice.
Based on the above issues, the paper introduce differential
geometry theory into PMSM control system to perform
transform from non-linear system to linear system and
control work for PMSM using input-output exact
linearization via state variable feedback and non-interactive
technology in the whole state space. The aim is to control
PMSM system use advanced linear control theory.

Changzhi Sun, Yuejun An
School of Electrical Engineering

Shenyang University of Technology
Shenyang, China

mzj744@163.com

II. PMSM EXACT LINEARIZATION VIA STATE VARIABLE
FEEDBACK

Assumption that the temperature change do not affect the
given flux of permanent magnets, then the permanent magnet

flux lJff == Lmdif is can be considered as invariant, and

PMSM mathematical model can be described as[1O-12]:

did R. Lq . 1
-==--1 +-m1 +-U
dt L d L q L d

d d d

diq=_Ld OJi .s, _lfIf OJ + _1 U (1)
dt L

q
d L

q
q L

q
L

q
q

dco p
2

. p2(L L)·· B Pr---;]t == JlfIr'« + J d - q 1d1q - J to - J L

Where: R is resistance of stator windings; ud' uq , TL is

the d-axis voltage, q-axis voltage and load torque
respectively; id , iq , W is the d-axis current, q-axis current

and rotor angular velocity respectively; p is pole pairs; B is

viscous friction coefficient; J is moment of inertia including
the rotor; L md is the d-axis mutual inductance; L d , L q is self-

inductance of the d-axis, q-axis stator windings respectively;
if is equivalent excitation current of the permanent magnet;

lfJd , lfJq is d-axis, q-axis flux respectively.

Using the coordinates (XI,X2,X3)T == (id,iq,OJ)T , the

motor system (1) can be written as follows multi-input
standard affine nonlinear system in the form of:

. m

X == f(X) + Lgi(X)U i

i=l

Where: m == 3 ; X E R n is state variable; ui E R 1 is

electrical input imposed by external;
ul ==ud u2 ==uq u3 ==TL
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I(X) =

Therefore, distribution G1 has the largest dimension 3

near XO , that is, the distribution G1 has constant dimension

near XO .
At the same time, for

[gl, ad f gl ](x) == [g2, ad f g2 ](x) == [g3, ad f g3 ](x) == 0

o 0
1

g2(X) == ; g3(X) = 0
Lq p

o J
According to differential geometry theory, we first verify

the affine nonlinear system (2) whether or not meet the
conditions of exact linearization via state variable feedback.
On the basis of the theorem 5.2.3 in the literature[4]: If a

matrix g(X °)rank is m, then state-space exact linearization

problem is solvable, if and only if:
(1) For each 0 sis n -1, distribution G i dimension is

invariant near the X °.
(2) Distribution Gn-l have dimension n .

(3) For each 0 sis n - 2 , the distribution G i is

involution.
In accordance with the nature of vector field span

appropriate distribution has the form

Gi ==span{ad;gj :Osksi,lsjsm,Osisn-1}

discussing the conditions.
In the system (2), Go == span{gl, g2, g3} In

neighborhood XO has dimension m == 3 , because

detIGol=--P-*O and
JLdLq

ad gi g j == 0 i == 1,2,3; j == 1,2,3; i :;t: j .

So,

rankig., s-, g3) == ranktg., s-, s..adg1s-, adg1g3,adg2g3)

and distribution Gois involution.

Now,
consider G1 == span{gl, g2, g3, ad f gl, ad f g2, ad f g3} ,

because of

o
o

2p (L q -Ld )

JLdLq

P
JLd

, [g2 , ad f g 3 ](x) == 0

o

P--x3
JLd

Bp pR
------
J2 Lq JLdLq

3
P (Lq-Ld)(LdXI+\IIf)

2J LdLq
That is,

rank(gl' s-, s..ad.s:ad jg2' ad jg3)

== rank([adJgi,adJgj](x)) (3)

o~ k ~ 1, 1~ i ~ 3, 1~ j ~ 3, i *- j
So, distribution G1 is involution.

[ad f g 1, ad f g 3 ](X) ==

[gl, ad f g2 ](x) == [g2, ad f gl ](x) ==

1
--x3

Ld
R

L2
q

p2(ljI f +(Ld -Lq)Xl)

JLq

pLq
-x2
JLd

p(LdXI +lfI j) .

JL q

Bp

J2

R

L2
d

1
-X3
Lq

p2(Lq -Ld)
JL

d
x2
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III. PMSM DECOUPLING CONTROL AND SYSTEM

LINEARIZATION

According to differential geometry theory and the above
analysis, we can find m=3 smooth real output

functions Am (x). Assumptions output functions have been

given, the system (2) can be written as multiple-input
multiple-output affine nonlinear system:

Finally, calculation the dimensions of distribution

G2 == span{gl,g2,g3,adjgl,adjg2,
is 3, equal to the

adjg3,ad}gl,ad}g2,ad}g3}
state-space dimension n .

Based on the above analysis, the PMSM multi-input
affine nonlinear system (2) satisfied the conditions for exact
linearization.

(6)

o
o
J

Ld 0

fleX) = 0 Lq

o 0
p

Finally, using coordinate transformation can drawn the
linearization equation after decoupling:

X== AX+Bv

Yi == ex
B == e == 13x3 ' v == (vI, v2, V3)T are

Figure 1. Block diagram ofPMSM system with exact linearization via
state variable feedback

Where A == 0 ,

new inputs.
It needs to be emphasized that the input/output is a line

do not represent the system to be decoupled into linear
system. The system is linear decoupled system related with
the selected output function Am (x) .

Decoupled PMSM system is shown in Figure 1.

[

L}A1 (x) J
b(X) = ...

LJJw(x)

IV. MODELING SIMULATION

To illustrate the method is correct, this paper use
Matlab/Simulink to verify the control system model.

First of all, verify the PMSM system after exact
linearization whether input-output linear system. According
to the analysis of the third section and equation (4)-(6), the
simulation block diagram use Figure 1. The reference values

take (vI, v2, V3)T == (200,400,500)T . The output response

curve Yi == (i d , iq , OJ)T is shown in figure 2.

According to equation (6), Xi = fVidt = v.t , at the same

time Yi == xi' so, the output linear change with time in

reference input is fixed value. From Figure 2 can be seen that
PMSM after linearization is a linear system, consistent with
theoretical analysis.

In addition, this paper using the control method shown in
figure 1. The parameters of PMSM as follows: p == 2 ;

R == 0.60 Ld == 3.8mH and Lq == 13.5mH

J == 0.002kg / m 2; B == O.OIN· m- s . The current controller

Rx1 -LqX2X3

a(X) = Ldx1X 3 + Rx2 + lfJ fX3

B
PlfJ fX2 + ptl., - Lq )X1X 2 - - X 3

P

IS

of

.In

(5)

(4)

. Calculated (5) can get:

function are YI == Al(x) == xl

Y3 == A3(x) == x3 Because

1
Lg A2(X) ==-:;t: 0

2 L
q

. m

X=f(X)+ Lgi(X)Ui

i=l

Where, b(X) ==

Yi = Ai (x)
Applying differential geometry constructs output

function Am (X) is more complicated. This article does not
use this method. Consider the actual situation, the speed of
the motor system take as an actual output, the other two
virtual output choices d-axis current and q-axis current, and
then analyze this choice whether meet corresponding
conditions.

So output

Y2 == A2(x) == x2

1
Lg AI(x)==-:;t:O

1 Ld

Lg A3(x) == - P :;t: 0 and Ai(0) == 0 , so system (4) has
3 J

relation degree (rI, r2, r3) == (1,1,1) in XO == 0 , satisfied

rl + r2 + r3 == 3 == n

[

Lg1AI(X) Lg2AI(X) Lg3AI(X)]

addition, A(X) == Lg A2(x) Lg2A2(x) Lg A3(x)

L;A3(X) Lg,A3(X) Lg: A3 (x)

nonsingular matrix in X °== 0 . So the chosen output
functions Am(x) meet conditions.

According to differential geometry theory, can changed
the system (4) into a linear system by state variable feedback
transformation. The feedback can be described as:

a(X) == _A-I (X)b(X)

f3(X) == A-I (X)
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14,---------,----------,------------,---------,----,------_
of d-axis IS same as q-axis kp == 5 , kI == 20 ; the speed

controller kp == 10 , kI == 20 . Motor reference value of d-

axis current and q-axis current can be carried out in practice
under whether take weak magnetic controlled, here, on the

basis of not impact analysis, given i; ==2A, i; ==9A. Motor

start from the static to a given speed 1OOOrad .s -1 . Figure 3-
5 shown the simulation response curve of the straight axis
current, quadrature axis current, rotation speed, respectively,
at the condition of load torque value is ION· m . From these
graphs, the control effect is more satisfied.
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