
1 
 

Closed-Loop Shaping Linear Control System Design 

An interactive teaching/learning approach 

 

Jose Manuel Díaz* – Ramon Costa-Castelló – Sebastián Dormido 

*Corresponding author: josema@dia.uned.es 

June 2, 2019 

From a historical perspective in the teaching of basic courses of control engineering the 

design of feedback compensation to a great extend relied on trial-and-error procedures. This 

situation has not changed practically, at present, in the basic courses of control systems. 

One of the reasons is that through these trial and error design methodologies, the student 

perceives, in a very direct way, the tradeoffs involved in the design of a control system. In 

this classical view, the following series of steps typically leads to a successful control system 

design (for details see “Some Basic Concepts of Linear Control Systems”): 

 Determine the plant transfer function ( )G s  based on a (linearized) model of the 

plant. 

 Study the shape of the frequency response ( )G j ,  , to understand the 

properties of the system fully. 

 Consider the desired steady-state error properties of the system. Choose a 

compensator structure ( )C j , for instance by introducing integral action or lag 

compensation, which provides the required steady-state error characteristics of 

the compensated system. 
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 Plot the Bode, Nyquist, or Nichols diagram of the open-loop frequency response 

of the compensated system: ( ) ( ) ( )L j C j G j   . Modify the gain to obtain a 

desired system stability degree. At this level, relative stability is usually quantified 

using, the popular, gain (S8) and phase (S10) margins. 

 If the specifications are not met, then determine the adjustment of the open-loop 

frequency response function ( )L j  that is required. Use lag, lead, lag-lead or 

other compensation techniques to provide the necessary modification of the 

open-loop frequency response function. It is then quite simple to observe how the 

controller design modifies the open-loop transfer function. Although this 

procedure provides great flexibility in the design of a closed-loop control system 

there are certain fundamental limitations, on what can be achieved, for systems 

with time delays and right half-plane poles and zeros [1].  

This set of steps that have been briefly presented are the foundation of different design 

methods that are collectively known as loop shaping methods [1]-[3]. All of them are based 

on selecting a controller ( )C s  that provides an open-loop transfer function ( )L s  with a 

desired shape. There are two alternatives: 

1. Obtain an open-loop transfer function ( )L s  that guarantees a closed-loop 

transfer function that meets the desired specifications and then determine the 

controller ( )C s  as ( ) ( ) / ( )C s L s G s . Note that in this case the controller ( )C s  

contains an inverse model of the process dynamics ( )G s . 

2. Start with the transfer function of the process ( )G s , modify its gain and 

successively add poles and zeros until the desired shape for the open-loop 

transfer function ( )L s  is obtained. This leads to the concept of “interactive loop 

shaping” in which the design of the controller ( )C s  can be considered as an 
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interactive operation to determine the best possible performance by satisfying 

several competing frequency-dependent targets and constraints. For details see 

“Interactive Control Design”. 

Experience and engineering common sense are as important as a thorough theoretical 

understanding of the tools that are employed. The graphic tools essential to go through these 

steps are integrated in computer-aided control systems design environments. The design 

sequence described above summarizes the main ideas of classical control theory developed 

in the period 1940–1960 that it is presented in terms of shaping the open-loop transfer 

function. 

Loop-shaping specifications constrain the magnitude and possibly the phase of the 

open-loop transfer function ( )L j  at each frequency. There are three basic types of loop-

shaping specifications, which are imposed in different frequency bands: 

 Control band. In the low frequency range, we require ( )L j  to be large, so that 

the sensitivity function ( )S j  is small and the complementary sensitivity function 

( ) 1T j  . This ensures good command tracking and low sensitivity to plant 

variations, two of the most important benefits of feedback. 

 Cut-off band. In the high frequency range, we require ( )L j  to be small, so that 

( )T j  is small. This guarantees that the output will be relatively insensitive to 

the sensor noise and that the system will remain closed-loop stable despite plant 

variations at these frequencies, for example, excess phase from small delays or 

unmodeled resonances. 

 Crossover band. Crossover or transition band specifications are imposed 

between the control band (where ( )L j  is large) and cut-off band (where 
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( )L j  is small). In this middle frequency range, the main concern is to keep 

( )L j  a safe distance away from the critical point -1 (closed loop stability 

depends on the winding number of ( )L j  with respect to -1). Classical 

specifications include gain margin and phase margin or exclude ( )L j  from 

some circle about -1. 

On the other hand, a disadvantage of classical open-loop shaping is that the closed-loop 

frequency response is implicitly, rather than explicitly, shaped. 

The state-space theory that appeared in the 1960’s represented an important change in 

the design point of view of control systems that came to be represented using differential 

equations instead of transfer functions. This paradigm stimulated many new concepts and 

developments [4]. Control design problems were formulated as optimization problems which 

gave effective design methods. 

The state-space theory became the predominant approach. It is shown in [5] that the 

phase margin is at least 60º and the amplitude margin is infinite in the case of a Linear 

Quadratic Regulator (LQR) problem where all state variables are measured. However, this 

result does unfortunately not hold for output feedback. For this reason, some attempts were 

done to put the emphasis back of state feedback using special design techniques called loop 

transfer recovery [6]. The central issue is however that it is not straightforward to capture 

model uncertainty into the state space formalism. 

The H  theory [7] developed to take into account the plant uncertainties, represented a 

change of point of view, which brought robustness as the key issue of the control system 

design. The original work was based on frequency responses and interpolation theory. The 

idea was to develop systematic design methods that were guaranteed to give stable closed-

loop systems for systems with model uncertainty. An important step was taken when the 
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H control problem was regarded as a loop-shaping problem. This problem is 

mathematically equivalent to the so-called sensitivity minimization problem or to the problem 

of minimizing the norm of the error transfer function. The idea of the H  loop shaping 

method is to design a controller that provides robustness to process uncertainties and 

minimizes the signal transmissions from load disturbance and measurement noise to process 

input and output [8]. This can be expressed quantitatively by requiring the H  norm   of a 

2×2 transfer function matrix to be small. The value of   can be considered as a design 

parameter that provides the performance and robustness tradeoff of the closed-loop system. 

It has been shown how the condition that   is small can be expressed in terms of 

requirements on the Nyquist curve of the open-loop transfer function [9]. The curve should be 

outside from a contour that encloses the critical point. Note that the idea of designing a 

feedback control to reduce the sensitivity of the closed-loop is a very classical idea that goes 

back to the work of Bode [10]. This provides the connection between classical design 

conditions to the one of H  robust control. 

From the point of view of an introductory course on automatic control, the loop shaping 

techniques based on the H  control have some obvious disadvantages: 

1. The content of H  control theory falls outside the scope of a basic control 

course. 

2. H  control design is based on frequency responses and interpolation theory that 

lead to compensators of high order while a fundamental engineering control 

course reinforces the idea of control system design with low-complexity 

controllers (Proportional-Integral-Derivative (PID), lead, lag, lag-lead,…). 

However, an alternative that is viable and plausible in a basic control course is to explain 

a closed-loop shaping design methodology based on basic control concepts such as the 



6 
 

sensitivity function ( )S s  or the complementary sensitivity function ( )T s . The objective is that 

the student can translate in an interactive way how the changes of the specifications 

imposed on ( )S s  or ( )T s  are translated immediately on the response of the closed-loop 

system. This makes the design much easier to understand and facilitates the learning of how 

the different design tradeoffs affect the final solution. Another advantage of this approach 

from the perspective of an industry user is that the mathematical background needed for its 

understanding are the basic concepts that are provided in an introductory course in control 

engineering. In comparison to open-loop shaping, closed-loop shaping offers a direct an 

exact approach in a very simple framework. Table 1 schematically summarizes the main 

characteristics of the design of control systems using open-loop and closed-loop shaping. 

Conventional loop-shaping [1]-[3] is based on shaping the open-loop transfer function 

( )L s  so that it takes the appropriate structure to achieve the desired closed-loop 

performance and robustness. As the controller ( )C s  and the plant ( )G s  are in affine form, 

this can be easily done by appropriately placing the controller poles and zeros. Interactive 

tools, like LCSD [11] and SISOTOOL [12], take profit from these properties to design 

controllers. In these tools the controller poles and zeros can be interactively placed over the 

open-loop Bode diagram to build the desired shape. 

Although, in this framework robustness can be easily analyzed, through margin and 

phase gains, it implies looking simultaneously to both the gain Bode diagram and the phase 

Bode diagram. However, performance must be estimated indirectly, knowing that high open-

loop gain implies low closed-loop steady-state error, and that low open-loop gain implies high 

closed-loop noise attenuation. A more quantitative analysis is not so straightforward in this 

framework. Other concepts, like closed-loop bandwidth and settling time, are not so simple to 

determine from the open-loop frequency response. 
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Performance measures are easy to compute by looking at the closed-loop transfer 

functions. For example, the sensitivity function ( )S s , is directly connected with the closed-

loop performance (steady-state error) in the low-frequency range, while in the high-frequency 

range can be related with the noise attenuation. Additionally, the robustness can be analyzed 

in terms of the maximum value taken by ( )S j . Similar analysis can be performed looking 

at the complementary sensitivity function ( )T s . An important drawback to perform loop-

shaping over the closed-loop transfer functions is that the relationship between the controller 

and the closed-loop transfer functions is not affine; consequently, it is not very intuitive how 

one must move the controller poles and zeros to provide appropriate shape to the closed-

loop transfer functions. This problem can be overcome using the Youla parametrization [1], 

[13], which transforms the closed-loop transfer function in the series connection between the 

plant model and a design filter. This scenario is like the one used in open-loop shaping, 

therefore it can be used to directly shape the closed-loop transfer functions. 

Most engineering studies include a course to introduce students to control theory, most 

of these courses contain the open-loop shaping mechanism through concrete algorithms to 

design lead and lag controllers. Our experience in teaching introductory undergraduate 

courses in control systems tells us that some students have difficulties to understand these 

algorithms, or just learn these steps as a recipe instead of focusing on the concepts related 

with closed-loop behavior such as performance and robustness. 

The closed-loop shaping offers a very nice environment for teaching purposes, because 

it allows the students to focus on shaping the closed-loop frequency response in such a 

manner that the closed-loop offers desired performance and robustness. The design 

procedure is directly involved with the performance and robustness concepts that define the 

core concepts of classical control theory. As the controller is directly obtained from the 

design procedure, it is not necessary to use or learn complex design methodologies and the 

students can instead focus on the learning relevant control concepts. 
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Considering these ideas and the advantages of the interactive control design, we 

decided to develop ITCLSD, an Interactive Tool for Closed-Loop Shaping control Design. For 

details see “Downloading and Description of the ITCLSD Tool”. This article presents how to 

use ITCLSD to teach and learn fundamentals on closed-loop shaping linear control system 

design.  

The structure of this paper is as follows: First, basic ideas of the manual closed-loop 

shaping methodology are summarized. Second, how to perform a closed-loop shaping 

control design using ITCLSD is described. Third, different illustrative examples showing the 

use of ITCLSD are included. Finally, conclusions and future works are presented. 

 

Basic Ideas of Manual Closed-Loop Shaping Methodology 

Figure S2 shows the block diagram of a basic feedback control system with one degree-

of-freedom. The control signal ( )u s  is 

( ) ( ) ( ) ( )( ( ) ( ) ( ))u s C s e s C s r s y s n s    .    (1) 

The closed-loop response ( )y s  can be written as: 

( ) ( )( ( ) ( )) ( ) ( ) ( ) ( ) ( ) ( )i o i oy s G s u s d s d s G s u s G s d s d s      .  (2) 

The substitution of (1) into (2) yields 

( ) ( ) ( )( ( ) ( ) ( )) ( ) ( ) ( )i oy s G s C s r s y s n s G s d s d s     ,  (3) 

or  

( ) ( ) ( ) 1 ( ) ( )
( ) ( ) ( ) ( ) ( )

1 ( ) ( ) 1 ( ) ( ) 1 ( ) ( ) 1 ( ) ( )i o

G s C s G s G s C s
y s r s d s d s n s

G s C s G s C s G s C s G s C s
   

   
. 

  (4) 

And the substitution of (3) into (1) yields 
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( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )

1 ( ) ( ) 1 ( ) ( ) 1 ( ) ( ) 1 ( ) ( )i o

C s G s C s C s C s
u s r s d s d s n s

G s C s G s C s G s C s G s C s
   

   
. 

  (5) 

Equations (4) and (5) show that the closed-loop response and the control signal are 

governed by four transfer functions: the complementary sensitivity function 

( ) ( )
( )

1 ( ) ( )

G s C s
T s

G s C s



,      (6) 

the sensitivity function 

1
( )

1 ( ) ( )
S s

G s C s



,      (7) 

the load or input disturbance sensitivity function  

( )
( ) ( )

1 ( ) ( )

G s
G s S s

G s C s



,     (8) 

and the control or noise sensitivity function  

( )
( ) ( )

1 ( ) ( )

C s
C s S s

G s C s



.     (9) 

These four transfer functions are collectively called [1] as the sensitivity functions or the 

Gang of Four. Because of ( )T s  and ( )S s  are algebraically related by (S7), the four 

sensitivity functions are related, and cannot be independently fixed. Once one is specified, 

the remainder three are determined. 

The closed-loop response, the control signal, and the control error can be expressed as 

function of the sensitivity functions: 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )i oy s T s r s G s S s d s S s d s T s n s    ,   (10) 

( ) ( ) ( )( ( ) ( ) ( ) ( ) ( ))i ou s S s C s r s G s d s d s n s    ,    (11) 
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( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )i os S s r s G s S s d s S s d s T s n s     .   (12) 

In a perfect control system ( )s  should be 0, that is,  

( ) 0 ( ) 0 ( ) 0 ( ) 0 ( )i os r s d s d s n s         .     (13) 

This requirement can be decomposed in the following goals [2]: 

1. Tracking the reference signal ( )r s . To achieve this goal ( ) 1T s   and ( ) 0S s  . 

2. Rejecting disturbances ( )id s and ( )od s  at the output. This goal requires ( ) 0S s   

and ( ) 1T s  . 

3. Trying to make the output insensitive to the measurement noise n . This goal can 

be achieved if ( ) 0T s   and ( ) 1S s  .  

It can be observed that the requirements of the third goal are opposite to the previous 

two. Fortunately, these goals are generally in different frequency ranges (see Figure 1). In 

most common applications, the reference and the plant disturbances are constant or slow 

varying signals with frequencies in the range [0, )l , while the measurement noise is a fast-

varying signal with frequencies in the range [ , )h  . Therefore, in function of the frequency 

band (see Figure 1), the requirements for the functions ( )T s  and ( )S s  are: 

 Low frequency or control band, [0, )l  . The reference must be tracked and 

the plant disturbances must be rejected in this frequency band. These goals 

require that ( ) 1T j   and ( ) 0S j  . 

 High frequency or cut-off band, [ , )h   . The noise must not be amplified in 

this frequency band. Consequently, ( ) 0T j   and ( ) 1S j  . 
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 Mid frequency or crossover band, [ , )l h   . This is a transition region 

between low frequency and high frequency. There are not specific performance 

specifications in this frequency band. Robustness margins are usually defined in 

this frequency band.  

To fulfil these requirements for the functions ( )T s  and ( )S s  in the three frequency 

bands, an adequate controller ( )C s  must be designed. There exist many methods for 

designing the controller. Several of them are based in the shaping of transfer functions [1]-

[3]. In this approach, the designer specifies the magnitude of some transfer functions as a 

function of the frequency, and then finds a controller that gives the desired shape of these 

transfer functions. The most popular shaping methods, which are collectively called loop 

shaping [1]-[3], are based in specifying the adequate shape of the open-loop transfer function 

( )L s . Note that the zeros and poles of ( )L s  are the zeros and poles of the controller and the 

plant. Thus, the desired shape of ( )L s  could be directly obtained by adding or removing, and 

modifying the elements (poles, zeros or gain) of the controller.  

The sensitivity functions ( )T s  and ( )S s  can be expressed in terms of ( )L s  (see (S5) 

and (S6)). Therefore, classical loop shaping is an indirect design technique to shape ( )T s  

and ( )S s . 

An alternative design method is directly shape the closed-loop transfer functions ( )T s  or 

( )S s . This method is called closed-loop shaping. Equations (6) and (7) show that ( )T s  or 

( )S s  are nonlinear functions of the controller ( )C s . This makes it difficult to tune the 

controller to achieve desired closed-loop properties. Fortunately, for a stable plant ( )G s , the 

complementary sensitivity function ( )T s  can be expressed as ( ) ( ) ( )T s G s Q s , where ( )Q s  

is a stable proper transfer function that has to be designed (see Figure 2). Since 
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( ) ( )
( ) ( ) ( )

1 ( ) ( )

G s C s
T s G s Q s

G s C s
 


,    (14) 

the controller can be expressed as 

( )
( )

1 ( ) ( )

Q s
C s

Q s G s



,      (15) 

which is known as the affine parameterization, or Youla parameterization [1], [13].  

By using (15), the sensitivity functions, defined in (6) to (9), can be written as 

( ) ( ) ( )T s Q s G s ,      (16) 

( ) 1 ( ) ( )S s Q s G s  ,      (17) 

( ) ( ) ( )(1 ( ) ( ))G s S s G s Q s G s  ,    (18) 

( ) ( ) ( )C s S s Q s .      (19) 

The affine parameterization describes all possible stabilizing linear time-invariant 

controllers for the given stable linear time-invariant plant ( )G s . As ( )Q s  and ( )G s  are 

stable, the closed-loop stability is guaranteed by construction. A similar characterization can 

be obtained for unstable plants [1], [13]. 

Note that with this parameterization, the poles of the closed-loop transfer functions are 

the poles of ( )G s  and ( )Q s . Likewise, the zeros of ( )T s  are the zeros of ( )G s  and ( )Q s . 

Thus, the desired shape of ( )T s  could be directly obtained by adding or removing, and 

modifying the elements (poles, zeros or gain) of the filter ( )Q s . There is an analogy with the 

loop shaping design, where the desired shape of ( )L s  can be directly obtained by modifying 

the elements of the controller ( )C s . 

If a perfect tracking to a constant reference is required in the closed-loop system, then 

the controller ( )C s  must to have an integrator, unless ( )G s  was one. According to (15), this 
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requirement implies that (0)Q  must be fixed to the value 1 / (0)G . Thus, per (16), (0) 1T  . 

Likewise, closed-loop shaping also allows designing a PID controller ( )C s  in the case of first 

and second order plants [13].  

Designing ( )Q s  to directly obtain a desired shape of ( )S s  is more complicated, because 

the zeros of ( )S s  depend on the poles and zeros of ( )G s  and ( )Q s . Thus, modifying a 

certain pole of ( )Q s  produces the modification not only of the same pole of ( )S s , but also of 

all its zeros. The modification of a zero of ( )Q s  implies the modification of all the zeros of 

( )S s . 

Recall that the four sensitivity functions (16)-(19) are related and cannot be 

independently fixed. Once one is specified, the remainder three are determined. Therefore, 

the designer must select that sensitivity function that he/she wants to specify, typically ( )T s  

or ( )S s .  

Closed-loop shaping can be performed in a Bode, Nyquist, or Nichols diagram. In each 

diagram, the specifications take different geometric shapes depending of the closed-loop 

transfer function ( ( )T s  or ( )S s ) chosen to design (see Figure 3 – Figure 8). 

In the Bode plot, frequency   is shown explicitly, and the asymptotic nature of ( )T j  

(and ( )S j ) helps the designer to have a clear cause and effect intuition. In contrast, in the 

Nyquist and Nichols plots, the frequency is not shown explicitly and there is no 

straightforward connection between the movements of the poles and zeros of ( )T j  (or 

( )S j ) and the changes in its frequency response at a given point. Additionally, the linear 

nature of the Nyquist plot makes it difficult to display simultaneously values of ( )T j  with a 

great magnitude (like in the low frequency band), and with a small magnitude (like in the high 
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frequency band). This problem does not occur in the Nichols plot because the gain is drawn 

in decibels, and small and big values of ( )T j can be well displayed. 

According to the previous discussion, Bode plot is the most recommended diagram to 

perform closed-loop shaping, with the Nichols diagram second. 

As previously seen, the closed-loop transfer functions magnitude frequency response 

allows to easily visualize closed-loop performance. Additionally, the sensitivity and 

complementary sensitivity function allows to characterize the closed-loop robustness. As it is 

well known, SM  (S14) is the inverse of the distance from the open-loop transfer function, 

( )L j , to the 1 0j   point, which by itself is an excellent robustness measure and can be 

used to bound both the gain and phase margins. Additionally, TM  (S12) also provides 

bounds on both the gain and phase margins, although these ones are not very tight in 

general [14]. In both cases, only the magnitude Bode diagram is required. So, it is possible to 

simultaneously visualize the magnitude Bode diagram for both ( )T j  and ( )S j . 

Consequently, in just one diagram it is possible to visualize both, the closed-loop robustness 

and performance. 

 

How to Perform a Closed-Loop Shaping Control Design Using ITCLSD 

To design a controller using a closed-loop shaping control design by ITCLSD, for details 

see “Downloading and Description of the ITCLSD Tool”, the designer must follow the 

following steps:  

1. Define the plant ( )G s . 

2. Select the closed-loop function that he/she wants to design: ( )T s  or ( )S s . 
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3. Configure the problem specifications in the frequency domain and/or time 

domain. 

4. Select the structure of the filter ( )Q s . ITCLSD allows fixing the ( )Q s  gain to the 

value 
1

(0)G
to get an integrator in the controller ( )C s . The tool also allows 

factorising ( )Q s  in the form: 

1
( ) ( )·

( )qQ s F s
G s ,    (20) 

where 
1

( )G s is the stable part of 
1

( )G s
. Note that if the plant ( )G s  is minimum 

phase, then ( ) ( )G s G s  . Therefore, according to (16),  

1
( ) ( ) ( ) ( )· ( ) ( )

( )q qT s Q s G s F s G s F s
G s   .  (21) 

Besides, if the plant ( )G s  is first or second order, ITCLSD allows limiting the 

order of ( )Q s  to obtain a PID controller ( )C s . 

5. Select the frequency diagram (Bode, polar, or Nichols) where the closed-loop 

shaping design is going to be performed. 

6. Drag the gain or the frequency corners of the ( )Q s  (or ( )QF s ) poles and zeros to 

modify the shape of the closed-loop function to fulfill the specifications. The user 

can see immediately what specifications are satisfied because ITCLSD validates 

the specifications each time the user modifies the gain or a corner frequency. In 

the main window, there are circular indicators associated to each specification. If 

an indicator is in green color that means its associated specification is fulfilled, 

otherwise the indicator is in red color. 
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ITCLSD can be used by the instructor to teach the design of SISO linear controllers 

using the closed-loop shaping methodology. They can also use the tool to generate 

exercises (and their solutions) because ITCLSD allows saving and loading the work 

sessions. Note that ITCLSD allows formulating a problem and its corresponding solution as a 

visual image that contains all the time and frequency specifications given and showing if 

every specification is verified.  

The students can also use ITCLSD to solve these exercises. The tool has implemented 

an automatic checking of the fulfilment of the specifications that help the students to know 

whether the design is correct. When a student finishes an exercise, the tool allows 

generating a report of the design and saving the work session. These files could be sent 

directly to the teacher to be evaluated or can be used by the student as self-correction 

exercise if the teacher provides them with the right solution. 

 

Illustrative Examples of Using the ITCLSD Tool 

To highlight the main characteristics of the described closed-loop shaping methodology, 

some examples of the use of the developed tool are presented in this section. 

Example 1  

Let’s assume a first order system, defined by  

10
( )

2 1
G s

s



.      (22) 

It is desired to design a controller that guarantees: 1) null steady-state error for step 

references and 2) a settling time of 2 s. 

Firstly, to guarantee that the closed-loop system tracks steps with null steady-state error 

it is necessary to select that (0) 1 / (0)Q G , this will automatically force an integrator to 
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appear in the controller, ( )C s . This will make the system type I and consequently will 

guarantee null steady-state error for step references.  

Secondly, to achieve a 2 s settling time it is necessary to force that the complementary 

sensitivity function has a pole in -4/2=-2. One way to do this, is cancelling the plant pole (at -

1/2) and putting a new one at the desired position.  

The options can be achieved by selecting the following design filter,  

2 1
( )

2
10 1

4

s
Q s

s




  
 

.     (23) 

This design can be developed using ITCLSD, as it is shown in Figure 9. The design of 

( )Q s  is performed interactively modifying the closed-loop pole. Its zero and gain are 

indirectly fixed by the null steady-state error specification for step references and imposing a 

first order dynamics. It can also be performed by selecting the ( ) 1 / ( )Q s G s  when defining 

( )Q s  and latter placing the free pole at -2. 

As expected, the complementary sensitivity function becomes  

1
( )

2
1

4

T s
s




,     (24) 

which clearly fulfills the desired specifications. 

The obtained controller is  

( ) 2 1
( )

1 ( ) ( ) 5

Q s s
C s

Q s G s s


 


.   (25) 

As it can be seen this controller contains an integral part, that guarantees that the system is 

Type I, and consequently null steady-state error for step references will be achieved. 
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As it can be shown in Figure 9, both the sensitivity function and the complementary 

sensitivity functions are always below 0 dB, which implies excellent robustness parameters 

(distance to -1, phase and gain margins). As can be seen ( )Q s  has a high-pass profile, and 

it becomes the closed-loop control action, ( ) ( ) ( )C s S s Q s , this implies that the closed-loop 

system will be sensitive to high frequency noise. If necessary, this problem could be 

overcome by imposing a slower dynamic or using a higher order controller. 

As the controller is a first order system and contains an integrator, it can be rewritten as 

the following PI controller:  

1
( ) p IC s K K

s
  ,     (26) 

with 4pK   and 2IK  . This is can be completely developed using the interactive tool as it 

can be seen in Figure 10. One of the most popular PI tuning methodologies, IMC (Internal 

Model Control) based PI design [14]-[15], uses concepts like the one discussed here. 

 

Example 2  

Let be the following plant: 

2

10( 2)
( )

( 1)( 1.2 1)

s
G s

s s s




  
,     (27) 

the specifications are: 1) getting null steady-state error for step references, 2) good 

robustness margins, 3) fast settling time, and 4) noise attenuation at the output for 

frequencies up to 5 rad/s.   

These specifications can be graphically shown over the Bode diagram using ITCLSD, as 

it is shown in Figure 11. To achieve null steady-state error for step signals the option 

(0) 1 / (0)Q G  has been activated and as a fast response is required the plant dynamics is 
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cancelled by selecting ( ) 1 / ( )Q s G s . This would generate a non-causal ( )Q s  would be 

obtained; to guarantee its causality two additional poles are introduced. These two additional 

poles will be interactively selected so that the magnitude frequency response of ( )T s  is 

placed in the allowed area. By trial-and-error these two poles are placed in -3 and -4 

respectively, this selection generates the following design filter: 

26( 1)( 1.2 1)
( )

5( 2)( 3)( 4)

s s s
Q s

s s s

  


  
,    (28) 

which generate the following closed-loop functions: 

12
( )

( 3)( 4)
T s

s s


 
 ,    (29) 

( 7)
( )

( 3)( 4)

s s
S s

s s




 
.     (30) 

As can be shown in Figure 11, the magnitude frequency response of ( )T s  fulfills the desired 

requirements. Additionally, the magnitude frequency response of ( )S s  is below 1.2 that 

guarantees excellent robustness margins.  

The obtained controller is: 

26( 1)( 1.2 1)
( )

5 ( 2)( 7)

s s s
C s

s s s

  


 
.    (31) 

As it is expected is a type I controller, which guarantees null steady-state error for step 

references.  

As shown in Figure 11, the closed-loop time response has a settling time of less than             

2 s. This response is faster than the open-loop one. It is difficult to significantly improve this 

value without sacrificing the specification fulfillment. 
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Example 3  

Let be the following plant:  

2

1
6

2( )
( 2 2)

s
G s

s s

   
 
 

,     (32) 

and the specifications are: 1) getting null steady-state error for step references, 2) good 

robustness margins ( SM and TM  less than 2 dB), 3) more than -20 dB noise attenuation for 

frequencies up to 2 rad/s, 4) good tracking characteristics up to 0.05 rad/s, and 5) settling 

time as fast as possible. 

As has been shown in Figure 12, desired frequency domain characteristics can be 

visualized easily using ITCLSD. Firstly, ( )Q s  is designed to cancel the plant poles and its DC 

gain by selecting (0) 1 / (0)Q G  and ( ) 1 / ( )Q s G s  in ITCLSD. Differently from previous 

example the zero at 1 / 2  remains, because it is nonminimum phase and it cannot be 

cancelled. 

To guarantee causality a degree two polynomials must be added in the denominator. 

Consequently, two real poles are introduced in ( )Q s . After interactively locating these two 

real poles, an interesting tradeoff is obtained by placing them in -0.1 and -0.7, respectively. 

With this selection, the following filter is obtained: 

2( 2 2) 0.07
( )

( 0.7)( 0.1) 3

s s
Q s

s s

 


 
,    (33) 

which makes the complementary sensitivity function be  

1
0.14( )

2( )
( 0.7)( 0.1)

s
T s

s s




 
.     (34) 
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As can be shown in Figure 12, this closed-loop transfer function fulfills the desired 

requirements. Trying to reduce the settling time by increasing the bandwidth implies 

increasing the peak value of ( )S j  and consequently reducing the robustness margin. 

Conclusions and Future Work 

In this work, have been presented the possibilities offered by the interactive software tool 

ITCLSD for teaching and learning the closed-loop shaping control design methodology. The 

main features of ITCLSD are simplicity, ease of use, and interactivity. Clearly, these features 

can only be appreciated by testing the tool and cannot be fully conveyed through text.  

The authors hope that ITCLSD will be useful to the educational community and will be 

happy to receive any comments or suggestions that will allow us to improve the tool.  

Current efforts by the authors include implementing in ITCLSD the possibility of working 

with plants with additive and multiplicative uncertainty, to design robust controllers using the 

closed-loop shaping methodology. 
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Figure 1: Requirements for the functions ( )T s  and ( )S s  in function of the frequency band. In 

the low frequency or control band, [0, )l  , the reference r  must be tracked and the plant 

disturbances must be rejected. These goals require that ( ) 1T j   and ( ) 0S j  . In the 

high frequency or cut-off band, [ , )h   , the noise ( )n j  must not be amplified. 

Consequently, ( ) 0T j   and ( ) 1S j  . Finally, in the mid frequency or crossover band, 

[ , )l h   , there are not specific performance specifications. Robustness margins are 

usually defined in it.  
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Figure 2: Block diagram of a basic feedback control system with one degree-of-freedom 

using affine (or Youla) parametrization. ( )G s  is the plant or process, and ( )Q s  is a stable 

proper transfer function that has to be designed. The controller ( )C s  is obtained by the 

equation ( ) ( ) / (1 ( ) ( ))C s Q s Q s G s  . 
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Figure 3: Frequency response of ( )T j  and typical specifications in a magnitude Bode 

plot. To meet the required behavior, it is necessary that in the low frequency band 

( 0 l   ), ( )T j  must be over a certain value, which directly defines a bound on the 

desired steady-state error sse . While in the high frequency band ( h    ), ( )T j  must 

be below a given value fixed according to the required noise attenuation. Additionally, in the 

low and mid frequency bands, the maximum value of ( )T j  must be below a given value 

fixed to guarantee robustness. 
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Figure 4: Frequency response of ( )S j  and typical specifications in a magnitude Bode 

plot. To design ( )S s , in the low frequency band, ( )S j  must be below a certain value, 

which defines the desired steady-state error. While in the high frequency band, the 

maximum of ( )S j  must be below a given value fixed to guarantee robustness and noise 

attenuation. Note that ( )S j  reaches its maximum value at the frequency xS . 
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Figure 5: Frequency response of ( )T s  and typical specifications in a polar (Nyquist) plot. In 

this diagram those points that have the same module are over the same circumference 

centered at the origin. Thus, in the case of design ( )T s , to meet the specifications in the low 

frequency band ( 0 l   ) ( )T j  must be out of a circle (blue color) of radius defined by 

the allowed steady-state error sse . While in the high frequency band ( h    ) ( )T j  

must be inside a small circle (red color) with a radius defined by the required noise 

attenuation. Regarding robustness, ( )T j  must be inside a big circle (magenta color) of 

radius defined by to the allowed maximum value of ( )T j . Note that xT  is the frequency 

where ( )T j  reaches its maximum value. 
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Figure 6: Frequency response of ( )S s  and typical specifications in a polar (Nyquist) plot. To 

meet the specifications in the low frequency band ( )S j  must be inside of a small circle 

(blue color) of radius defined by the allowed steady-state error sse . While to meet the 

required noise attenuation and robustness, ( )S j must be inside a big circle (magenta 

color) of radius defined for the allowed maximum sensitivity ( )S j . 
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Figure 7: Frequency response of ( )T s  and typical specifications in the Nichols plot. In this 

diagram those points that have the same module are over the same horizontal line. Thus, in 

the case of design ( )T s , to meet the specifications in the low frequency band ( 0 l   ) 

( )T j  must be over a horizontal line (blue color) fixed according to the allowed steady-

state error sse .While in the high frequency band ( h    ) ( )T j  must be below a 

horizontal line (red color) fixed according to the allowed noise amplification. Regarding 

robustness ( )T j  must be below a horizontal line (magenta color) defined according to the 

allowed maximum of ( )T j . 
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Figure 8. Frequency response of ( )S s  and typical specifications in the Nichols plot. To meet 

the specifications in the low frequency band ( )S j  must be below a horizontal line (blue 

color) fixed according to the allowed steady-state error sse . While to meet the required noise 

attenuation and robustness, ( )S j  must be below a horizontal line (red color) defined for 

the allowed maximum of ( )S j . 
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Figure 9: Controller design for a first order system using ITCLSD. It is desired to impose a 

null steady-state error for step reference and a 2s settling time. The options 

( ) ( ) / ( )qQ s F s G s  and (0) 1 / (0)Q G  are selected. These options allow cancelling the 

plant dynamics and get an integral controller that will guarantee null steady-state error for 

steps. TM  and SM  are equal to 1, this offers excellent robustness. But as the open-loop is 

slower than the closed-loop the control action is high pass, this might introduce noise in the 

control action. 
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Figure 10: PI design for first order systems using ITCLSD. When the plant is first order and 

the desired dynamics is also first order, the controller can take the form of a PI controller. 

This can automatically be selected in ITCSLD. The Figure shows the open-loop frequency 

response and the closed-loop time response, which fulfills the desired specifications. 
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Figure 11: Using ITCLSD to design a controller for minimum-phase plant satisfying 

constrains over the closed-loop frequency response. 
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Figure 12: Using ITCLSD to design a controller for a non-minimum-phase plant satisfying 

constrains over the closed-loop frequency response. 
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Table 1. Open-loop shaping control design versus closed-loop shaping control design 

 

Specifications Open-loop shaping Closed-loop shaping 

 ( ) ( ) ( )L s G s C s  ( )C s  ( )S s  ( )T s  ( ) ( )C s S s  

Performance (Reference) High gain, ( )L j , at 

low frequency implies 
good steady-state 
performance 
(qualitative analysis) 

N/A ( )S j  determines 

the exact steady-
state error at 
frequency  

( )T j  

determines the 
exact steady-state 
error at frequency 

 

N/A 

Disturbance  High gain, ( )L j , at 

low frequency implies 
good steady-state 
performance 
(qualitative analysis) 

N/A ( )S j determines 

the exact steady-
state influence of 
the disturbance over 
the output at 
frequency  

N/A N/A 

Noise Low gain, ( )L j , at 

high frequency 
indicates noise 
attenuation over the 
output (qualitative 
analysis) 

N/A ( )S j determines 

the exact noise 
amplification over 
the error at 
frequency  

( )T j  

determines the 
exact noise 
attenuation over the 
output at frequency 

 

N/A 

Robustness ( )L j by itself does 

not provide robustness 
information. ( )L j  

jointly with 
arg( ( ))L j  can be 

used to compute the 
gain and phase margin 

N/A The maximum value 
of ( )S j  

corresponds to the 
distance to -1 point. 
Bounds over gain 
and phase margin 

The maximum 
value of ( )T j  

provides bounds 
over gain and phase 
margin 

N/A 

Settling time The crossover 
frequency of ( )L j  

is indirectly related 
with the settling time 

N/A The bandwidth of 

( )S j  is directly 

related to the 

closed-loop settling 
time 

The bandwidth of 

( )T j  is directly 

related to the 

closed-loop settling 
time 

N/A 

Control effort N/A ( )C j  in 

the high 
frequency 
range 
determines 
how the noise 
influences the 
control action 

N/A N/A ( ) ( )C j S j   

in the high 
frequency range 
deter-mines how 
the noise 
influences the 
control action 
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Sidebar 1  

Some Basic Concepts of Linear Control Systems 

 

Figure S1 shows the block diagram of an open-loop control system [1], [3], [S1]-[S4]. 

The following nomenclature is used: 

 ( )G s  is the plant (or process) transfer function. 

 ( )C s  is the controller transfer function. 

 r  is the reference or set-point signal. 

 u  is the controller output or control signal. 

 id  is the plant input or load disturbance. 

 od  is the plant output disturbance. 

 y  is the plant output. 

In an open-loop control system, the controller does not use the plant output to generate 

the control signal. It only considers the reference r . Thus, there is a fixed operating condition 

to each reference input; as a result, the accuracy of the system depends on calibration. If 

there are appreciable disturbances or uncertainty, open-loop control systems will not perform 

the desired task. A practical example of open-loop control system is a washing machine [S3]. 

The different stages of the washer (soaking, washing, and rinsing) operate on a time basis. 

In fact, any control system that operates on a time basis is open-loop. For instance, traffic 

control by means of signals operated on a time basis is another example of open-loop 

control. 
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Open-loop control cannot be used if the disturbances cannot be neglected, or there are 

uncertainty in plant parameters. In these cases, a closed-control system (as known as 

feedback control system) can be used. Figure S2 shows the block diagram of a basic closed-

loop control system with one degree-of-freedom [1], [3], [S1]-[S4]. The following new 

nomenclature is used: 

 n  is the measurement noise. 

 my  is the measured plant output. 

 e  is the controller input. 

These signals are related by the expressions: 

my y n  ,       (S1) 

and 

me r y r y n     .    (S2) 

The controller input is an approximation of the control error  , which is defined as 

r y   .       (S3) 

In a closed-loop control system, the controller input e  is the difference between the 

reference signal r  and the feedback signal (the measured plant output my ). The main goal 

of a feedback control is to manipulate u  such that the control error   remains small in spite 

of the disturbances. This goal requires designing an adequate controller. An advantage of 

the closed-loop control system is the fact that the use of feedback makes the system 

response relatively insensitive to external disturbances and internal variations in system 

parameters. There are many practical examples of closed-loop control systems: a room 
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temperature control system, an aircraft flight control system, a car speed control system, or a 

chemical process composition control system between others. 

To analyze or design a closed-loop control system the following transfer functions can 

be used: 

 Open-loop transfer function ( )L s : 

( ) ( ) ( )L s G s C s .     (S4) 

 Complementary sensitivity transfer function ( )T s : 

( )
( )

1 ( )

L s
T s

L s



.      (S5) 

 Sensitivity transfer function ( )S s : 

1
( )

1 ( )
S s

L s



.      (S6) 

It is important to note that ( )T s  and ( )S s  are algebraically related by the expression 

( ) ( ) 1T s S s  .    (S7) 

The frequency-response of the open-loop transfer function, ( )L j , can be used to 

characterize the closed-loop performance. The most important frequency-domain measures 

used to assess performance are [1]-[3], [S1]-[S4]: the gain margin, the phase margin, the 

maximum peak of ( )T s , and the maximum peak of ( )S s .  

The gain margin GM  is defined as  

180

1

( )
GM

L j
 ,     (S8) 
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where 180  is the phase crossover frequency, the largest frequency where the phase of 

( )L j  crosses the value -180º , in other words: 

180arg ( ) 180ºL j   .    (S9) 

The GM  is the factor by which the loop gain ( )L j  may be increased before the closed-

loop shaping becomes unstable.  

The phase margin PM  is defined as 

180º arg ( )cPM L j  ,    (S10) 

where c  is the gain crossover frequency, the first frequency where the magnitude of ( )L j  

crosses the value 1 (0 dB) , i.e. 

( ) 1cL j  .     (S11) 

The PM  tells how much negative phase (phase lag) can be added to ( )L s  at frequency c  

before the phase at this frequency becomes -180º which corresponds to closed-loop 

instability. 

The maximum peak of the complementary sensitivity function TM  is defined as 

max ( )TM T j


 .    (S12) 

Typically, it is required that 1.25TM  (2 dB). A large value of TM (larger than about 4) 

indicates poor performance as well as poor robustness. A given value of TM  guarantees [2] 

a lower limit for GM  and PM : 

1 1 1
1+ ; 2arcsin [rad]

2T T T

GM PM
M M M

 
   

 
.  (S13) 

For example with 2TM  , we have GM 1.5  and PM 29.0º . 

The maximum peak of the sensitivity function SM  is defined as 
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max ( )SM S j


 .    (S14) 

Typically, it is required that 2SM  (6 dB). A large value of SM (larger than about 4) 

indicates poor performance as well as poor robustness. A given value of SM  also 

guarantees [2] a lower limit for GM  and PM : 

1 1
GM ; PM 2arcsin [rad]

1 2
S

S S S

M

M M M

 
     

  (S15) 

For example with 2SM  , we have GM 2  and PM 29.0º . 
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Figure S1. Block diagram of a basic open-loop control system.  
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Figure S2. Block diagram of a basic closed-loop control system with one degree-of-freedom. 
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Sidebar 2  

Interactive Control Design 

Control engineering education is a multidisciplinary subject that is part of the curriculum 

of aerospace, industrial, mechanical, electrical and chemical engineering students. Many of 

the contents of introductory and advanced courses on control systems [1]-[3], [S1]-[S4] have 

a nice and intuitive graphical representation: time series plot, poles-zeros map, and 

frequency domain plot (Bode plot, Nyquist (polar) plot, or Nichols plot). These diagrams are 

related to each other. For example, a change in the position of a pole of a linear system in 

the poles-zeros map produces a modification of the temporal and frequency response 

associated. Likewise, a change in the corner frequency of a pole in a frequency plot 

produces immediately a change in the time response and in the poles-zeros map.  

The knowledge of the tradeoffs and dependencies between the different types of 

diagrams is fundamental in the analysis and design of control systems. However, some 

students have difficulties to grasp them. Our experience in teaching courses in control 

systems tells us that the best way to teach and learn these dependencies is using interactive 

software tools [S5]-[S21].  

However, the key point is the kind of interactivity that a software tool must have to be 

useful from a pedagogical point of view. Interactivity can be defined [S18] as the action 

performed mutually by two or more objects that allows information exchange between each 

other. Different from visualizing a figure or reading a book, interactivity implies a bidirectional 

information flow that improves the learning process of the involved agents. Interactivity in 

learning is a necessary and fundamental mechanism for knowledge acquisition and the 

development of both cognitive and physical skills [S18]. 

The most popular software in control systems education is MATLAB [12], due to its 

power and versatility. However, to illustrate the dependencies between the different types of 
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diagrams, it would be useful to have some supporting software tools with a graphical user 

interface (GUI) that displays better interactivity that the one available in MATLAB, and that 

could be used by both instructors and students freely. 

Fortunately, in recent times several integrated development environments (IDEs), such 

as Sysquake [S22] and Easy Java Simulations (EJS) [S23], among others, have appeared, 

reducing both the time and programming capabilities required to develop interactive software 

tools. In fact, Sysquake have a programming language like the one used in MATLAB. 

The use of these kinds of IDEs is convenient for instructors interested in developing this 

type of software tools. Notice that MATLAB (and other software used in automatic control 

courses) does not include the interactive behavior of Sysquake and requires the installation 

of the core software and corresponding licenses. That is, users need to have MATLAB 

installed in their computer, while Sysquake based programs can be used as stand-alone 

applications. In the last decade, these IDEs has been successfully used to developed 

interactive software tools for control engineering education [S10], [S14]-[S21]. 
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Sidebar 3  

Downloading and Description of the ITCLSD Tool 

 

Interactivity, which is the main feature of the ITCLSD tool described in this work, is 

difficult to explain in written text. The best way to appreciate the tool is to use them. We 

strongly recommend that the reader downloads and uses it in parallel with reading this paper. 

Executable version for Windows and Mac OS computers are freely available for download 

from [S24], where the user manual is also available. No licenses are required, and the 

executable modules can be freely distributed to students and colleagues. 

It has been developed in Sysquake [S22], which is an integrated development 

environment with a programming language like the one used in MATLAB. Sysquake has 

excellent facilities for developing tools that have simple and pleasant graphical user interface 

(GUI) with interactive figures, which have menus, text fields, sliders, buttons or other 

interactive items. Any action carried out by the user on these elements of a figure is 

immediately updated on all the figures on the screen. This interactivity allows the user to 

visually perceive the effects of their actions. 

The ITCLSD main window (see Figure S3) is structured in six different zones: 

 Block diagram zone. It contains a block diagram of a basic feedback control 

system with two degrees-of-freedom using affine parametrization. The block 

diagram consists of three blocks: prefilter ( )H s , controller ( )C s , and plant ( )G s . 

According to the affine parametrization (15), the controller ( )C s  is built with two 

blocks the plant ( )G s and the filter ( )Q s  that has to be designed by the user. The 

block diagram has four inputs (reference r , plant input disturbance id , plant 

output disturbance id , and the measurement noise n ), one output y , and three 

intermediate signals (controller input e , controller output u , and measured plant 
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output my ). In this zone, the user can select the block or the input whose 

structure and parameters wants to configure in the rest of the zones of the tool. 

The block or input selected is represented in light green color. ITCLSD has 

implemented several predefined structures of transfer functions: first order, 

second order, etc. The tool also allows the user to define the structure of its own 

transfer function. Besides, in this zone, the user can select the signals that are 

represented in the time response zone. The selected signals are represented in 

red color. 

 Parameters setting zone. It contains several text fields and sliders to set the 

parameters of the block or input selected in the block diagram zone. This zone 

also displays the symbolic transfer function of the selected block. It helps the 

user to remember the meaning of the configurable parameters. 

 Performance/specifications zone. It contains two buttons (Frequency 

specifications and Time specifications) and a table. The buttons allow enabling 

and configuring the specifications. When there are no specifications enabled in a 

certain domain (frequency or time), the associated button is represented in 

yellow color. If the enabled specifications are all met the button is represented in 

green color, otherwise the button is represented in red color. The central area of 

this zone contains a table with the main characteristics of the system in the 

frequency domain (bandwidth of ( )T j  (or ( )S j ), maximum peak of ( )T j  

(or ( )S j ), gain margin, and phase margin) and in the time domain (overshoot 

percentage, rise time, settling time, and steady-state error). If there is some 

enabled specification, then this table is replaced with the enabled specifications 

and the system values for these specifications. Each specification has associated 
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a small circle whose color indicates whether (green color) or not (red color) the 

specification is being met for the system. 

 Poles-zeros map zone. It plots the poles (‘o’) and zeros (‘x’) of ( )H s  (light green 

color), ( )Q s  (blue color), ( )C s  (light blue color), and ( )nG s  (red color). For the 

selected block in the block diagram zone, the user can configure the position of a 

pole or a zero by dragging the associated interactive element (‘o’ for a zero and 

‘x’ for a pole). When the user finishes the dragging of an element, all the 

information and graphs of the ITCLSD main window are updated. 

 Frequency response zone. It shows one of the following interactive diagrams: 

Bode diagram, polar (Nyquist) diagram, and Nichols diagram. The different 

diagrams appear by pressing the short-cut key “B”, “P” and “N”, respectively. 

Besides, the size of this zone in the ITCLSD main window can be augmented by 

pressing the keys ‘0’, ‘1’, ‘2’, or ‘3’. The enabled specifications are also 

represented in the diagrams. The user can drag the corner frequencies of the 

poles and zeros for the selected block. Besides, ITCLSD allows the user to add 

and remove poles and zeros in this zone, and in the poles-zeros map zone. 

Basically, the user works in this zone to perform the closed-loop shaping control 

design. 

 Time response zone. It contains one or two subplots with the time response of 

the signals that are selected in the block diagram zone. The enabled time 

specifications are also represented in the diagrams. 
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Figure S3. ITCLSD main window. It is structured in six different zones: block diagram zone, 

parameters settings, frequency response, poles-zeros map, performance/specifications, and 

time response. Users can interact with the tool by menus, text fields, sliders, buttons and 

different items in the figures displayed on the main window of the tool. For example, in the 

poles-zeros map, the user can configure the position of a pole or a zero by dragging the 

associated interactive element (‘o’ for a zero and ‘x’ for a pole). And in the frequency 

response, the user can drag the corner frequencies of the poles and zeros. Any action 

carried out on these elements is immediately reflected on all the figures on the screen. 

Therefore, ITCLSD main features are simplicity, ease of use and interactivity. 
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