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Foreword 
 
 
 
 
 
Welcome to the IV Seminar for Advanced Industrial Control Applications 
SAICA 2011 – Barcelona 
 
 
The Seminar for Advanced Industrial Control Applications, SAICA, is an event 
that dates back to 2005 when its first edition took place in Madrid. The success 
of this first edition encouraged organizers to celebrate this event biannually in 
the Spanish capital, achieving an important recognition among the seminars of 
its kind in Europe. In 2011, the Industrial School of Barcelona – UPC-
BarcelonaTECH has assumed the challenge for organizing the seminar in this 
city. 
 
 
SAICA’s main goal is to gather people from both industry and academia in order 
to openly debate topics on industrial control and automation, from traditional up 
to cutting-edge technologies. It is a two-day seminar where participants will 
have the opportunity of presenting their works and expose their ideas in 
discussion forums on real-life control problems. 
 
 
This year’s theme, “Control for energy efficiency”, is the reaffirmation of the 
commitment of those who are part of the control and automation community to 
make efforts in order to stop the climate change and leave a greener planet to 
the future generations. Talks will focus on the potential contribution of advanced 
process control technologies to minimizing the impact of industry, energy 
demand, production and consumption on our planet’s climate. 
 
 
We hope you find SAICA 2011 as fruitful and stimulating as you enjoy your stay 
in Barcelona. 
 
 
With our best regards, 
 
 
 
José Rodellar Chairman, UPC Pedro Balsa Chairman, IEEE 
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Abstract 

Optimizing production in power manufacturing units by ensuring a very efficient usage of available production resources is a major 

concern for European companies in order to obtain competitive advantages at low pollution rates. This goal can be achieved by finding the 

correct scheduling algorithms of the production flow and recycling as much as possible of the waste materials and energy by industrial 

synergies. This paper deals with a possible mechanism for estimating by using entropy the amount of materials and energy involved in 

production flows of power manufacturing systems, and some discrete event formalisms used for optimally scheduling the production flows 

in order to save time, energy and respect the environment. Future extensions of our approach are also presented. 

 

I. INTRODUCTION 

Optimizing production in power manufacturing units by ensuring a very efficient usage of available production resources is 

a major concern for European companies in order to obtain competitive advantages at low pollution rates. This goal can be 

achieved by finding the correct scheduling algorithms of the production flow and recycling as much as possible of the waste 

materials and energy by industrial synergies. This paper deals with a possible mechanism for estimating by using entropy the 

amount of materials and energy involved in production flows of power manufacturing systems, and some discrete event 

formalisms used for optimally scheduling the production flows in order to save time, energy and respect the environment. 

In the last century, the concept of entropy had been widely used in numerous science and technical works; in 1948, Shannon 

used entropy to describe the uncertainty of a random event. Environmental issues occur everywhere and have dangerous 

consequences in industrialized areas, so we have clear sign that environmental issues entropy has reached the maximum 

value. Let xi = [x(i), …, x(i-(m+1)Cx)] and yi = [y(i), …, y(i-(n+1)Cy)] be m and n dimensional delay vectors reconstructed by 

time series x (t) and y (t), with time delays xC , yC .  

The Takens theorem states that equation (1) can be transformed in equation (2) that represents the relations between the 

future and the current state space spot, which we call reverse-predictability, indicating the impact of the future state space on 

the current one.  f(.) being the map of the chaotic state space of environment  we have the following relations [1, 2]: 

 

)1ix(f)i(x −=   (1) 

    

)1ix(
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−=      (2) 

 

From equations (1) and (2) we have xi predicted by xi-1, xi-2, … , iteratively, e.g. x(i) = f(xi-1) = f(f(xi-2)) = … , and this  

relations give us the opportunity to analyze the temporal relations between environment parameters evolution, where ix  is 

defined as follows: 
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 where k indicates the time span. 

 

The difference between the predicted value based on the post-images of the nearest neighbors, and the original value of a 

given parameter is the prediction error. The mean squared error )x(k
pS  of time series x(t) at time span k is: 
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where n is the number of  the considered environment  parameters.  

Using the principle of maximum entropy, and the Lagrange undetermined multiplication method, we have the maximum 

distribution of entropy [2, 3]. Let random variable x be described by parameters x1, x2, …, xn with the corresponding 

probabilities p1, p2, …, pn  , so we have the following relation: 

 

∑
=

=
n

1i

1ip   , 0ip ≥  (5) 

 

The mean value FK of several known functions fK(xi) is: 

ip)ix(

n
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=
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The    maximum of the environment   entropy distribution is determined by introducing the multiplications α and βk to have a 

new description of the environment parameters framework: 

 

 H - α - β1·F1 - β2·F2 - … - βm·Fm   (7) 

 

Where H is the information entropy: 
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With 
ip  being the occurrence of probability of a random event, and C is a constant.  It is shown [4, 5] that H has its 

maximum value only if: 
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From equations (5) and (9) it results: 
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Let
α= ez , then we obtain: 
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Thus, we have the values of kβ   by solving the following equation obtained by substituting the value of  pi from (7) into 

equation (5): 
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Where Fk and fk(xi) are given by equation (6), and respectively (2). 

We notice that for m environment parameters we have m equations, thus we have the value of pi, with i=1, …, m, when 

entropy is maximum. As it is well known, the principle of entropy increase shows that the spontaneous development of the 

system from the non-equilibrium states to equilibrium states is a process where entropy increases and the equilibrium state 

corresponds to the maximum entropy. When the harmful environment parameters are not controlled, they follow the above 

mentioned framework, and we can model them as random events that are uncertain and may be described by entropy. In 

order to control these harmful parameters that deteriorate the environment, we shall build a schedule mechanism for some of 

them, especially those specific to industrial area, e.g. manufacturing systems.   

II. DISCRETE-EVENT MODEL OF A FLEXIBLE MANUFACTURING PRODUCTION LINE 

A flexible manufacturing production line is a series arrangement of machines and buffers as shown in Fig. 1. 

 

 
 

 

 

 

 

 

 
Fig.1. A typical flexible manufacturing production line 

 

Parts enter the first machine and are processed and transported to the succeeding components, until they finally leave the 

system. Machines produce at different rates, fail, and are repaired randomly, thus causing changes in the flow of parts. 

Changes propagate to neighboring machines and may render them starved or blocked. Buffers of finite capacity are inserted 

in order to reduce these effects. The operation of the production line is ruled by the following: 

a)  The line consists of N+1 buffers. There is one buffer B0 at the beginning of the line with finite capacity and another Bn 

at the end with unlimited capacity. 

b) Uptimes and downtimes of machines are assumed for convenience to be exponential random variables although any 

type of distribution may be considered. 

c) In each machine there is space for a single work-part. A machine Mi is starved if it has no part to work on and the 

inventory of the upstream buffer Bi-1 has been exhausted. Also Mi is blocked if it is prevented from releasing a finished part 

downstream because Bi is full. 

d) Starved or blocked machines remain forced down until a work-part or a unit space is available. During these idle 

periods machines do not deteriorate. 

e) Transportation time of work-parts to and from buffers is negligible or is incorporated in the processing time.  

As we have seen, absorbing states occur in manufacturing system models that capture phenomena such as deadlocks. An 

important quantity of interest in such systems is the time until an absorbing state is reached. Let {X(u); u≥ 0} be the Markov 

chain under consideration. Let the state space be finite and given by S = {0, 1, ... , m, m+1, ..., m+n}, where m≥ 0, n > 0, the 

first (m+1) states are transient states, and the rest of the states are absorbing states. Let 0 be the initial state and T, the time to 

reach any absorbing state. Define [6, 7]: 

 

 pij(t) = P{X(t) = j/ X(0) = i}   (13) 

 

Then, we have, for any t > 0 

 

 P{T > t} = P{X(t) ∉{m+1, ... , m+n}}     (14) 

 

So we have: 

 

P{T > t} = 1 – ( )∑
=

+

n

j

jm tP
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The cumulative distribution function of T is given by 
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III. BUFFER EVENTS IN A FLEXIBLE MANUFACTURING SYSTEM 

In a production line, the next event of a component depends on its current state and on the state of adjacent components. 
An interesting quantity to study is the relation between the buffer size and the machine duration of service. This is because a 
failed machine, being coupled with a large buffer, may be delayed enough so that the blocking event is avoided, if in the 
mean time the machine is repaired. So, we may say that in a production line the parameter which determines the deadlock of 
a basic cell, as well as of the entire production line, is the buffer size. The phenomenon of blocked and starved states occurs 
frequently when a machine produces at a faster rate than its adjacent ones. In this case, machine Mi is located between an 
empty and a full buffer. It is then forced to wait until a part arrives from the upstream cell and upon completion of processing 
the part is blocked until an empty space is available in the downstream buffer. We examine two possibilities: a blocked 
machine empties its upstream buffer (see case A) or a starved machine fills its downstream buffer (see case B). In both 
situations the event is conventionally encountered when work-part is released from Mi to the downstream buffer (see Fig. 4 
and Fig. 5). A starved or blocked machine alternates between two states for some time until either a not full or a not empty 
event occurs. We consider the segment of machines Mi-1, Mi and Mi+1, and buffers Bi-1 and Bi. Let t be the time when the 
starved and blocked event is encountered and TA the apparent time of the next event.  

 

M(i,t) =    
repairunderisif,0

up ismachineif,1

iM

iM
 

 

B(j,t) =     

stateotherwise1,

fullisbufferif2,

emptyisbufferif,0

jB

jB

 

 

BEj(t) =    
otherwise,0

timeatemptiesif,1 tB j
 

 

We define the following [4 - 7]:  

iµ  = The nominal production rate (work-parts/time-unit) of machine Mi, i = 1, ... , n 

T1j(t) = Delay time until the next arrival to Bj 

T2j(t) = Delay time until the next departure from Bj 

We discuss the following situations: Case A: Machine Mi+1 is faster than Mi-1. This situation is depicted in Fig. 2 and the 

condition is: 

 

(T21 > T1,i-1 + 
iµ

1
)∩ ( 1+µi  > 1−µi )    (17) 

 
We note that in Fig. 2 and in Fig. 3 the continuous line represents a machine operation on a work-part and the arrows 

represents arrivals to the succeeding buffer. Blank intervals indicate idle periods due to blockage or starvation of machines. 
The wavy lines denote a machine under repair. In Fig. 2, buffer Bi is scheduled to switch from full to an intermediate state. 
The not-full event occurs upon the departure of the last blocked part from Mi. The end-of-processing time of the (1 + Ni)

th
 

work-part in Mi is greater than the time when a single space for this part is available in Bi. 
The opposite holds for the first Ni work-parts. This observation goes to [8 - 10]: 

 

  t + T2i + 
1+µ i

iN   < t + T1, i-1 + 
1−µ i

iN + 
iµ

1
      (18) 

 
and 
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−
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1

−µ

−

i

iN + 
iµ

1
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Fig.2. Starved and locked machine states when Mi+1 is faster than Mi-1  

 
From relation (16) and (17) we compute the parts until next event, for Bi: 

 

   Ni = 1 + Int 



















µ
−

µ

µ
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−

11
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11

1

ii

i

ii TT

  (20) 

 

Case B: Machine Mi-1 produces at a faster rate than Mi+1 (machine Mi-1 is faster than Mi+1) and the starved machine Mi fills its 
upstream buffer Bi (see Fig. 3). The condition is: 

 

 (T2i > T1, i-1 + 
iµ

1
) ∩ ( 1−µ i  > 1+µi )   (21) 

 

This is dual to case A. After that, machine Mi-1 processes Ni-1 parts, a non-empty event will occur. In Fig. 3 we see that the 
time of arrival of the (1 + Ni-1)

th
 work-part at buffer Bi-1 is less than the time machine Mi is ready to receive it. The opposite 

holds for the first Ni-1 work-parts. This observation goes to: 
 

 t + T2i + 
1

1 1

+

−

µ

−

i

iN   > t + T1, i-1 + 
1

1

−

−

µ i

iN        (22) 

 
and 
 

TA = t + T2i + 
1

1 1

+

−

µ

−

i

iN ≤  t + T1, i-1 + 
1

1 1

−

−

µ

−

i

iN         (23) 

 
In a dual fashion to case A, we get the parts until next event, for Bi-1.  

 

  Ni-1 = 1 + lnt 
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Fig.3. Starved and blocked machine states when Mi-1 is faster than Mi+1  

From relation (20) and (24) we notice that the number of parts until next event is dependent of the service rate of each part. 

We may say, that the buffer dimensions can be calculated in that manner, to avoid the failed state of machines, considering 

that the time to calculate the number of parts until next event is set to T21 = P02 in relation (20) and, respectively, to T1,i-1 = P02 

in relation (24). As we discuss before the failed state of machines can be avoided, if the buffer size is bigger than the critical 

size (the size determined from relation (20) and respectively (24)). The condition that must be accomplished is that the 

average time to repair a machine is less than the average time to fill the upstream buffer of that machine [11 - 15]. 

 

IV. CONCLUSION  

In this paper a discrete-event model for manufacturing systems analysis has been introduced using state partition into basic 

cells allows dealing with entropy evaluation of flexible manufacturing systems throughput. We assume that our approach will 

optimize the amount of materials and energy involved in production flows and therefore we see them as green production 

lines. Next research will focus on systems modeled with cut-off Markov chains.  
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Hexapod Platform Positioning Control

Sergio Arruga, Francesc Pozo and Mauricio Zapateiro

Abstract

This study aims to control the position of a hexapod platform marketed by Quanser. To this end, one specific control
has been set as a goal: the platform has to stabilize a ball that moves across its surface, by opposing to its motion so that it
remains in the center of the platform. The goal is firstly achieved with a PD control, and then with a Fuzzy Logic control.
The experiments were performed by stabilizing a metallic ball in the center of the platform. The results demonstrated that the
performance of both controllers was satisfactory.

I. INTRODUCTION

In the early 1800’s, Augustin Louis Cauchy, a pioneer in the mathematical analysis, studied the stiffness of an articulated
octahedron, the hexapod predecessor. In 1949, V.E. Gough went a step further and built a six-armed parallel mechanism to
test tyres with combined loads. A few years later, in 1965, D. Stewart started using a variant of the Gough’s mechanism for
his flight simulators; the device was renamed in his honor as Stewart Platform, although Gough had previously invented it
[1].

The mechanism is a kinematic structure composed of two platforms and six actuators, where the base platform is fixed,
while the upper platform and the six struts are mobile. The six actuators link the two platforms, and are subject to the
upper platform connected by pairs: therefore, there are three points on the upper platform, two arms converging at each
one. The actuators are independent, and are those that allow directing and positioning the upper platform. This platform has
six degrees of freedom with respect to the base, so it is able to move in three linear directions and three angular directions
individually or in any combination.

The Stewart Platform definition allows mechanisms with different configurations to be within the same concept. In the
most common configuration, the six linear actuators are hydraulic cylinders. In this configuration, the cylinders expand and
contract to get the desired position and orientation of the upper platform.

The term hexapod was registered by the company Geodetic Technology to refer to the Stewart Platform, which does not
currently avoid their use for other mechanisms, mainly robots inspired in insect locomotion (mechanical vehicles walking on
six arms). Therefore, the word hexapod refers to a family of machines (with six arms) among which there are the Stewart
Platforms. Henceforth the term hexapod will be used to refer to the Stewart Platform used in this experiment.

The hexapod marketed by Quanser acquired by the CODAlab research group of the Department of Applied Mathematics
III in the Universitat Politècnica de Catalunya, unlike most Stewart Platforms available in the market, does not work with
hydraulic cylinders: the arms length is constant, as shown in Fig. 1. The orientation and positioning of the upper platform is
achieved by changing the position of the bottom ends of each arm, which can move through a guide on the base platform.
Each pair of arms shares a guide at the base, and joins the upper ends in one of the three corners of the upper platform.

In this work, the goal is to stabilize a metallic ball that rolls over the surface of the platform by opposing to its motion
so that it remains in the center of the platform.

This paper is structured as follows: Section 2 is dedicated to the experimental setup. The solution to the problem statement
is described in Section 3; Subsection A explains how to perform the machine basic control. The positioning of the vertices
and how to obtain the position of the ball are presented in subsections B and C respectively. The solution of the problem
statement using a PD control is described in Subsection D, and the solution obtained through a Fuzzy Logic control is
presented in Subsection E. In Section 4 the Results are shown. Conclusions and future work are given in Section 5.

II. EXPERIMENTAL SETUP

The hexapod is driven by powerful electrical motors: each arm is driven by a 334 N force DC motor. For additional
security, a brake control engine activates the brakes when the hexapod base joints reach their limits. This ensures that
powerful motors do not damage the device or the load it carries. The position of the six motors is provided by optical
encoders that measures the angular position of the motor shaft [2]. The machine dimensions are 110 cm wide and long
and 70 cm height at its highest position. The total weight is 100 kg, but can support loads up to 250 kg while maintaining
its efficiency. The actuators have a dynamic range of 22.5 cm and reach a maximum speed of 0.67 m/s with a maximum
acceleration of 9.8 m/s2.

This work was supported by the CICYT (Spanish Ministry of Science and Innovation) through grants DPI2011-28033-C03-01 and DPI2008-06699-C02.
M. Zapateiro is supported by the Juan de la Cierva fellowship from the Spanish Ministry of Science and Innovation.

S. Arruga is with Escola Universitària d’Enginyeria Tècnica Industrial de Barcelona, Universitat Politècnica de Catalunya-BarcelonaTECH, Comte
d’Urgell, 187, 08036 Barcelona, Spain sergioarruga@hotmail.com

F. Pozo and M. Zapateiro are with CoDAlab (codalab.ma3.upc.edu), Departament de Matemàtica Aplicada III, Universitat Politècnica de Catalunya-
BarcelonaTECH, Comte d’Urgell, 187, 08036 Barcelona, Spain francesc.pozo@upc.edu, mauricio.zapateiro@upc.edu
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Fig. 1. hexapod marketed by Quanser (www.quanser.com)

In order to perform the experiment, a 6 degree-of-freedom force/torque sensor was attached to the hexapod upper platform.
A 57.5 cm diameter, 4 cm thickness platform made of Styrodur C (foam plastic) was anchored to the sensor and above it a
2 mm thickness plate was hooked to reduce friction. The ball used was a metallic 5 cm diameter and 225 g weight sphere.

III. CONTROL DESIGN

A. Basic control

The upper platform orientation and positioning is achieved by varying the position of the lowest point of each of the arms
which can travel through a guide at the base platform. In the hexapod, the coordinate system is independent for each arm,
that is, each arm has a unidimensional self-reference system, where the single-axis coincides with the guide, and whose
origin is in the center of the guide.

The main program, provided by the supplier, controls the position of each arm. Such control is executed in Matlab/Simulink,
by integrating the QUARC (Quanser Real-time Control) package on it. The platform position is determined by the position
of the 6 arms on the base. The program computes and displays at each instant the three-component position of the gravity
center of the upper platform (pos vector) and the coordinates of the position of each vertex of the platform (P1, P2 and
P3 vectors).

B. Vertices positioning

Henceforth, it will be easier to control the position of the platform by controlling its vertices than by controlling the
position of the arms. Thus, a control that determines the position of the arms for a desired height at the vertices is initially
required. To this end, a proportional-integral-derivative (PID) control [3] is implemented for each vertex based on the error
between its actual height (obtained from the direct kinematics calculation of the main program) and the desired height. The
control action is sent to the arms of the controlled vertex. For this control, the parameters were manually tuned:

kP = 0.2

kI = 10

kD = 0

The derivative gain remains null due to the noise of the source signal, so any other value for that constant would generate
vibration in the response. The signal could be filtered to apply a derivative action; however with this set of parameters the
desired height is reached with absolute errors of the order of 10−3 mm, which is sufficient accurate for the final goal of
this control.

C. Ball position tracking

The sensor coupled to the hexapod, which lies just below the surface on which the ball moves, returns at each sampling
instant the torque about the three axes. Since the torque about an axis is the product of force and distance to the axis, and
the weight of the ball and the platform attached to the sensor are constant, we can consider torque as a length measure.
Thus, we can consider the torque measurement Tx, Ty about the x and y axes, respectively, as the y and x coordinates of
the ball position (Fig. 2), respectively.
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CG

P3P2

P1

x

y

Ty

Tx

Fig. 2. The torque is considered as a measure of the ball position.

D. PD control positioning

The position and orientation of the upper platform is determined by three points: the vertices P1, P2 and P3. The first
one is aligned with the y−axis, so that when projected on the x−axis it coincides with the platform center of gravity (CG).
This means that by varying the height of the P1 point, while keeping still the position of P2 and P3, the platform rotates
perpendicularly to the x−axis. Therefore, by adding to the initial height of P1 (337 mm) a quantity proportional to the
torque Tx, the height of this vertex will increase if the ball is between P1 and the x−axis, and will decrease if the ball is
beyond the x−axis (Fig. 3). In both cases, the ball tends to go to the center of the platform.

y

z

P1 P2, P3
y

z

P1

P2, P3
y

z

P1

P2, P3

Fig. 3. Two dimensions figure representative of the position proportional control.

Note that there is no vertex whose height increase can cause rotation about the y−axis as in the x−axis. It is noted,
however, that the imaginary line joining the two remaining vertices (P2 and P3) crosses the y−axis perpendicularly, and
both points are at the same distance from the axis; therefore, if each vertex reaches the same increase as the other but in
the opposite direction, the platform will rotate about the y−axis. In order to use the same parameters in both axes control,
the control gains for P2 and P3 should be half than that applied for the control at P1.

The behavior of the ball with this control is as expected: the sphere swings on the platform moving away from the center
until it falls out. This happens because it is not enough to know the current position of the ball for stabilizing it; it is also
necessary to know its future position (i.e., its velocity) to counteract it (Fig. 4). Since we have considered the measurement
of the torque about an axis as the ball distance to it, we can consider that the derivative of the torque gives us a ball speed
measurement. However, the signal is too noisy to get a coherent derivative.

The noise origin is in the Tx and Ty signals, so a Butterworth filter was implemented for each signal. The cutoff frequency
was 5 Hz, and after differentiating another filter was implemented with a cutoff frequency of 1 Hz. Results are depicted in
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Fig. 4. 2D representation of the PD control position.

Fig. 5. The PD parameters were obtained by trial and error:

kP = 35

kD = 45

which must be halved for the driver of the vertices P2 and P3.
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Fig. 5. Tx signal before and after filtering (left) and differentiated signal before and after filtering (right).

E. Fuzzy Logic control

A Fuzzy Logic controller was implemented to determine the height to be reached for each vertex of the platform to
stabilize the ball. The controller has two input variables: the position of the ball, obtained from the torque about the axis;
and its speed, which is the first-order derivative of the torque. The filters previously designed are used for both signals. The
output variable of this controller is the height of the vertex.

The model used for the Fuzzy Logic control design was thee Mamdani’s direct method, which is one of the most widely
used methods. The Fuzzy Logic controller was designed and implemented with the Matlab toolbox utilities.

The number, rank and shape of the membership functions must be defined for each variable. Model rules, whose number
and content depend on the chosen membership functions, must also be set up. The triangular shape was the one that offered
better results in this case. For position and velocity input variables, two membership functions were initially defined.

The value range determined by the torque measurements and their derivatives is [−0.6, 0.6]. It was found that increasing
the number of membership functions implies a more complex rule model configuration. In addition, by increasing the number
of membership functions, a degradation in the response is perceived. Final membership functions for this control are shown
in Fig. 6.
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Fig. 6. Membership functions for position and velocity variables.

For the output variable (the vertex height), the final solution includes three membership functions when this height
is positive (hard, medium and soft), and three more membership functions (symmetric) when the height is negative. Its
configuration is shown in the Fig. 7.

-100 -80 -60 -40 -20 20 40 60 800
0

0.5

1
hardn mediumn soft n soft p mediump hardp

100

Fig. 7. Membership functions for vertex height variable.

The model rules for the final program are the following:

velocity position height
positive zero soft positive
negative zero soft negative
positive not zero hard positive
negative not zero hard negative

positive medium positive
negative medium negative

F. Results

In Figures 8 and 9 it can be seen the time-history representations of the torque and ball position for both the PD and Fuzzy
Logic controllers. It can be readily observed that the final position of the ball is, in both cases, the center of the platform
despite its initial position. For better visualization of the results, if the following link http://youtu.be/Od0NYLE ohk
a video of the experiments can be watched.

IV. CONCLUSIONS AND FUTURE WORK

A. Conclusions

This study aimed to control the position of a hexapod platform marketed by Quanser. One specific control was set as a
goal for this purpose: the platform had to stabilize a ball that moved across its surface, by opposing to its motion, so that it
remained in the center of the platform. The goal was firstly achieved with a PD control, and then with a Fuzzy Logic control.
The experiments were performed by stabilizing a metallic ball in the center of the platform. The results demonstrated that
the performance of both controllers was satisfactory.

B. Future work

Despite the controllers designed throughout this study stabilize the ball considerably fast, this stabilization speed could be
improved. Other filtering and control configuration schemes must be tried in order to analyze the stabilization issues. As for
the Fuzzy Logic controller, the range of possibilities in terms of the membership functions and model rules is very broad,
so there are probably some better configurations to be implemented. The controllers must also be analyzed and eventually
retuned in the case the they have to work with different ball size and weights.
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Fig. 8. Time-history of the torque Ty when the ball is placed on the edge of the platform (PD control) (left); torques Ty-Tx diagram when the ball is
placed on the edge of the platform (PD control) (right).
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ball is placed on the edge of the platform (Fuzzy Logic control) (right).
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Near-Fault Hybrid Pounding Mitigation of RNC-Isolated Structures

MohammedIsmail, Francesc Pozo and José Rodellar

Abstract

This paper examines pounding mitigation of base-isolated structures under near-fault ground motions through combining
active damping with a purely passive isolation system with inherent hysteretic damping. The used isolation system is a recently
proposed one that is referred to as roll in cage (RNC) isolator. It has an integrated buffer mechanism to prevent excessive bearing
displacements under strong seismic excitations. Therefore, possible pounding under such strong earthquakes will be within the
bounds of RNC isolator to avoid adjacent structural pounding. Active control is invoked at a certain bearing displacement to
reduce it before reaching its design limit, after which pounding takes place. It was found that increasing the RNC isolator’s
inherent hysteretic damping reduces the bearing displacement and consequently alleviates or even eliminate pounding. Moreover,
the integration of active control, at smaller bearing displacements, with the RNC isolator can reduce the bearing displacement
but adds more rigidity to the isolation system, which leads to less efficient isolation.

I. INTRODUCTION

Seismic isolation systems are essentially designed to preserve structural safety, prevent occupants injury and properties
damage. The major concept in base isolation is to diminish the fundamental frequency of structural vibration to a value
lower than the dominant energy frequencies of earthquake ground motions. However, seismically isolated structures are
expected to experience large displacements relative to the ground especially under near-fault (NF) earthquakes. The NF
ground motions are characterized by one or more intense long-period velocity and displacement pulses, which lead to a
large isolator displacement [12], [18]. Such large displacements are accommodated by providing a sufficient seismic gap
around the isolated structure. In some cases, the width of the provided seismic gap is limited due to practical constraints.
Therefore, a reasonable concern is the possibility of pounding of a seismically isolated structures with the surrounding
adjacent structures during severe seismic excitations such as NF ground motion earthquakes.

Compared to the extensive research work on pounding of conventional buildings and bridges, very limited research studies
have been carried out for pounding of seismically isolated buildings [19]. [23] simulated the superstructure of an isolated
building as a continuous shear beam in order to investigate the effects of pounding on structural response. A very high
acceleration response was observed during pounding with the surrounding retaining wall at the isolation level. Similar work
was done by [16] and it was found that the base shear forces increase with the stiffness of the isolated structure or the
surrounding retaining wall. Pounding of seismically isolated structures considering different types of isolation systems was
analytically investigated by [17]. They concluded that pounding effects are more significant if the isolated superstructure
is flexible or the adjacent structures are stiff. Through parametric analysis, [14], [13] studied the effects of pounding of a
seismically isolated building with the surrounding retaining wall, revealing the damaging effects of structural impact on the
effectiveness of seismic isolation. Considering a sliding isolation system with varying friction, [4] investigated the earthquake
induced upper story pounding response of two buildings in close proximity. They concluded that the impact force is very
high when the sliding friction coefficient is constant, while it becomes quite low when the friction coefficient is allowed to
vary with velocity.

The combination of passive base isolators and feedback controllers (applying forces to the base) has been proposed in
recent years. Some researchers have proposed active feedback systems, for instance, [5]–[7]. More recently, semi-active
controllers have been proposed in the same setting with the hope of gaining advantage from their easier implementation
(see, for instance, [6]–[22]). It is accepted that passive, semi-active and active control systems installed in parallel with
base isolation bearings have the potential of reducing responses of base-isolated structures more significantly than classical
passive dampers [25], [22].

In this paper, the possibility of pounding and its mitigation of seismically isolated buildings is investigated using a
recently proposed isolation system, referred to as roll in cage (RNC) isolator [9], [11], [10], under NF ground motion, see
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dustrial de Barcelona (EUETIB), Universitat Politècnica de Catalunya-BarcelonaTECH (UPC), Comte d’Urgell, 187, 08036 Barcelona, Spain
francesc.pozo@upc.edu

J. Rodellar is with CoDAlab (codalab.ma3.upc.edu), Departament de Matemàtica Aplicada III, Escola Tècnica Superior d’Enginyers de Camins,
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Fig. 1. The available forms of the RNC isolator

Fig. 1. The RNCisolator provides in a single unit all the necessary functions of rigid support, horizontal flexibility with
enhanced stability and energy dissipation characteristics. It has an integrated buffer mechanism to prevent excessive bearing
displacements under strong seismic excitations. This means that pounding would take place within the RNC isolator itself,
after exceeding a certain predetermined design bearing displacement, under earthquakes stronger than the design earthquake,
so that pounding of the isolated structures itself with the adjacent structures is avoided. Therefore, the very likely damage
due to structural pounding during strong earthquakes could be minimized or even avoided.

The approach of reducing pounding in this research is twofold: first by investigating the ability of the provided RNC
isolator damping, by means of metallic hysteretic dampers arranged around the rolling body as seen in Fig. 1, to limit the
bearing displacement to be within affordable limits. Therefore, pounding may not take place. The second is by actively
controlling, reducing, the isolated base displacement just before attaining the design bearing displacement, as demonstrated
by Fig. 2. This reduces the possibility of pounding or at least alleviate the severity of shock within the bounds of the RNC
isolator and its undesirable effects on the isolated superstructure.

II. NEAR-FAULT GROUND MOTIONS

NF ground motions are characterized by one or more intense long-period velocity and displacement pulses that can lead
to a large isolator displacement [12], [18]. Therefore, five NF ground motions of different intensities and various velocity
and displacement pulses are considered to assess the performance of the RNC isolator damping and buffer mechanisms.
These NF ground motions were obtained from the near-most station to the fault rupture, with intensities that range from
0.27g to 1.23g to represent small to severe intensity earthquakes. The peak ground accelerations (PGA), velocities (PGV) and
displacements (PGD) against their corresponding time instants of each ground motion are listed in Table I. On measuring the
intensity of NF ground motions, [15] revealed that the peak ground acceleration is a better representative intensity measure
than the peak ground velocity. Accordingly, the used NF ground motions are sorted by their PGA in an ascending order.

III. MODELING OF ISOLATED STRUCTURE

The RNC-isolated structure in this paper is a symmetric 3D building of 5 bays, each of 8.0 m span, with double end
cantilevers, each of 2.5 m length, in each horizontal direction. It has 8 floors plus the isolated base floor with a typical story

5Units: g - sec
6Units: cm/sec - sec
7Units: cm - sec
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TABLE I

MAIN CHARACTERISTICS OF THENF GROUND MOTIONS USED IN THIS STUDY.

Earthquake Station Magn- Distance Peak Accel.5 Peak Vel.6 Peak Disp.7

No. name Year name itude to fault PGA time PGV time PGD time

1 Kocaeli, Turkey 60° 1999 Yarimca 7.51 4.80 km 0.27 13.84 67.0 13.57 58.2 14.75
2 Imperial Valley 230° 1979 El Centro Ar. #7 6.53 0.60 km 0.46 5.00 111.4 5.94 45.6 6.85
3 Kobe, Japan 0° 1995 Takarazuka 6.90 0.30 km 0.69 6.02 69.9 6.58 27.2 6.02
4 Northridge 18° 1994 Sylmar - Conv. SE 6.69 5.20 km 0.83 3.51 119.8 3.44 35.1 3.02
5 San Fernando 164° 1971 Pacoima Dam 6.61 1.80 km 1.23 7.76 114.7 3.07 36.1 7.81

height of 3.0 m. The base isolated structure is modeled as a shear type supported on 36 RNC isolators, one under each
column. Each floor has 2 lateral displacement degrees of freedom (DOF) beside one rotational DOF around the vertical axis.
However, due to the symmetry of the 3D structure, only one horizontal displacement DOF is considered at each floor and
is excited by a single horizontal component of earthquake ground motion in its direction. The superstructure is considered
to remain within the elastic limit during the earthquake excitation and impact phenomenon. The construction material of
the isolated structure is normal-weight reinforced concrete with a total material volume of 4068.36 m3 and the structure has
a total weight of 10170.90 tons. The fixed-base structure has a fundamental period of 0.436 sec and modal frequencies of
2.29, 6.80, 11.06, 14.94, 18.29, 21.02, 23.03 and 24.26 Hz for modes from one to eight, respectively. The structural damping
ratio for all modes is fixed to 2.50% of the critical damping.

The RNC isolator has three main forms as shown in Fig. 1. In this study, the heavy loads form shown in Fig. 1(c) is used
to safely support the heavy column reactions. The designed RNC isolator for this study is 1.45 m high. The outer diameter
of the upper and lower bearing steel plates is 2.73 m. It is provided with 8 hysteretic mild steel dampers of the shape shown
in Fig. 1, each has a diameters of 5.0 cm. This RNC isolator design allows for a horizontal design displacement of 53.0 cm,
after which the integrated buffer stops the motion through impact within the lock mechanism shown in Fig. 2. As shown in
Fig. 1(c), the heavy load form of the RNC isolator is provided with a hollow elastomeric cylinder around the rolling body
to represent the main load carrying capacity, while the rolling body itself works as a secondary support in this case. The
inner and outer diameters of the hollow elastomeric cylinder are 1.73 m and 2.33 m, respectively. This elastomeric part was
initially designed to follow some available recommendations of the Uniform Building Code [1] and AASHTO [2]. At the
end, the designed RNC isolator for this study can support up to 4000.0 kN vertically.

Fig. 2. The integrated buffer mechanism of the RNC isolator
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Fig. 3. Effect of structural weight and hysteretic damping on bearing displacement and pounding intensity

IV. INFLUENCE OF RNC ISOLATOR’S HYSTERETIC DAMPING

The RNC isolator is provided with a set of triple-curvature metallic yield dampers as shown in Fig. 1, which render the
device a hysteretic behavior [11], [10]. Three structures were employed in the parametric study performed in this section:
the one described in Section III; the same structure but one time is 25% lighter in weight and the other time is 25% heavier.
This to investigate the influence of the isolated structural weight on bearing displacement and pounding intensity. On the
other hand, to investigate the influence of the provided amount of hysteretic damping by the RNC isolator on the bearing
displacement and consequently on pounding, two designs of the RNC isolator of the form mentioned in Section III are
considered. These isolator designs provide different amount of hysteretic damping that, relatively, ranges from low to high
damping and referred to as RNC-1, RNC-2, respectively. Then, all the RNC-isolated structures were subjected to the five
earthquakes of Section II, one at a time, and the resulting bearing displacements as well as the pounding forces are displayed
in Fig. 3. Each earthquake is referred to by its serial number found in the first column from left of Table I. All the response
quantities in this section were obtained by simulating the RNC-isolated structures using the structural finite element software
SAP2000 [3]. The RNC isolator was modeled by activating the Plastic-Wen hysteretic element, where the buffer mechanism
was represented by a nonlinear Gap element. The structure floors were modeled as rigid horizontal diaphragms while the
columns were modeled with zero axial deformation and the structural mass is lumped at floor levels.

The bearing displacements of RNC isolators RNC-1 and RNC-2 are displayed in Figs. 3(a,b), respectively. The correspond-
ing pounding forces are shown in Figs. 3(c,d), respectively. It seems evident that increasing the isolator hysteretic damping
decreases the bearing displacement. In some cases, pounding is avoided as the bearing displacement became lower than the
design displacement. In other cases, where the bearing displacement is still higher than the design one, increasing damping
alleviated the pounding intensity. Fig. 3 also demonstrates that pounding is always more intense in the case of isolated heavy
structures, even if they exhibit closer bearing displacements to those of isolated lighter structures. Moreover, the pounding
intensity is directly proportional to the amount of extra base displacement beyond the bearing design displacement and the
heavier isolated structures are less responsive to increasing the isolator hysteretic damping than lighter isolated structures.

NF ground motions are rich in long period frequencies. This can lead to resonance conditions with seismically isolated
structures of long fundamental periods causing undesirable higher bearing displacements. Such resonance seems obvious in
this study under the first two earthquakes, particularly, using RNC-1 and RNC-2 isolators. Although the Kocaeli and the
Imperial Valley earthquakes have the lowest PGA in Table I, the resulting bearing displacements are the highest, even are
higher than those produced by San Fernando earthquake, which has the highest PGA among the used earthquakes. This is
mainly attributed to the close structural and loading, dominant, frequencies.
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TABLE II

PEAK ABSOLUTE STRUCTURAL ACCELERATIONS USING DIFFERENTRNC ISOLATORS WITH AND WITHOUT BUFFER MECHANISMS. M /SEC2 UNITS

25% lighter structure

RNC-1 RNC-2 RNC-3 RNC-4

Earthquake Fixed No With No With No With No With
number base buffer % buffer % buffer % buffer % buffer % buffer % buffer % buffer %

1 7.35 0.890 88% 15.883 -116% 1.095 85% 1.095 85% 1.487 80% 1.487 80% 1.946 74% 1.946 74%
2 9.50 1.129 88% 22.698 -139% 1.534 84% 11.442 -20% 1.790 81% 1.790 81% 2.351 75% 2.351 75%
3 19.91 1.028 95% 1.028 95% 1.684 92% 1.684 92% 1.912 90% 1.912 90% 2.334 88% 2.334 88%
4 28.77 0.711 98% 5.028 83% 1.282 96% 1.282 96% 1.590 94% 1.590 94% 2.078 93% 2.078 93%
5 53.01 1.092 98% 1.092 98% 1.693 97% 1.693 97% 1.808 97% 1.808 97% 2.246 96% 2.246 96%

Normal weight structure

1 11.35 0.616 95% 14.538 -28% 0.988 91% 4.209 63% 1.176 90% 1.176 90% 1.508 87% 1.508 87%
2 15.15 0.924 94% 22.809 -51% 1.329 91% 16.814 -11% 1.495 90% 8.783 42% 1.745 88% 1.745 88%
3 24.66 1.064 96% 1.064 96% 1.498 94% 1.498 94% 1.521 94% 1.521 94% 1.741 93% 1.741 93%
4 21.55 0.654 97% 9.104 58% 0.996 95% 0.996 95% 1.285 94% 1.285 94% 1.664 92% 1.664 92%
5 44.26 0.728 98% 0.728 98% 1.265 97% 1.265 97% 1.530 97% 1.530 97% 2.000 95% 2.000 95%

25% heavier structure

1 10.51 0.486 95% 14.652 -39% 0.847 92% 10.994 -5% 1.057 90% 3.067 71% 1.287 88% 1.287 88%
2 13.32 0.746 94% 22.773 -71% 1.206 91% 19.280 -45% 1.355 90% 12.683 5% 1.525 89% 7.324 45%
3 27.89 0.696 98% 0.696 98% 1.207 96% 1.207 96% 1.288 95% 1.288 95% 1.525 95% 1.525 95%
4 19.56 0.566 97% 10.414 47% 0.958 95% 1.769 91% 1.104 94% 1.104 94% 1.375 93% 1.375 93%
5 34.22 0.680 98% 0.680 98% 1.154 97% 3.445 90% 1.230 96% 1.230 96% 1.639 95% 1.639 95%

Based on the above results, adding more hysteresis damping to the RNC isolator improves the behavior of the isolated
structures in terms of reducing the bearing displacements and the resulting pounding intensity, if there is any. But, practically,
this solution should not obstruct the isolator itself to achieve efficient isolation regarding reducing the peak absolute structural
accelerations. To investigate that, the corresponding peak absolute structural accelerations of the case study shown in Fig. 3
were obtained and listed in Table II. From this table, the following conclusions could be drawn:

• Increasing the isolator hysteretic damping slightly reduces the peak accelerations of the isolated structure.
• Intense pounding of an isolated structure results in structural accelerations higher than those of its fixed base case. This

becomes more obvious in structures with relatively light weight.
• Increasing the isolator hysteretic damping can remarkably attenuate the undesirable increase of the structural accelera-

tions due to pounding.
• The RNC isolator can achieve high levels of structural accelerations reduction, especially under severe ground motions.
• Where there is no pounding, isolation of light-weight structures is less efficient under low-intensity earthquakes

compared to heavier structures under the same earthquakes. This isolation efficiency becomes higher under more
stronger earthquakes showing similar behavior to that of heavier structures under such strong earthquakes.

V. HYBRID RNC-ISOLATION

In this section, the RNC isolator is allowed to behave as a purely passive isolation system, with hysteretic damping, within
a particular range of the design bearing displacement as denoted in Fig. 2 by∆p. Then active control force is applied over
∆h, after which pounding will take place. The purpose of active control is to reduce the bearing displacement to avoid or
even reduce pounding intensity, see Fig. 2.

A. Modeling of RNC-isolated structure with active damping

The equations of motion of anN -story linear shear type superstructure subjected to earthquake excitation is written in
the matrix form as:

Msẍs +Csẋs +Ksxs = −Ms{1}(ẍb + ẍg) (1)

whereMs, Ks, andCs are theN × N mass, stiffness and damping matrices of the superstructure, respectively;xs =
{x1, x2, . . . , xN}T is the relative displacement vector of the superstructure;ẋs andẍs are the relative velocity and acceleration
vectors, respectively;xj(j = 1, 2, . . . , N) is the lateral displacement of thejth floor relative to the base mass;{1} =
{1, 1, 1, . . . , 1}T is the influence coefficient vector;̈xb is the relative acceleration of the base mass; andẍg is the earthquake
ground acceleration.
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The governing equation of motion of the base mass is given by

mbẍb + ηFb − c1ẋ1 − k1x1 = −mbẍg + u (2)

wheremb is the suspended mass of the base raft;c1 andk1 are the damping and stiffness of the first story, respectively;
η is the total number of RNC isolators;Fb is the restoring force transmitted to the suspended base mass by a single RNC
isolator andu is the active control force.

The RNC isolator restoring force is represented by the standard Bouc-Wen model [24], [8] as:

Fb(t) = αkx(t) + (1− α)Dy kz(t) (3)

ż = D−1
y (Aẋ− β|ẋ||z|n−1z − γẋ|z|n) (4)

wherex is the displacement,z is an auxiliary variable,Fb is the isolator restoring force,αkx is the elastic force component,
ż denotes the time derivative,n > 1 is a parameter that governs the smoothness of the transition from elastic to plastic
response,Dy > 0 is the yield constant displacement,k > 0 and0 < α < 1 represents the post to pre-yielding stiffness ratio
(kb/ke), while A, β andγ are non-dimensional parameters that govern the shape and size of the hysteresis loop.

B. Controler design

Two active control laws are considered in this study. The first is a simple static discontinuous active bang-bang type
control, which was developed using only the measurement of velocity of the suspended base floor of an isolated structure
as a feedback information [21]. The control force is expressed as:

u = −ρ sign(ẋb) (5)

whereρ is a design parameter andẋb is the velocity of the suspended base floor of the isolated structure.

The second controller is based on using a passive static hyperbolic function depending only on the base floor velocity
[20]. This function ensures energy dissipation capability with always bounded control force. The control law is:

u = −ρ sech

(

ẋb

a

)

tanh

(

ẋb

a

)

(6)

whereρ > 0 anda > 0 are design parameters.

Fig. 4. Idealized RNC-isolated structural model with control devices
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Fig. 5. Peak actively controlled bearing displacements under earthquakes 1 using control laws 1 and 2

C. Parametric study

Using the RNC isolator, the expected pounding will take place within the isolator components when the displacement of
the suspended base floor reaches the end of the bearing design displacement with considerable amount of kinetic energy.
The undesirable pounding effects are then reflected first on the suspended base floor, as the first structural part connected to
the RNC isolator, then spread through the isolated structure. Active damping is studied in this section as a possible mean
of reducing the base floor velocity to reduce its kinetic energy and consequently to alleviate pounding intensity. Therefore,
the value of controlled base velocity is considered as a measure of both the pounding intensity and the efficiency of control
laws in this section.

The three isolated structures of Section IV were studied in this section along with only the RNC-1 isolator under earthquake
1. Active control force was applied over the whole range of the bearing design displacement, that is [1 cm – 53 cm], with
an increment of 1 cm. This to check weather there is an optimum distance for applying the control force or not before the
RNC isolator reaches the end of its design displacement. The resulting bearing displacements are plotted in Fig. 5. This
figure shows that the active control can reduce the bearing displacement especially when applied at smaller values of∆p

and the heavier isolated structure is less responsive to active control force than lighter ones.

To investigate the influence of combining active control with the purely passive RNC isolator to reduces bearing dis-
placement on the isolation efficiency, a wide range of active control force is applied at three different values of∆p/∆
of 20%, 50% and 80%. The corresponding response quantities are found and listed in Table III under earthquake 1 using
the three example structures. The main conclusion that can be drawn from that table is that the hybrid seismic isolation is
more effective if the active control forces are applied at smaller values of the ratio∆p/∆ to avoid pounding. The resulting
structural absolute accelerations are higher than those of purely passively isolated structures, which means that hybrid isolation
adds more rigidity to the isolated structure. This decreases the structure-ground decoupling and consequently leads to less
effective isolation. Moreover, the lighter the isolated structure the lower the control force and the more efficient the hybrid
isolation. However, in all cases, the hybrid isolation provides higher structural accelerations than the purely passive isolation.

VI. CONCLUSIONS

In this paper, a recently proposed isolation system with hysteretic damping was used to study pounding mitigation
under near-fault earthquakes. This isolation system is referred to as roll in cage (RNC) isolator. It has an integrated buffer
mechanism to prevent excessive bearing displacements under strong seismic excitations. Since the pounding depends on
the bearing displacement and the isolated base velocity, the influence of increasing the isolator’s hysteretic damping and
applying active damping on the bearing displacement and the base floor velocity, respectively, was studied with the aim of
pounding mitigation or even its avoidance. Based on the performed study, the following conclusions were drawn:

1) Increasing the isolator hysteretic damping decreases the bearing displacement and consequently alleviates the pounding
intensity.
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2) The heavy-weight isolated structures are less responsive to increasing the isolator hysteretic damping than the light-
weight ones.

3) Pounding is always more intense in the case of isolated heavy structures, even if they exhibit closer bearing displacements
to those of isolated lighter structures.

4) Pounding intensity is directly proportional to the amount of extra base displacement beyond the bearing design
displacement.

5) Increasing the isolator hysteretic damping slightly reduces the peak accelerations of the isolated structure.
6) Intense pounding of an isolated structure results in structural accelerations higher than those of its fixed base case. This

becomes more obvious in structures with relatively light weight.
7) Increasing the isolator hysteretic damping can remarkably attenuate the undesirable increase of the structural accelera-

tions due to pounding.
8) The RNC isolator can achieve high levels of structural accelerations reduction, especially under severe ground motions.
9) Where there is no pounding, isolation of light-weight structures is less efficient under low-intensity earthquakes

compared to heavier structures under the same earthquakes. This isolation efficiency becomes higher under more
stronger earthquakes showing similar behavior to that of heavier structures under such strong earthquakes.

10) Hybrid isolation can reduce the bearing displacement to avoid pounding, particularly when the active control forces are
applied at smaller values of the ratio∆p/∆.

11) Lighter isolated structures are more responsive to hybrid isolation using less control forces compared to the isolated
heavier structures.

12) Hybrid control renders the isolation system more rigidity, which leads to less efficient isolation in terms of higher
structural peak absolute accelerations compared to purely passive isolation system.
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Abstract 

This paper describes an operating policy for the optimal management of an installation that combines several renewable energy 
generation systems and a reverse osmosis (RO) plant to produce clean water and electricity for home uses. The electricity 
generation is performed with photovoltaic panels, wind turbine and a backup system incorporating a diesel generator. The aim is to 
operate the process with minimum fuel consumption while satisfying the water and electricity demands and operational constraints 
in spite of the changing renewable energy supply. The key idea is to use the RO plant as an active load operated by a dynamic 
optimizer that uses predictions of available energy and future water demand to compute on-line the best operating policy.  

I. INTRODUCTION 

The paper refers to a renewable energy park placed in Cedria, Tunis. The purpose of the installation is to test different 
energy policies aimed to supply clean water and electricity to small populations using renewable energies. The system is 
composed of diverse primary energy sources, namely solar and wind, that are available everywhere, combined to provide 
electricity as well as drinkable water to remote or emergency areas, where the supply of both, water and electricity, can be 
difficult and expensive. The renewable energy could provide electricity while clean water could be obtained from brackish or 
salty one using membrane technologies with an electric pump. A backup system for those situations of absence of wind and 
sun was also installed, consisting in a diesel generator feed by fuel and a set of batteries.  The system was planned to cover 
the needs of a few hundred people with the idea in mind that automatic control could provide the right operation to minimize 
human intervention and fuel consumption. 

Photovoltaic panels and wind-turbines were chosen as electricity converters and a reverse osmosis plant (RO) was selected 
for cleaning water. After the initial sizing of the plant, the first important choice concerning the design was related to the 
power interconnection of the different elements. Naturally, the photovoltaic panels provide DC current, as well as the 
batteries, while the wind turbines, RO plant and diesel generator operate with AC. Connections are easier using a DC bus, 
because no frequency synchronization is required, however, the final decision was to organize the installation around an AC 
bus, relaying in the inverters functionalities to solve the problems related to the AC/DC conversions and frequency problems.     

A schematic of the plant can be seen in Fig 1. At the left hand side, a three phases AC bus is at the heart of the system 
interconnecting the diesel generator, the batteries set, three sets of photovoltaic panels and a wind turbine.  The AC bus also 
feeds the electricity demand and the RO plant. Several specialized inverters act as a bridge between the AC bus and the 
batteries (Sunny Island), the photovoltaic panels (Sunny Boy) and the wind turbine (Windy Boy). Being designed to operate 
in remote areas, the plant works in island mode as a microgrid. This means that a frequency master is mandatory, this role 
being taken by the Sunny Island inverter that sends orders to the other inverters to increase or decrease the power generated 
in order to maintain the frequency in the network. The key decision variable for this purpose is the state of charge of the 
batteries (SOC), that gives a measure of the power imbalance in the network. An excess of electricity generation over demand 
is managed by decreasing the power obtained from some generators, or even disconnecting them, while, in principle, a steady 
situation of excess of electricity demand is managed starting the diesel generation at the expense of a certain fuel 
consumption. 

Concerning the RO plant, which can be seen at right in Fig.1, it incorporates all elements required for filtering the brackish 
water: filters, water treatment, membranes and storage elements. The way it works is quite easy: treated water is sent at high 
pressure through the membrane that rejects the salty components while letting the water pass through. A variable speed pump 
equipped with an electric motor provides the required pressure. Another on/off pump brings the brackish water from a well to 
a storage tank. The RO plant stores the clean water in another tank from which it is consumed following a certain pattern. 
Typically, RO plants are designed to operate at a constant operation point, producing a constant flow of drinkable water. 
Nevertheless, important economic gains can be obtained if the plant operates according to the availability of cheap renewable 
energy, while the stored water can be used as a reserve to supply water in renewable energy scarce hours, helping in saving 
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Abstract 

The Proportional-Integral (PI) control with negative feedback is the most frequently used method for controlling end pool water 
levels of irrigation canals. For design purposes, simplified linear models are used to describe the dynamics of the flow. Typical 
model structures are the integrator and time delay (ID) type or integrator with time delay and zero (IDZ), which can be obtained 
from the Saint-Venant equations. It is known that hydraulic processes in canals are strongly nonlinear and present dynamics that 
are time varying depending on the operating point and the hydraulic conditions of the pool, so that the performance of PI controls 
may be reduced as the operating point moves far from the nominal design state. This paper presents the application of an Adaptive 
Predictive Expert Control (ADEX) for the distant downstream level control at the end pool of irrigation canals. The adaptive nature 
of this technology allows control non-linear processes with variable dynamics, so it can be used for disturbance rejection and for 
changes in the setpoint levels. In this article, both Adaptive Predictive Expert Control and PI controllers are compared in simulation 
and in real control tests of the downstream level of the end reach of the Canal Imperial de Aragón, located in the North of Spain. 

I. INTRODUCTION 
The modern management policies for multi-reach irrigation canals aim at “supplying water on demand instantaneously”, 

thus allowing the users to handle their irrigation needs with flexibility. This strategy opens the door to varying and 
unscheduled demands in the canal offtakes that may produce significant disturbances in the water levels at the downstream 
ends of the canal pools. This makes necessary the introduction of advanced automatic control systems able to guarantee, 
along the whole canal, the water demands while keeping the appropriate water levels to avoid overflows. The best control 
strategy to achieve both objectives is the distant downstream level control at the end of each pool. 

During the last twenty years a significant number of researchers from different groups, mainly in academic or management 
centers and research environments related to water, have developed for this problem various control methods in the 
theoretical context. A state of the art prior to 2000 can be seen in [1] [2]. Later studies are the following, among others: in [3] 
a robust tuning method for PI control is presented, in [4] the control uses the Linear Quadratic Gaussian (LQG) technique, in 
[5] predictive control is used, in [6] fractional PI control (FPI) applies, in [7] the first experience of adaptive predictive expert 
control for local control of flows and levels is presented, in [8] control is done with the constant volume method and in [9] 
control is done with the volume compensation method. In [10] [11] control validation results in small experimental canals are 
shown and in [6] [7] [12] [13] control validation results in large irrigation canals are presented. PI control with negative 
feedback is the most frequently used method for controlling water levels at the end pool of irrigation canals. For design 
purposes, simplified linear models are used, with integrator and time delay (ID) type or integrator with time delay and zero 
(IDZ), to describe the pool dynamics and are obtained from the Saint-Venant equations. However, it is known that hydraulic 
processes in canals are strongly nonlinear with time varying dynamics depending on the operating point and the hydraulic 
conditions, so that the PI performance may be reduced as the operating point moves far from the nominal design state. 

This paper presents the application of an Adaptive Predictive Expert Control (ADEX) for the distant downstream level 
control in irrigation canals. The adaptive nature of this technology allows to control non-linear processes with variable 
dynamics, so it can be used for disturbance rejection and for changes in the setpoint levels. In this paper, both Adaptive 
Predictive Expert Control and PI controllers are compared in simulation and in real control tests of the end pool level of the 
end reach of the Canal Imperial de Aragón, located in the North of Spain. 

The paper is organized as follows. In Section II the simplified linear model for the reach of the canal is obtained. In Section 
III the robust PI design is made and the methodology of Adaptive Predictive Expert Control is briefly introduced. In Section 
IV the results of PI control and adaptive predictive control (AP) with simulation are shown and the test results of real water 
level control with a PI controller and an ADEX controller.  
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II. MODELLING 

A. Simplified linear model for a canal pool 
 

The design of effective control systems requires the use of mathematical models to describe the dynamic behavior of the 
variables to be controlled. Traditionally, Saint Venant equations have been considered [14] as the most complete tool for 
modelling a canal reach since they are based on the physical laws that describe the one-dimensional flow process in free 
surface water transportation in the plane (x,t), the equation of  mass conservation and the equation of the linear momentum 
conservation:  

                                                                                                                                       (1) 

 
where A(x,t) is the transversal canal section area; Q(x,t) is the discharge flow through section A; Y(x,t) is the water level;  g is 
the gravity acceleration; x is the longitudinal distance in the flow direction; t is the time;  is the bottom slope and  is the 
friction slope modeled by the Manning formula: 

 

                                                                                                                                                                           (2) 

 
being n the Manning coefficient and R the hydraulic radius defined as R=A/P where P is the wet perimeter. These equations 
are completed with the initial conditions  and the boundary conditions, depending on the characteristics of the 
discharge flow. 

In the permanent regime, Saint Venant equations reduce to: 
 

                                                                                                                                                                (3)  

 
where  is the Froude number;  is the celerity;  is flux velocity in section A, and  is the 
width of the water free surface. These two equations represent the equilibrium regime defined by where L is 
the reach length, and by the backwater curve solution of the second equation in (3). In the case that the second equation 
in (3) is equal to zero, the water level is constant in the whole reach,  and is called “normal level” for the discharge 
flow . For a discharge flow  the backwater curve  depends on the downstream boundary conditions and, in most of 
the canals, the downstream level is higher than the normal one  and it is said that the flow is decelerated.  

The Saint Venant equations (1) in their non-conservative formulation are nonlinear hyperbolic partial differential equations 
without analytic solution in most of the cases, so numerical methods are used to solve them. The classic methods for 
numerical solutions of the complete Saint Venant equations in the one dimensional case are: (1) the characteristics method 
proposed by Abbott [15][16], and the Preissmann method of implicit differences or four points method [17]. These numerical 
schemes can give accurate results, however, they involve considerable modelling efforts and computation costs. 

 In order to have simplified dynamic models for control purposes, two main directions can be followed: (1) the linearization 
of the Saint Venant equations around an equilibrium state;  and (2) the use of black box models with parameters determined 
by identification procedures.  

In the first direction, for the general case of non uniform flow, in [18] the Saint-Venant equations are linearized around the 
equilibrium state , and the following equation is obtained in terms of deviation: 

 

                                                                                                                                                         (4) 

 
where is the state of the system with the matrices  A y B in the form: 
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                                                                                                           (5) 

 
where the parameters are defined as: 
 
                                                                                                                                                                (6) 
                                                                                                                                                                (7) 

                                                                                                                   (8) 

                                                                                                                                                                (9) 

                                                                                                                                                                  (10) 

 
In order to characterize the dynamics of the system status and be able to design control structures the frequency analysis is 

often used. Applying the Laplace transform to (4) and after some algebraic manipulations in [19] the equation in terms of the 
Laplace complex variable s is obtained: 

 

                                                                                                                                       (11) 

 
whose solution, assuming  to simplify the presentation that , is: 
 

                                                                                                                                                            (12) 
 
where  is the state transition matrix associated to the differential equation (11). The application of classical methods of 
numerical integration to obtain  in the frequencies of interest, such as a Runge-Kutta, presents many difficulties besides 
requiring a large computation time. In [20] a numerical method to compute  in a short computing time is presented giving 
complex models with a large number of poles and zeros. 

Once obtained the transfer matrix , the transfer model with input-output matrix for a channel reach can be written 
as:  

                                                                                                                                     (13) 

 
so the equation that relates the end pool level with the inflows and outflows of the reach is: 

 
                                                                                                                                       (14) 

where 

                                                                                                                            (15) 

 
are also complex models with a large number of poles and zeros as being a function of the  components. While these 
models can be used in the design of control structures, it would be highly desirable to have much simpler linear models. In 
[21] IDZ models are introduced. IDZ models are an approximation of the exact models of input-output matrix P(s) valid for 
all flow regimes in the reach. The parameters defining them are obtained analytically from the physical parameters of the 
reach: geometry, slope, Manning coefficient, etc and capture most of the dynamics of the flow. The ID model is sufficient to 
capture the dynamics of the process at low frequencies while the IDZ model is needed to capture the dynamics of the process 
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at high frequencies in the reaches where there are oscillating modes. The most important steps to obtain IDZ models are 
detailed in [21] and are as follows: 

 
• Calculate in function of the geometry of the reach and of . 
• Approximate the backwater curve  in two areas. The area of uniform flow and the backwater area. 
• Calculate the IDZ models for each area and with them, calculate the IDZ global models of the reach. 
 
Figure 1 shows the result of the first two steps for a canal reach with decelerated flow and without oscillating modes.  
 

                                            
                       Fig1. Exact backwater curve (dashed line) and approximate backwater curve (solid line). 
 
In the general case of a reach with oscillating modes, IDZ global models of the reach to be used in expression (14) are 

defined as follows:  

                                                                                                                                                      (16) 

 
where the equivalent area , the static gains  and the equivalent delay  are a function of the physical parameters of 
the reach and their exact expressions are detailed in [21]. 

However, in irrigation canals control variables or input data are normally the gates movements and not the flows. For this 
reason, the equation system (13) must be transformed to an equivalent system in which the inputs are the variations of the 
origin and end pool gates . 

The running flow through a semi-submerged gate can be expressed in the form: 
  
                                                                                                                                                    (17) 

 
where  is the coefficient of discharge,  the width,  the opening,   the upstream level gate and  the downstream 
level. If this equation is linearized to consider small deviations of the flow around an equilibrium state it can be written:             
 

                                                                                                                                                             (18) 
 
being  the variation in the position of the gate, ,  and . In practice, for control structures 
design purposes in the major distribution canals, the effects due to small deviations in  and  are often neglected, so that 
the expression of the flow is in the form:  
 

                                                                                                                                                                                 (19) 
 
If equations (16) and (19) are introduced in the equation (14), the equation relating the downstream end level with changes 

in the position of the origin and end pool gates has the form:  
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                                                                                                                                           (20) 

 
where the models have the general IDZ expression  
 

                                                                                                                                                              (21)  

 
In this equation  and  depend on ; , and the time delay  besides depending on  considers the fact that the 

level sensor is not exactly close to the end pool gate and presents an additional time delay. 
 

B.   Models of the reach of the Canal Imperial de Aragón 
 
The Canal Imperial de Aragón is 108 Km long and is located in the north of Spain, running parallel to the Ebro river. The 

canal is divided into eight pools, the first pool has a maximum capacity of 43 while the last one has 6 . The level 
control tests are performed in the last pool. The pool is approximately 1 Km long, low slope and oscillatory modes are 
present. Four gates exist along the pool to allow irrigation offtakes. Since they are not equipped with sensors, their effects are 
considered as unmeasured disturbances for the  controlled downstream water level. The canal was constructed in the eighteen 
century and presents significant irregularities in the slope and the section, particularly in the last pool. In addition, the sand 
bed has abundant vegetation. Those constructive conditions make difficult to obtain the physical parameters for the analytical 
definition of the IDZ models. For this reason, in this work, the models relating the downstream water level with the 
upstream and downstream gate openings are obtained by means of parameter identification through experimental step 
response tests. 

On the other hand, it must be pointed out that the Canal Imperial de Aragón is equipped with the technology required for 
such tests, with a SCADA system able to monitor its hydraulic state with a scan time of one minute. In the pool under 
control, the measured signals of level and gate position at the downstream end are transmitted to the station located in the 
upstream end via radio in Simplex mode with a Tx-Rx cycle time of 0.5 seconds. 

 
Table 1 shows the most relevant data in engineering values of the two tests with step inputs for each gate.  
 

Table 1.  Data from step response tests. 
 Increment (cm) Sampling time (s) Range       0........100% 
  Origin gate (C1)      8         15                   0........200 cm 
  End gate(C2)   -13           2                   0........140 cm 
  Level (L1)                                 0........    4 m 
 
Figure 2 shows the graphs of the tests for each of the gates: the top graph corresponds to the test of the source gate  and 

the lower graph corresponds to the test of the end pool gate . The "black box" type models obtained with parametric 
identification tests calculated in percentage deviation values are as follows: 

 

                                                                                                                                           (22) 

	  
	  

32 IV Seminar for Advanced Industrial Control Applications



 
 

 

                                                 
Fig. 2. Parametric identification tests. 

 

III. DESIGN OF CONTROL STRUCTURES 
 

A.   PI controller design 
 
Since its introduction in 1940, PID (Proportional-Integral-Derivative) controllers are the most widely used option in the 

control of processes, including hydraulic processes. The design begins by selecting the most suitable PID structure for the 
process in question. Figure 3 shows the downstream level control loop  represented in equation (20), with the 
downstream gate  acting as a disturbance in the output. 

 

                                            
Fig. 3. Level control loop. 

 
In these hydraulic processes, it is necessary that in the step changes, both in the reference and in the disturbance, the error 

in permanent regime be zero. The expression of control error and the error in permanent regime  are the followings: 
 

                                                                                                              (23) 

 
For a step change in the setpoint , the error in permanent regime results in the form: 
 

                                                                                                   (24) 

 
Since has a pole at the origin, a proportional controller would be sufficient to have a zero error in permanent regime, 
satisfying that  and therefore . For a step change in the disturbance , the permanent error remains in the 
form: 
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                                                                                           (25) 

 
as  and  have poles at the origin, the permanent error results in: 
 

                                                                                                                       

(26) 
 
where , and . In this situation, for the steady state error be zero, the controller needs to have 
a PI structure. This way we have  and therefore . 

Finally, in the control of irrigation canals, and especially in the downstream level distant control, the time delay has very 
high values. So the positive effect of the derivative action on phase and gain margins, providing a 90º phase advance, is 
minimal and therefore it is not worth implementing. The result of this analysis leads to the conclusion that the controller 
designed should have the structure of a non-interactive PI: 

 

                                                                                                                                                                  (27) 

 
where is the proportional gain and  the integral time. 

In the last sixty years, a great variety of techniques and methodologies have been developed to design and tune PID 
controllers. Among all these, for this work the SISO tuning tool has been used in the design of PI 
(∼http://www.dia.uned.es/~fmorilla) which methodological principles are described in [22]. The tuning of controller 
parameters is performed in the frequency domain and as indicative of stability and robustness, a combined adjustment of 
phase  and gain  margins is used. For a fixed phase margin there will be a range of achievable profit margins 
depending on the design frequency used. If for a particular  specification,  specified lies within this range, the 
problem will have a solution. But, in the general case this will not happen and any of the two specifications (or both) will 
have to be relaxed so that a compromise is reached between the two. When this happens, an algorithm is programmed in the 
tool to minimize the following quality index: 

 

                                                                                                                                         (28)  

 
where  are two specifications in the frequency domain and  are the phase and gain margins 
resulting in each iteration step of the solution search algorithm. In irrigation canals control projects, the specifications 

 and  are commonly used to ensure stability and robustness of the design throughout the exploitation 
range. With these specifications, the continuous-time PI controller obtained for the model that relates the level 
downstream to the gate position  is: 

 

                                                                                                                                                             (29)  

 
At this point, it is important to note that when using a PI control in a type one process, process with integrator, is 

impossible to eliminate the overshoot of the response to a change in echelon of the setpoint, being the overshoot magnitude 
dependant on the PI design specifications. For a fixed PI parameter , the root locus of the extended system can be 
drawn , Figure 4, where  is the model with the order two Padé approximation of . 

 
The figure shows how the dominant poles of the system in closed loop, poles closer to the origin, will be complex 

conjugate poles for all values of the proportional gain  that makes the system stable. For this reason, the overshoot will be 
inevitable. In order to calculate the magnitude of the overshoot the transfer function of the closed loop system has to be 
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obtained. This function in the form of gain, poles and zeros (ZPK) is: 
 

                                               
                                                                                Fig. 4. Root locus. 
 

                                                                       (30) 

 
For this function, being of high order, the relationship between the position of the dominant closed-loop poles, the 

overshoot and settling time for a step setpoint change becomes very complex, and to obtain them is necessary to resort to 
standard curves or tables [23]. However, noting in Figure 4 the position of the closed-loop poles (red crosses), it follows that 
the system can be simplified by removing the poles and zeros introduced by the Padé approximation so that the following 
approximate second order system is obtained [23]: 

 

                                                                                                                                 (31) 

 
The poles of this approximate closed-loop system are , so that overshoot and 

settling time can be calculated approximately for a setpoint step change with the following expressions: 
 

                                                                                                                                                        (32) 

 

B.   Basics of adaptive predictive expert control 

 
ADEX is a new generation of adaptive predictive control (AP) combined with expert control [24-29], which provides a 

complete solution in control processes, capable to overcome the problems of robustness of the AP control and the conceptual 
lack of expert control to optimize the operation of the process. The conceptual basis of adaptive predictive control lies in 
using a discrete time process model with two main features: (1) self-adjusting parameters using an adaptation algorithm and 
(2) the model can predict the process response to control actions and disturbances within a range or domain of operation. This 
model is combined with a strategy that calculates the control signal in order to guide the predicted output to the setpoint 
following a desired path that optimizes a performance criterion. If there is no cause-effect relationship between input and 
output (or can not be identified in real time), the AP control is replaced by a rule-based expert control. The combination of 
expert control with the AP control, applied each in their respective domains, entails the possibility of optimizing the process 
control. This article does not present details about the theory, which can be found in the cited references. Our goal is to: (1) 
compare control results in simulation with the PI design and AP control and (2) show actual results of the downstream level 
distant control of the final reach of the Canal Imperial de Aragón with PI and ADEX technologies. 
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IV. CONTROL RESULTS 
 

A. Level control results with simulation 

 
In this section, the results of automatic control in simulation with the PI design and AP control are shown using the 

Matlab / Simulink environment [30]. For the PI control, process models are defined in (22) and the control loop with negative 
feedback used is shown in Figure 3. 

The process model in differential equations to simulate the AP control is: 
 

                                                                                                             (33) 
 
where  is the system delay measured in control periods. This model is obtained by discretizing the models  of (22) 
with a sampling period or control . 

  In the simulation with AP control is used: (1) a prediction horizon , (2) a second-order dynamics for the desired 
trajectory with unit static gain, damping factor equal to one and without delay, and (3) an adaptive predictive model structure 
(1x1) whose initial parameters are the default ADEX driver. The adaptive model for a priori estimation and the initial 
parameters are the following:  

 

                                                    

                                                               (34) 

 
   In this model one input signal is only considered: the source gate of the stretch . The gate of final stretch , although it is 
monitored and its position known, is considered a non-measurable disturbance acting on the process.  
   For the simulation three tests were conducted:  

 
Test 1: Initial adjustment of the adaptive predictive model parameters for AP control. Figure 5 shows how, with only three 

changes in setpoint, the adaptive predictive model is adapted optimally with a view to control. 
 
Test 2: Once the AP model adapted, in Figure 6, the performance of PI control is compared with the AP control when 

rising 10 cm the level setpoint. 
 

 
          Fig. 5.  Test 1: initial adaptation of the AP model.                            Fig. 6. Test 2: setpoint change. 
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 Test 3: Rejection to disturbances. In Figure 7 the performance of PI control is compared with AP control for the rejection 
of a disturbance produced when the downstream end gate  closes 10 cm at . 

                                         
                                                      Fig. 7. Test 3: disturbance rejection. 
 
In all simulation tests it is observed how the AP control is more efficient than PI control. If the modeling process is perfect, 

the AP control does not cause overshoot, and the settling time is reasonable considering the dynamics of the process, while 
the PI control has both high overshoot and a settling time, which are very similar to those calculated in (32). 

 

B.   Real results in level control 
This section presents the actual results of downstream level distant control of the end reach of the Canal Imperial de 

Aragón with the PI controller and an ADEX commercial driver. 
 
The greatest difficulties of controlling the level of the final pool are the followings: 
 
• The process has a high time delay, which also varies inversely with the discharge flow in the stretch. 
 
• The process has important unmeasured disturbances caused by irrigation intakes of the stretch and by end section gate 

movements. 
 
• It’s a process with a strong non-linear character, having different dynamics for the rise and fall of the level and presents 

"oscillating modes" in the wave flow-level as this is a low-slope short stretch. 
 
• The process should be stable over a wide range of operation for the controlled level, from 1.8 to 2.8 meters. This will 

made the parameters defining the process highly variable, especially the gain. 
 
• The origin and end reach gates are large (2x3.5 m) so, in order to preserve the electromechanical components of the gate, 

one of the control objectives is to minimize the number of maneuvers. To achieve this goal, the minimum size allowed in the 
maneuvers of the gate was decided to be 2.5 cm. This restriction will extend the time to reach the permanent regime and this 
should be considered to be achieved with a control error of + / - 1.5 cm from the level setpoint. 
 
   Finally, although the process has an integrator, the dynamics takes a long time to exhibit (see Figure 2), at first the 
dynamics resembles that of a first order process with time delay, becoming later dominant the dynamics of the integrator. 
This fact may hinder the process identification through parametric adaptation.  
   Regarding the practical implementation of controllers, PI controller was programmed in the function block FB 41 
"CONT_C" of a PLC Siemens Simatic S7 300, and for the adaptive predictive expert control the ADEX COP 2.0 control and 
optimization platform was used, description and programming is detailed in [31]. The interconnection between the PLC and 
the platform was easily done through an OPC server. ADEX controller was chosen with control period of 45 seconds and 1x1 
structure (one entry one output), so effects of movements in the four irrigation intakes and those of the end reach gate were 
considered non-measurable disturbances. 
    In order to optimize the process operation, two control and optimization strategies (ECO) were developed, with the main 
aim of minimizing the overshoot of the level in setpoint changes without stretching too much the settling time. The 
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description of the ECO is the following: 
    With the first control and optimization strategy, three operation domains are established in each setpoint change for the AP 
control:  

 
    Domain AP 1: ADEX uses this domain during the time when the actual level is between 0% and 40% of the setpoint 
change. The initial parameterization of the adaptation mechanism is that of a first order model with time delay and the RC 
parameter value (rate of change of the desired trajectory) is fixed and equal to 0.06.  

 
    Domain AP 2: ADEX uses this domain during the time when the actual level is comprised between 40% and 80% of the 
setpoint change. The initial parameterization of the adaptation mechanism is that of a pure integrator model and time delay. 
Also in this domain the second control and optimization strategy is used to calculate at each control instant k a value for the 
RC parameter, comprised between 0.06 and 0.01, with a linear control error function , expressed in percentage values in 
the form :  

                                                                                                                                                                       

(35) 
 
where  is the setpoint variation and  is the actual level. The objective of this strategy is to keep on limiting the 
movements of the gate as the controlled level approaches the setpoint. 

 
Domain AP 3: ADEX uses this domain when the actual level exceeds 80% of the setpoint change. The initial 

parameterization of the adaptation mechanism is that of a first order model with time delay and parameters are the final 
parameters adapted in the AP 1 domain. The RC parameter value is calculated at each control instant k as in the AP 2 domain 
to take values between 0.01 and 0.03. 
    With the controllers programmed as described above, three tests were performed on the control channel, and as it was done 
in simulation, ADEX control operated at first with little setpoint changes for a first parametric adaptation in order to identify 
a first order model with delay time. When a noticeable decrease in adaptation was observed, the following tests were 
performed and recorded:  
 

Test 1: With an initial level near the maximum level of exploitation of the canal, raise the level setpoint up to 10 cm. 
Figure 8 shows the test results. 

 
Test 2: With an initial level near the minimum level of exploitation of the canal, raise the level setpoint up to 10 cm. 

Figure 9 shows the test results. 
 

 
                            Fig. 8. Test 1: setpoint change.                                              Fig. 9. Test 2: setpoint change. 
 
 
Test 3: Rejection to disturbances. The end gate closes 10 centimeters in . This means lowering the discharge 

rate through , that’s to say 10% of the maximum flow of the reach design. Figure 10 shows the test results. 
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                                                     Fig. 10. Test 3: disturbance rejection. 
 
In order to evaluate the two control technologies three indices of performance were used: (1) maximum overshoot 

measured in cm, (2) time required for the level to be within a band of + / - 1.5 cm around the setpoint level measured in 
seconds and (3) the integral of the absolute value of control error (IAE). 

 
Table 2. Performance indices 

 Overshoot (cm) Time (s) for +/-1.5 cm  IAE 
 

 PI             ADEX PI                ADEX PI              ADEX 
 Test 1 3.8              2.0 5500             3000 54.4            38.5 
 Test 2 4.8              2.6 3800             1900 42.1            31.3 
 Test 3 2.2              1.8 1900             1300 14.1              7.5 
 
 
The values of performance indices reveal how ADEX control in all tests is more efficient than PI control. As it happens in 

simulation, the PI control presents an overshoot defined mainly by the design specifications and by the operating 
point where the test is performed. It is interesting to see how the PI overshoot performance decreases in test number 2. This is 
because in this test the level is far below the level of the identification test with which the design was made and, therefore, in 
this test the process has higher gain and greater overshoot occurs. The control with ADEX also shows overshoot, although 
lower than that of PI. There are two reasons for this: (1) although the identification of the dynamics of the process throughout 
the transient of setpoint changes is sufficient to achieve effective control, this identification is not complete as identifying a 
real process with a pure integrator is very difficult, and (2) the imposed restriction to minimal movements to the gate makes 
overshoot, however small, be inevitable. 

V. CONCLUSIONS 

 
This paper has presented a comparative study of the results of downstream end level control in a real irrigation canal with 

PI control and ADEX technologies. First, a methodology is presented to obtain for a stretch of canal simplified linear models 
from their constructive physical characteristics that are valid for the design of control structures, and when this is not possible 
a method is offered for parametric identification of the process. Secondly, from the results of control tests with simulation 
two conclusions can be drawn: (1) the AP control adaptation mechanism is able with a few setpoint changes to identify the 
model parameters satisfactorily for control purposes and (2) the AP control is more efficient than PI control both in terms of 
achieving lower overshoot, and achieve shorter settling time. And thirdly, the results of real tests confirm the results of 
control simulation, the values of performance indices in Table 2 highlight the best performance of ADEX against PI control. 

The two main reasons for higher performance of ADEX control compared to PI control are: (1) its adaptation ability makes 
it respond efficiently to different operating conditions and to the action of unknown disturbances, and (2) due to the 
possibility to implement different domains of operation for AP control, each with a different parameterization of the 
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controller, and being able to implement various ECO, it is possible to design control structures that, besides being more 
robust, are capable to optimize the process operation. 

 
Finally, we should note two advantages not less important of the use of ADEX technology: (1) the design of ADEX 

controllers requires very simple previous process studies, only the time delay of the process is needed to know to assign an 
appropriate control period and (2) ADEX control ensures process stability throughout the whole operating range, a 
circumstance which can not be assured a priori with the PI control even if this one is designed with high phase margin and 
gain. 
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Abstract 

This paper deals with the fractional modeling of a DC-DC buck-boost converter, suitable in solar-powered electrical generation 
systems, and the design of a fractional controller for the aforementioned switching converter. Although the modeling and design of 
the controller is carried out for this particular DC-DC converter, it can be easily extended to other kind of switching converter. In 
addition, the comparison between integer-order plant/controller and fractional-order plants/controller is carried out. The article also 
shows that, under the same design conditions, the fractional-order controller has a better performance and behaviour than the 
classical integer-order controller in both situations, that is, with integer-order plant and fractional-order plant models. 

I.- INTRODUCTION 

Photovoltaic (PV) arrays are generally the bulkiest and most expensive parts of solar-powered electrical generation 
systems. Optimum utilization of available power from these arrays is therefore essential and can considerably reduce the size, 
weight and cost of such power systems. The controller is usually an essential part of a PV system. It incorporates a DC-DC 
converter and is used as a controlled energy-transfer-equipment between the main energy source (PV arrays) and an auxiliary 
energy system based on ultracapacitors. Most converters are based on either the buck converter (step-down), boost convert 
(step-up) or buck-boost converter setup. This capability of the converter makes it ideal for converting the solar panel 
maximum power point voltage to the load operating voltage. Problems exist with battery packs including the inability to 
absorb and discharge large current loads during regenerative braking and boost assist, performance degradation over their 
life, weight, size and environmental concerns regarding disposal. Ultracapacitors, or electrochemical capacitors (EC), can 
eliminate these problems. 

The performance characteristics of ultracapacitors differ somewhat from those of conventional capacitors. The impedance 
of any real ultracapacitor can be easily reproduced in any frequency model equation by replacing every jw expression with 
(jω)α, 0<α<1, and where α=1 represents an ideal capacitor with no frequency dependence [1]. Experimentally, the parameter 
α is not often smaller than 0.5, the case for a Warburg impedance. A single value of α normally describes an electrochemical 
system over only a limited frequency range. 

This non-ideality is a typical feature of electrochemical charging processes, and may be interpreted as resulting from a 
distribution in macroscopic path lengths (nonuniform active layer thickness) or a distribution in microscopic charge transfer 
rates, absorption processes, or surface roughness [3]. For distributed parameter systems, it has been shown that fractional 
order calculus will play a role in its modeling and analysis. In general, fractional order systems are useful to model various 
stable physical phenomena (commonly diffusive systems) with anomalous decay, say those that are not of exponential type. 
It is natural to consider fractional order controls. Clearly, for closed-loop control systems, there are four situations. They are: 
1) IO (integer order) plant with IO controller; 2) IO plant with FO (fractional order) controller; 3) FO plant with IO controller 
and 4) FO plant with FO controller. 
In this paper, we focus on the control of a buck-boost converter based on ultracapacitors as an essential element in the 
optimal use of available energy in the PV arrays. A fractional control approach is motivated by the fractional nature that 
presents the model of the converter with ultracapacitors as accumulator. Furthermore, FO and IO linear feedback controllers 
are designed and compared in the control of the FO and IO models that can describe the plant in different frequency ranges. 

II.- STATE-SPACE AVERAGING MODEL OF A BUCK-BOOST DC/DC SWITCHING CONVERTER BASED ON 
ULTRACAPACITORS. 

During last years, many scientists and authors have worked in order to obtain different capacitor models that have been 
reported in previous articles [1]-[4]. In this way, Westerlund and Ekstam in [2] proposed that a better modelling of the 
impedance of a capacitor C could be given by: 

 
 

1
  ;    0 1Z j

j C
 


    (1) 

Based on this last expression, the current i(t) through the capacitor C is a function of the general voltage v(t) across it: 
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  ( )ti t CD v t  (2) 

It can be noticed that ( )tD v t  is the fractional time derivative of the voltage v(t) across the capacitor. For different 

capacitors α is not equal to one, but it is close to 0.999. The ultracapacitor can be modelled in intervals in which, at low 
frequencies, it is similar to a classical capacitor (that is, α≈1), and at medium frequencies it can be modelled by a diffusion 
effect and it is better characterized in the Warburg domain (jω)1/2 than in the classical Laplace domain (jω) [3], [4]. At higher 
frequencies, the resistance as well as the capacitance of a porous electrode decreases, because only part of the active porous 
layer is accessible at high frequencies. The ultracapacitor may thus be represented by an ideal capacitor [1]. Figure 1 displays 
the Nyquist diagram for the capacitor models (real and ideal). In these systems, it is natural to consider also fractional order 
controls. In fact, clearly, for closed-loop control systems, there are four situations; that is: 1) IO (integer order) plant with IO 
controller; 2) IO plant with FO (fractional order) controller; 3) FO plant with IO controller, and 4) FO plant with FO 
controller. 

In this article, we focus on the control of two DC/DC switching converters based on ultracapacitors as an essential element 
in the optimal use of available energy in PV arrays. A fractional control approach is motivated by the fractional nature that 
presents the model of the converter with ultracapacitors as accumulator. Furthermore, in current article, FO and IO linear 
feedback controllers are designed and compared in the control of the FO and IO models that can describe the plant in 
different frequency ranges. 

II.a.- State-Space Averaging Model of an Ideal Buck-Boost Converter Based On Ultracapacitors. 

In order to show the fractional modelling of DC/DC converter, the state-space averaging method to model the buck-boost 
converter in Figure 2 is considered. The main difference of this converter with the classic DC/DC buck and boost converters 
is that the output voltage has an opposite sign to the input DC source E(t). The input voltage E(t) is an independent source 
whose value is defined by the MPPT (maximum power point tracking) of a PV system. 
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Fig. 1.- Nyquist diagram of a capacitor (real and ideal) and an 
ultracapacitor. 

Fig. 2.- DC/DC buck-boost switching converter circuit. 

The operation of this system is as follows: On the one hand, when the transistor Q1 is switched to ON state (conduction 
state), the diode D1 is inversely polarized. Thus, considering ideal switches without losses, the circuit topology shown in 
Figure 3.a is obtained. During this period, the inductor current is generated from the source E(t). While the diode remains 
inversely polarized we say the circuit is operating in the charging period. On the other hand, when the transistor Q1 is 
switched OFF, the diode D1 is directly polarized generating the circuit topology shown in Figure 3.b. This second period is 
known as the discharging period due to the fact that the stored energy in the inductor L is transferred to the system load R 
[5]. When Kirchoff voltage and current laws are applied to both circuit topologies of figures 3.a and 3.b, and the obtained 
models are combined into a single dynamic model, the resulting system of differential equations describing the buck-boost 
converter is the following: 
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where 1 ( )tD i t  is the first time derivative of the current i(t) flowing through the inductor L, and α(ω) ={1, 0.5, 1} describes the 

electrochemical system over a frequency range ω (low, medium and high frequencies, respectively). Thus, the normalized 
average model of the ideal buck-boost converter based on ultracapacitors is given by: 
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where the variable x1 represents the normalized inductor current, x2 is the normalized output voltage, and ux=1−u represents 
the average control variable. Clearly, the underlying transformation is given by: 
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Fig. 3.- States of the DC-DC buck-boost switching converter: (a) With u=1: ON state, and (b) u=0: OFF state. 

 
II.b.- State Feedback Controller Design for the Buck-Boost Converter Based On Ultracapacitors. 

 
Let us consider the tangent linearization model of the normalized average ideal buck-boost converter system defined by (4) 

and around the equilibrium point: 
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where v* is the normalized reference voltage. The linearization of the average model is given by: 
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where: 

1 1 1 2 2 2   ;      ;   e x ze x z e x z u u u       (8) 
The objective is to find a stabilizing control law ue(t) such as: 

1. The equilibrium point e = 0 of equation (7) is locally and asymptotically stable. 
2. The control system must reject constant disturbances, like: 

*lim ( ) ( ) 0
t

v t v t


     (9) 

3. 0 ( ) 1,  0xu t t    . 

4. The eigenvalues of the average feedback state can be arbitrarily assigned. 
 

II.b.1.- IO Controller. 
In this case, an average integer and linear state feedback control is found in the form: 

1
1 1 2 1 3 2eu k I e k e k e     (10) 

which drives the average stabilization error state e to zero in an exponentially stable way. Such a controller is designed with 
the help of the average tangent linearization system and it will use, for the average nonlinear system, the following control 
input: 

1
1 1 2 1 3 2x zu u k I e k e k e     (11) 

 
 IO Plant (Low and High Frequencies). 

The equivalent closed loop tangent system for α(ω)=1, that is, for low and high frequencies (integer order plant), is given by: 

2 1 1
1 2 1 1 1 3 2

2 1 1
2 3 2 2 1 1 1
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where: 
*v R

P
QE

  (13) *R E v   (14) 

In matrix form, it is expressed as: 

	  
	  

44 IV Seminar for Advanced Industrial Control Applications



1
1 2 3

4 5 6

0 1 0

ioio ioioD e h h h e

h h h


 
   
  

 (15) 

where the different terms of the matrix are: 
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and 
1 1

1 1 2,  ,  
T

ioioe e D e D e      (17) 

The characteristic polynomial is given by: 
3 2

1 2 3( ) io io iop s s a s a s a     (18) 
being: 
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 FO plant (Medium Frequencies). 

The equivalent closed loop tangent system for α(ω)=0.5 is given by: 
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In matrix form it is expressed as: 
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where: 
0.5 1 1.5 1

1 1 1 1 2,  ,  ,  ,  
T

iofoe e D e D e D e D e        (22) 

and its characteristic polynomial is given by: 
5 4 3 2

1 2 3 4 5( ) fo fo fo fo fop a a a a a            (23) 

being 0.5s  , and: 
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II.b.2.- FO Controller. 

In this subsection, the degree of freedom yielded by fractional models in state space is used to offer fractional controllers 
for each plant. 
 

 IO Plant (Low and High Frequencies). 
In this case, an average non-integer and linear state feedback control is newly found in the form: 

 
0.5 0.5 0.5

1 1 2 1 3 1 4 2 5 2eu q I e q e q D e q e q D e         (25) 
which drives the average stabilization error state e to zero in a generalized exponentially stable fashion. Such a controller is 
designed with the help of the average tangent linearization system and it will use, for the average nonlinear system, the 
following control input: 

x z eu u u   (26) 
The equivalent closed loop tangent system for α(ω)=1 is given by: 
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In matrix form is expressed as: 
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where: 
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 FO plant (Medium Frequencies). 

In this case, an average non-integer and linear state feedback control is found in the form: 
0.5 0.5

1 1 2 1 3 1 4 2eu q I e q e q D e q e       (33) 
which drives the average stabilization error state e to zero in a generalized exponentially stable way. Such a controller is 
designed with the help of the average tangent linearization system and it will use, for the average nonlinear system, the 
control input: 

x z eu u u   (34) 
The equivalent closed loop tangent system for α(ω)=0.5 is given by: 
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In matrix form is expressed as: 
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where: 
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Equating these polynomials to a desired closed loop characteristic polynomial, feedback gains for the rational linear 
controllers can be obtained [6]. 
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III. SIMULATION RESULTS FOR THE BUCK-BOOST CONVERTER BASED ON ULTRACAPACITORS. 

Simulations have been carried out in order to assess the effectiveness of the proposed full state feedback controllers. They 
have been computed on basis of the tangent linearized systems, to accomplish a stabilization around a normalized 
equilibrium point value for initial conditions set at origin of coordinates. In order to compare the performances of different 
control laws (IO and FO controllers for IO and FO plants), the same poles placement than in closed loop system is used for 
determinate the feedback gains. All zeros of the characteristic polynomial are defined by ε. The following practical 
parameters and design values have been used: Q=0.75, E(t)=E=10 V, v*=–5 V, and ε=0.15. 

The average control input initially takes negative values and then a slower response is proposed. This would cause a 
temporary saturation to zero of the corresponding switched controller. In order to verify that the control system rejects 
constant disturbances, at t=25 s a step signal is used as disturbance on output. Figure 4 depicts the response of the nonlinear 
average buck-boost converter circuit based on ultracapacitors for low frequencies using IO and FO control actions by means 
of state-feedback controllers computed on the basis of the linearized tangent average system complemented with the nominal 
equilibrium control input. 

Similarly, Figure 5 depicts the response of the nonlinear average buck-boost converter circuit for medium frequencies. In 
both plant models (IO and FO plants), FO controllers show a best behaviour at closed loop system than IO controllers. It can 
be appreciated that transient responses are smoother and the convergence to the origin is higher. 

  
Fig. 4.- Response of average buck-boost converter based on ultracapacitors 

using IO and FO control actions by means of state-feedback controllers 
(α(ω)=1). 

Fig. 5.- Response of average buck-boost converter based on ultracapacitors 
using IO and FO control actions by means of state-feedback controllers 

(α(ω)=0.5). 

IV. CONCLUSIONS. 

In this work, on the one hand, the proposal of fractional modelling for DC-DC converters based on ultracapacitors, suitable 
for many powered electrical systems, is presented. For the sake of simplicity, a particular example, based on a buck-boost 
converter, is carried out. Owing to the fact that the fractional order model of the system changes according to the frequencies 
range, fractional-order and integer-order models are proposed. 

In addition, on the other hand, fractional-order and integer-order linear feedback controllers are designed, compared and 
verified by simulations results in each plant model. Simulation results show that fractional-order controllers are more suitable 
for both plant models (integer-order and fractional-order plant model) than integer-order controllers. This aspect represents a 
strong motivation to the modelling and control of powered electrical systems via fractional control techniques. 
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Abstract 

This article shows the proposal of an current-mode one-cycle control for linear-assisted DC/DC converters. Linear-assisted DC/DC 
converters are structures that allow to take advantages of the two classic alternatives in the design of power supply systems: voltage linear 
regulators (classic NPN topology or LDO –low dropout–) and switching DC/DC converters. The current-mode one-cycle control technique 
is proposed in order to obtain the duty cycle of the linear-assisted converter switch. The proposed structure can provide an output with 
suitable load and line regulations. The paper shows the design and simulation results of the proposed current-mode one-cycle linear-
assisted converter. 

I. INTRODUCTION 

Linear-assisted DC/DC converters (also known as linear-switching hybrid converters) are circuital structures that present 
an increasing interest for the implementation of power supply systems that require two demanding design specifications: (1) 
high slew-rate of the output current and (2) high current consumption by the output load. This it is the case of the systems 
based on the modern microprocessors and DSPs, where both requirements converge [1], [2]. 

These linear-switching hybrid converters are able to combine the well-known advantages of the two existing typical 
alternatives for the implementation of DC/DC voltage regulators or converters, diminishing as well their disadvantages. 
These two alternatives are known largely: (1) the use of voltage series linear regulators (classic standard NPN –or nMOS– 
topologies and LDO) have been widely used for some decades [3]-[5], and (2) the DC/DC switching converters, thanks to 
which high current power supply systems can be obtained [6]-[8]. Linear-assisted DC/DC converters can be implemented on 
printed circuits using discrete components. Nevertheless, they are also an attractive alternative susceptible to be integrated in 
on-chip power supply systems as a part of power management systems. 

An important part of these converters is their controller. Some alternatives are present [9]-[12]. However, the nonlinear 
control technique known as one-cycle control ([13], [14]) is proposed in current article. One-cycle control takes advantage of 
the pulsed and nonlinear nature of switching converters and achieves instantaneous dynamic control of the average value of a 
switched variable; more specifically, it takes only one switching cycle for the average value of the switched variable to reach 
a new steady state after a transient. There is no steady-state error or dynamic error between the control reference and the 
average value of the switched variable. This technique provides fast dynamic response, excellent power source disturbance 
rejection, robust performance, and automatic switching error correction. 
Though one-cycle control has so many advantages, it is infirmness for load disturbance. However, the inclusion in the linear-
assisted converter of a voltage linear regulator provides the suitable load regulation thank to a second loop included in the 
linear regulator block. 

 

II. BASIC TOPOLOGY OF A LINEAR-ASSISTED DC/DC CONVERTER 

The basic scheme of a single output linear-assisted converter is shown in figure 1 [11], [12]. This structure consists, 
mainly, of a voltage linear regulator in parallel with a step-down switching DC/DC converter. In this type of converters, the 
value of the output voltage, supposed constant, is fixed with good precision by the voltage linear regulator. The current 
flowing through this linear regulator is constantly sensed by the current sense element Rm. Based on its value, the controller 
activates or not the output of comparator CMP1 that, as well, leads to the switch element of the DC/DC switching converter. 
Therefore, notice that the current through the linear regulator constitutes a measurement of the error of the power supply 
system. 

The power stage (that is, the switching converter) injects in the output the necessary current to force to a minimum value 
(not necessarily zero) the current flowing through the linear regulator. As a consequence, it is obtained, altogether, a power 
supply system where the switching frequency comes fixed, among other parameters (such as the possible hysteresis of the 
analog comparator), by the value of the current through the linear regulator. On the other hand, the output voltage value is 
fixed by the voltage linear regulator. 
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In the linear-assisted converter in figure 2, in which the switching converter is a step-down type [11], [12], the linear 
regulator consists of a push-pull output stage (transistors Q2a and Q2b). In this strategy, the main objective of the DC/DC 
switching converter is to provide almost all the load current in steady-state conditions (to obtain a good efficiency of the 
whole system). Thus, in steady state, the linear regulator provides a little part of the load current, maintaining the output 
voltage to an acceptable constant value. 
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Fig. 1. Block diagram of the proposed linear-assisted converter. Fig. 2. Basic structure of the proposed linear-assisted DC/DC converter. 

As a matter of fact, if the current demanded by the load Iout is inferior to a maximum value of current, which we will 
denominate switching threshold current, Iγ, the output of comparator CMP1 will be at low level, disabling the DC/DC 
switching converter and, thus, the current flowing through inductor L1 will be zero (figure 3). Therefore, the voltage linear 
regulator supplies the load RL, providing all the output current (Ireg=Iout). 

However, when the current demanded by the load overpasses this current limit Iγ, automatically the output of the 
comparator will pass to high level, causing that the current through the inductance L1 grows linearly approximately according 
to: 

1
1

( ) ( )in out
L L

V V
i t t I

L



   (1) 

 

In this expression, the conduction collector-emitter voltage of transistor Q1 is ignored. IL(τ1) is the initial value of the 
current through inductor L1 at the time instant in which L1 starts conduction (TON). Considering that the output current 
Iout=Ireg+IL, and is assumed to be constant (equal to Vout/RL), the linear regulator current Ireg will decrease linearly, until 
becoming slightly smaller than Iγ. At this moment, the comparator will change its output to low level, cutting the transistor Q1 
and causing that the current trough the inductor decreases according to equation (2) 

2
1

( ) ( )out
L L

V
i t t I

L
    (2) 

In this expression it is considered that the diode D1 is ideal (with zero direct voltage). IL(τ2) is the maximum value reached 
by the current flowing through the inductor (just at the beginning of the interval TOFF). When the inductor current decreases 
to a value in which Ireg>Iγ, the comparator changes its state to high level, repeating the cycle again. 

Without hysteresis in the comparator, the switching point of the DC/DC switching converter is given by the switching 
threshold current, Iγ, of the linear regulator. This one can be adjusted to a value thanks to the gain of the current sensing 
element, Rm, and the reference voltage Vref, according to the expression: 

ref

m

V
I

R   (3) 

In case of a comparator without hysteresis, intrinsic delays of the electronic circuits determine a small hysteresis that limits 
the maximum value of the linear-assisted converter switching frequency. However, with the objective of fixing this switching 
frequency to a practical value (in order not to increase significantly losses by the switching process), it is important to add the 
aforementioned hysteresis to the comparator CMP1 (figure 2). Denoting VH and VL as the superior and inferior levels 
switching of this comparator (figure 3), the value of this frequency can be determined as: 
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It is important to emphasize that, reducing the value of the power dissipated in the pass transistor of the linear regulator 
increases the efficiency of the set, even with significant output currents. Therefore, it is important to fix the current limit Iγ to 
a commitment value between the minimum necessary to operate the linear-assisted converter properly but without penalizing 
its good characteristics of regulation. Thus, considering commercial model of voltage linear regulators, this value is around 
few mA. What is more, with the purpose of obtaining a good regulation of the output, without significant ripple, it is 
mandatory that the current provided by the linear regulator does not reach zero. In fact, in figure 4 we can appreciate the 
output current and the current flowing through the inductor and the linear regulator when the switching threshold current Iγ is 
adjusted to 50 mA. In this simulation the reference voltage VZ=5 V. Transient response of the converter can be observed with 
Vin=10 V. It is also shown the circuit response to a step of the converter input voltage from 10 V to 13 V at t=20 µs, as well as 
the transient from a reduction of the load resistance of the 100%, from 5 Ω to 2.5 Ω at t=40 µs. Notice that the regulation of 
the output voltage is excellent. Therefore, the switching current threshold must be a value such that: 

 It significantly does not increase the power dissipation of the pass transistor in the linear regulator and does not diminish 
excessively the efficiency of the regulator. 

 It does not significantly deteriorate the regulation of the output voltage. 
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Fig. 3. Principle of operation of the proposed linear-assisted DC/DC 
converter. 

Fig. 4. Response of the converter shown in figure 2 with Vin=10 V. In addition, 
it can be seen the circuit response to a step of the input voltage from 10 V to 
13 V at the time instant t=20 µs, and a variation in the load resistance from 5 
Ω to 2.5 Ω at t=40 µs. The switching threshold current Iγ has been adjusted to 

50 mA. 

Thus, we can denominate this type of control as a strategy control with nonnull average linear regulator current. After 
some simulations it can be concluded that, for load currents lower than 10 A, the suitable value of Iγ that fulfills the two 
previous conditions is found to be between 10 mA and 50 mA, approximately. 

III. ONE-CYCLE CONTROL CONCEPT 

One cycle control was proposed by Keyue M. Smedley in 1991 and realized initially in buck PWM converter [13]-[15]. 
DC/DC switching converters with one-cycle control reject input perturbations in only one switching cycle and follow the 
control reference instantly. It is said that one-cycle control is universal and can be applied directly to switching converters in 
either PWM or quasi resonant modes [15], [16]. From then on, with one-cycle control, boost converter, Cûk converter, three-
phase PFC converter and three-phase boost rectifier have been presented. During this period, a general-purpose feedfodward 
one cycle controller was also advanced. One-cycle control theory is shown in figure 5, and its operating waveforms are 
shown in figure 6. 

The switch function d(t), a binary function, can be described by: 

1 for 0
( )

0 for 
ON

ON S

t T
d t

T t T

 
   

 (6) 

In each cycle, the switch is on for a time duration TON and is off for a time duration TOFF, where TON+TOFF=TS is the 

switching period. The duty-ratio, equal to the average value of d(t), that is ( )d t , is given by: 

( ) ( ) /ON Sd t T t T  (7) 

From figure 5 and equation (6), we know: 
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( ) ( ) ( )y t d t x t  (8) 

The average of the switched variable is [14]: 
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Fig. 5. Basic scheme of one-cycle control. Fig. 6. Typical waveforms of one-cycle control. 

If the duty-ratio of switch is modulated such that the integration of the switched variable at the switch output is exactly 
equal to the integration of the control reference in each cycle, that is: 

( )  ( )
ON ST T

REFo o
x t dt v t dt   (10) 

Then: 

 1 1
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     (11) 

With one-cycle control, the effective output signal of the switch (i.e., the average value of the switched variable) is: 

( ) ( )REFy t v t  (12) 

The key component of one-cycle control technique is the integrator and the resetter. The integration starts the moment 
when the switch is turned on by the fix frequency clock pulse. The integration value is given by: 

int ( )  ( )     is constant
t

o
v t k x t dt k   (13) 

When the integration value reaches the control reference, the controller sends a command to the switch to change it from 
the on state to the off state. The duty-ratio of the present cycle is determined by the following equation: 

( ) ( )
SdT

REFo
k x t dt v t  (14) 

The average value of the switched variable at the switch output is guaranteed to be: 

 1 1
( )  ( ) ( )

SdT

REFo
S S

y t x t dt v t
T kT

   (15) 

in each cycle. Figure 6 shows the operating waveforms of the circuit when vREF(t) is constant. According to the one-cycle 
control the adjusting is completed in one switching cycle to reject the power source disturbance. So it is excellent to power 
source disturbance rejection. However, although one-cycle control is excellent for rejection the power source disturbance, it 
is infirmness for load disturbance. The paper proposes a new control technique, improved one-cycle control technique that 
can overcome this shortcoming. 

IV. TOPOLOGY OF THE CURRENT-MODE ONE-CYCLE LINEAR-ASSISTED DC/DC CONVERTER 

Based on the linear-assisted DC/DC converter, the structure of the proposed linear-assisted DC/DC converter with current-
mode one-cycle control strategy is shown in figure 7. In this figure we can observe the linear regulator, the switching DC/DC 
converter and the control loop that fixes the duty cycle of the switch element Q1. 
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Comparing figures 7 and 5, the basic idea of the proposed control is to achieve an average inductor current during the time 
interval TON equal to the output current. Thus, having into account that: 

( ) ( )L reg outi t i t I   (16) 

the average value provided by the linear regulator block will tend to be zero. In addition, notice that the main difference with 
one-cycle control is that the linear regulator fixes the output voltage. In fact, the output voltage is given (and fixed) by the 
linear regulator. Therefore, according to before detailed, the new proposed technique can reject not only power disturbances, 
but load disturbances too. 
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Fig. 7.- Basic structure of a current-mode one-cycle linear-assisted DC/DC 
converter. 

Fig. 8. Typical waveforms of the proposed linear-assisted converter with 
current-mode one-cycle control. 

The main idea of the proposed control is to achieve that the average value of the current flowing across the inductor during 

the time interval TON (= ( ) Sd t T ) equals to the average value of the current through the load during this interval. Therefore, 

considering that the output current is given by Iout=Ireg+IL, the average current flowing through the linear regulator will tend 

to zero. On the one hand, the low-pass filter extract the average value of the duty cycle, ( )d t , that multiplied by the output 

current Iout (considered constant), provides a measure of the average value of the current flowing through the load during the 
interval TON. Thus, considering the gain factor of the current sensing element Rm=1, we have: 

( ) ( )mult outv t d t I  (17) 

On the other hand, the analog integrator provides the measure of the average value of the current flowing across the 
inductor during the time interval TON, considering that the time constant is given by: 

i i SR C T  (18) 

Therefore: 

int

1 1
( )  ( )  ( )

t t

L Lo o
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    (19) 

where the gain factor of the current sensing element Rm=–1 (the negative sign compensates the additional inversion provided 
by the integrator). 

The average value of the switched variable at the switch output is guaranteed to be: 

1
( ) ( )

SdT

L outo
S

i t dt d t I
T

  (20) 

in each cycle. Figure 8 shows the operating waveforms of the circuit when vREF(t) is constant. 

V. SIMULATION RESULTS OF THE CURRENT-MODE ONE-CYCLE LINEAR-ASSISTED DC/DC CONVERTER 

In order to validate the presented structure of the current-mode one-cycle linear-assisted DC-DC converter in figure 7, 
simulation results have been obtained from a system that provides 5.0 V at the output Vout. The value of the inductor is L=100 
H. Figure 9 shows the circuit the start-up transient waveforms when the current-mode one-cycle linear-assisted DC/DC 
converter provides 2 A at the output Vout. Notice that the one-cycle control loop assures a value of the average current flowing 
through the linear stage near zero. 
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Figure 10 shows the transient response of the linear-assisted DC/DC converter to a step when the reference voltage 
increases from 5 V to 8 V at 500 µs. 
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Fig. 9. Start-up transient waveforms when the current-mode one-cycle linear-
assisted DC/DC converter provides 2 A at the output Vout. Notice that the one-
cycle control loop assures a value of the average current flowing through the 

linear stage near zero. 

Fig. 10. Transient response of the linear-assisted DC/DC converter to a 
step when the reference voltage increases from 5 V to 8 V at 500 µs. 

VI. CONCLUSIONS 

In the presented paper, the design and simulation of a current-mode one-cycle control linear-assisted DC/DC converter has 
been carried out. The article has shown that linear-assisted DC/DC converters are suitable structures that allow to take 
advantages of the two classic alternatives in the design of power supply systems (voltage linear regulators and switching 
DC/DC converters). In addition, starting from this linear-assisted topology, and thanks to the general idea of one-cycle 
control, a current-mode one cycle linear-assisted DC/DC converter has been proposed. As a whole, the proposed DC/DC 
converter provides a good line regulation, thanks to the excellent power source disturbance rejection shown by the one-cycle 
control loop, a suitable load regulation thanks to the excellent load disturbance shown by the linear regulator and, finally, 
high efficiency shown by the switching converter. 
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Abstract 

Linear-assisted DC-DC converters or linear-switching hybrid DC–DC converters are power supply structures in which some important 
advantages from linear regulators and DC-DC switching converters converge. Normally, in linear assisted converters a series linear 
regulator is used in order to provide a constant ripple-free output voltage. However, this article shows the proposal of a linear–assisted DC-
DC converter or linear–&–switching hybrid converter including a parallel linear regulator. 

I.- INTRODUCTION 

eries linear regulators have been structures widely used for decades in power supply systems [1], [2], providing supplies 
for applications with low or moderate currents and consumes. This kind of well–known voltage regulators has several 

advantages that lead their use. Some of these main advantages are: First, they are well–established structures, with an easy 
design and implementation; second, they allow determining with good precision the output voltage value (in the steady state); 
third, both line and load regulations are suitable and, fourth, it is possible to obtain variable output voltage easily by means of 
a simple voltage divider. However, in spite of these advantages, linear regulators present some serious drawbacks that make 
them a non–recommendable alternative in supply systems, especially for high power. For example, the efficiency of these 
structures hardly exceeds the 50% because they are based on a transistor working in its linear zone connected in series with 
the load. This series–pass transistor drives all the current demanded by the load. Thus, this component has to be dimensioned 
to dissipate an important quantity of energy, increasing the price, volume and weight in the supply system. 

The classical alternative of this type of linear regulators is also widely known: DC–DC switching converters, from which 
we have a good number of structures, emphasizing the buck (step–down), the boost (step–up) and the buck–boost converters 
[3], [4], [5]. The main advantage of these structures is its high efficiency. In spite of not arriving to the 100% due to the 
omnipresent circuit losses, it is near to this optimal value. However, they present some important problems: The main 
problem is that the design and implementation of this sort of converters is a more complex process than in linear regulators. 
This is important especially in their control loops when both line and load regulations are desired. Another important problem 
is that the intrinsic switched nature of the converter produces ripples in the output voltage (not exhibited by linear regulators), 
as well as an increment of the EMIs in neighboring electronic systems. 

In this paper a proposal of a linear-switching hybrid DC–DC converter is presented. In a compact structure, it makes good 
use of the advantages in both alternatives (linear regulators and switching converters) that have been set out above. Apart 
from this, some of the previous disadvantages are minimized as, for instance, the low efficiency and the high power 
dissipation in linear regulators, or the complexity in the design of the control for switching converters. This kind of hybrid or 
self–switched converters could be useful in power supply for microprocessors, microcontrollers and DSP systems, where 
there are, among other, two important design specifications: high slew–rate in the output current and high current consume by 
the load [6], [7]. 

Some linear-switching hybrid DC-DC converters (also known as linear-assisted DC-DC converters) have been presented in 
the literature [8]. However, in general, this kind of hybrid converters consists of a switching converter and a series linear 
regulator that is based on a series–pass transistor. In the presented paper, the transistor of the linear regulator is in parallel 
with the load, achieving some advantages in comparison with the first ones. 

II.- BASIC STRUCTURE OF A PARALLEL LINEAR VOLTAGE REGULATOR 

Actually, as it is well known, in linear regulators, the dissipative element can be connected in two possible ways: In series 
(figure 1.a) or in parallel (figure 1.b) with the load RL. Although series linear regulators are more used than parallel 
regulators, this last group has some interesting advantages. For instance, they show the property of isolating the current of the 
primary input source from variations of the current through the load. Therefore, interactions between different loads 
connected at the same primary source can be avoidable easily. This is important in many cases where systems connected to 
this common source are working with high frequency or with pulse signals in order to avoid interferences between 
neighboring electronic systems. In addition, parallel linear regulators are selfprotected against load overcurrents, because 
these high currents affect only to a series resistor but not to the active regulator elements (transistors). 
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In general, a series element (typically a resistor) connected between the input and output voltages is also necessary in parallel 
linear regulators. The general configuration of a classical parallel linear regulator is shown in figure 2. Thanks to the negative 
feedback, provided by operational amplifier OA1 and transistor Q1, the output voltage is given by: 
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Fig. 1.- Classical series (a) linear regulator and parallel. 

(b) linear regulator. 
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Fig. 2.- Classical parallel linear regulator. 

III.- BASIC STRUCTURE OF A PARALLEL LINEAR-ASSISTED DC-DC SWITCHING CONVERTER 

The main problem of the classical parallel linear regulator is that the efficiency of the whole system depends on the power 
dissipation in the series current-limiting resistor RS that limits the source current. In order to improve the efficiency of the 
whole system, we can replace the series regulator by a switching DC-DC converter. The proposed scheme is given in figure 
3. In the particular case proposed in this paper, the switching converter is implemented by means of a buck converter as it is 
shown in figure 4. In these conditions, the output voltage is also given by expression (1). However, notice that the general 
efficiency of the system is improved in a significant way. 
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Fig. 3.- General structure of the proposed hybrid linear-switching converter. 
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Fig. 4.- The proposed hybrid linear-switching converter with a buck converter. 

IV.- OPERATION OF THE PROPOSED PARALLEL LINEAR-ASSISTED VOLTAGE REGULATOR 

As we can see in figure 4, the proposed configuration makes use of an analog comparator that controls the conduction or 
cut of the transistor Q1 and fixes the switching frequency. Note that the objective of the switching converter is to provide the 
output current through the load and through the linear regulator. Consequently: 

 
( ) ( )L reg outi t i t I   (2)

 
In a first approximation, just not consider any hysteresis in the comparator CMP1, when the load current Iout increases, 

inductance current also increases in a linear form (figure 5). When load current reaches the steady state, taking into account 
expression (2) and that the load current is constant (equal to Vout/RL), the current flowing through the parallel linear regulator, 
ireg(t), will tend to increase also linearly, just reaching a value I (threshold switching current). In the moment that ireg(t) goes 
slightly beyond this boundary current value, the comparator changes its output from high to low level, the transistor Q1 goes 
to off and forces the inductance current to decrease. Then, when the current in the inductance decreases to a value in which 
ireg(t)<I, the comparator changes from low to high level, and the cycle starts again. 
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Notice that a hysteresis in the analog comparator limits the switching frequency of the switching converter, as we can 
appreciate in figure 5. Both reference voltage Vref and shunt resistor Rlim determine the value of the threshold switching 
current I. Fixing I, the value of the Rlim can be obtained by expression (3). 

 

lim
refV

R
I

  (3)

 
With the objective of not decreasing the efficiency of the converter, the value of the dissipated power by the internal 

transistor of the linear regulator must be reduced to the utmost. For this reason, the current I has to be the minimum and 
necessary value to make the parallel linear regulator work properly, without penalizing its good regulation characteristics. 

V.- SIMULATION RESULTS 

In order to corroborate the operation and performance of the proposed parallel linear-assisted DC-DC voltage converter, 
the regulator depicted in Figure 4 has been simulated using OrCAD®-PSpice®. On the one hand, Figure 6 shows the transient 
of the parallel linear–assisted converter. It is observed the response of the system to an input voltage step from 10 V to 13 V 
in t=0.5 ms, and a step change of the load resistor of the 50%, from 4 Ω to 2 Ω, in t=0.1 ms and from 2 to 4 Ω in 0.15 ms. In 
this case, note that Vout=5 V and I is adjusted to 0.2 A. 

On the other hand, Figure 7 depicts the steady state of the proposed parallel linear–assisted converter. Vout=5 V and I is 
adjusted to 0.2 A. 
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Fig. 5.- Start-up transient response showing the currents flowing through the load Iout (black color), inductance L1 iL(t) (blue) and linear 
regulator ireg(t) (red). 

VI.- CONCLUSIONS 

This paper has presented a first approach to a parallel linear-assisted DC-DC converter. On the one hand, unlike classical 
linear-assisted converters, in which the linear regulator is configured in series with the load, in the presented case, the 
aforementioned linear regulator is in parallel with the output load. 

On the other hand, one of the more important drawbacks of parallel regulators is the low efficiency (lower than a classic 
series linear regulator), due to the series current-limiting resistor that, in general, dissipates an important level of energy. 
However, in this proposal, the series resistor is replaced by a switching DC-DC converter that is included in the parallel 
linear-assisted DC-DC converter. Thanks to it and limiting the current flowing through the parallel linear regulator, a good 
efficiency can be achieved. 
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 Fig. 6.- Response of the parallel linear–assisted converter to an input voltage step from 10 to 13 V in 0.5 ms, and a step change of the load 
resistor from 4 to 2 Ω in 0.1 ms and from 2 to 4 Ω in 0.15 ms, including the current flowing through the linear regulator ireg(t), output 

current Iout and inductor current iL(t). Vout=5 V and I is adjusted to 0.2 A. 
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 Fig. 7.- Steady state of the proposed parallel linear–assisted converter, including the current flowing through the linear regulator ireg(t), 
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Abstract 

This article shows the proposal of a linear–assisted converter or linear–&–switching hybrid converter with a constant switching frequency. The 
control loop of the system is based on the current–mode technique. The main disadvantage of a converter with current–mode control is the 
inherent instability of the loop when switch duty ratios are greater than 0.5. In order to make stable the proposed linear–assisted converter, the 
article shows the technique based on a slope compensation. 

I. INTRODUCTION 

As it is well known, series linear regulators have been structures widely used in power supply systems for decades, providing 
output voltages with low or moderate consumes and currents [1], [2]. This kind of voltage regulators has several advantages that 
lead their use. However, in spite of these advantages, linear regulators suffer from some serious drawbacks. One significant 
example is that the efficiency of these structures hardly exceeds the 50% and the series–pass transistor has to support all the current 
demanded by the load. Thus, in high power applications, this component has to be dimensioned (both electrically and thermically) 
in order to dissipate powers with high values. This point increases the price of the supply system significantly. As a result, they are 
not recommendable in some supply systems, especially for high power. 

The alternative is also widely known: DC–DC switching converters [3]–[5]. The advantages of these structures are also evident 
opposite to linear regulators: the efficiency of them, in spite of not arriving at the 100% due to the omnipresent circuit losses, is 
near to this optimal value. However, the design and implementation of this sort of converters is a more complex process than in 
linear regulators, especially their control loops when both line and load regulations are desired. In addition, the intrinsic switched 
nature of these converters produces ripples in the output voltage and an increment of the EMIs in neighboring electronic systems. 

Last years, a third possibility has been presented: linear–&–switching hybrid converters or linear–assisted converters [6], [7]. 
These converters are compact structures, which make good use of the advantages from previous alternatives (linear regulators and 
switching converters). With them, some of the aforementioned drawbacks are minimized as, for instance, the low efficiency and 
the high power dissipation in linear regulators, or the complexity in the design of the control for switching converters. 

In general, linear–assisted converters presented in literature are variable–frequency structures [8], [9]. In this case, the 
switching frequency depends on the parameters of the converter and is not fixed by an external clock. This drawback affects the 
design of the converter and the selection of its components. In addition, this feature is not desirable in some applications because 
variable switching frequency could insert into the bandwidth of the neighboring electronic circuits or even of the electronic system 
that the converter supplies. Thus, with the design of a constant–frequency linear–assisted converter, it is possible to choose the 
desired switching frequency independently of the component values. 

In this article, a proposal of constant–frequency linear–assisted converter is presented. Section II presents a review of variable–
frequency linear–assisted converters, section III and IV show the proposal of the constant–frequency linear–assisted converter, 
revealing the problem of its stability and the solution adopted to avoid it. Finally, section V concludes with some simulation results 
that validate the proposed structure. 

II. REVIEW OF VARIABLE–FREQUENCY LINEAR–ASSISTED CONVERTERS 

As we can see in figure 1, the proposed configuration makes use of an analog comparator that controls the conduction or cut of 
the transistor Q1 and fixes the switching frequency. Note that the objective of the switching converter is to provide the excess of 
current that the linear regulator does not supply. Consequently: 
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( ) ( )out reg LI i t i t   (1)

Just not considering in a first approximation any hysteresis in the comparator CMP1, the operation of the circuit is just as it is 
explained as follows: if the load current is below a boundary current value, that we name as threshold switching current, I, the 
output of the comparator CMP1 is held low. Thus, the switching converter will be disabled and, therefore, the current through the 
inductance L1 will be zero. As a result, the linear regulator supplies the load RL, providing all the output current (Ireg=Iout). 

However, in the moment that load current increases and goes slightly beyond this limit current I, the comparator output will 
pass to high level, increasing the inductance current in a linear form. Taking into account expression (1) and that the load current is 
constant (equal to Vout/RL), the regulator current ireg(t) will tend to decrease also linearly (figure 2), just reaching a value below I. In 
this moment, the comparator changes its output from high to low level, the transistor Q1 goes to off and forces the inductance 
current to decrease. Then, when the current in the inductance decreases to a value in which ireg(t)>I, the comparator changes from 
low to high level, and the cycle starts again. 
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Fig. 1.- Basic structure of a self–switched hybrid converter that 
supplies a load RL. 

Fig. 2.- Currents through the load resistor, inductance L1 and linear 
regulator in the steady state. 

Both reference voltage Vref and shunt resistor Rlim determine the value of the threshold switching current I. Fixing I, the value 
of the Rlim can be obtained by expression (2). 

lim
refV

R
I

  (2)

With the objective of not decreasing the efficiency of the converter, the value of the dissipated power by the internal transistor 
of the linear regulator must be reduced to the utmost. For this reason, the current I has to be the minimum and necessary value to 
make the linear regulator work properly, without penalizing its good regulation characteristics. 

The delays of the electronic circuits determine a little hysteresis that limits the maximum switching frequency. Nevertheless, 
with the objective of fixing this maximum frequency to a suitable value (in order not to increase the switching losses significantly), 
it is convenient to add a hysteresis to the comparator CMP1. 

The experimental implementation of the self–switched hybrid regulator presented in figure 1 can be found in [9]. Figure 3 
shows the waveforms of a variable–frequency linear–assisted converter with Vin=10 V. In the same figure, it is observed the 
response of the system to an input voltage step from 10 V to 13 V in the time instant t=20 s, and a step change of the load resistor 
of the 50% (from 10  to 5 ) in t=40 s. 

The switching frequency is given by (3), being the upper and lower switching threshold levels of the comparator (Schmitt 
trigger) VH and VL, respectively. 

lim

1

1out out

H L in

V VR
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L V V V
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Fig. 3.- Transient response of the variable–frequency linear–assisted converter with Vin=10 V. It can be seen the response of the circuit to an 
input step from 10 V to 13 V in the time instant t=20 s, and when there is a decrement of the load resistance from 10  to 5  in t=40 s. 

From equation (3) we obtain the switching frequency is a function of the hysteresis of the comparator, input and output voltages 
and Rlim and L1 values. This dependency from the aforementioned values is an important drawback. Note that the switching 
frequency depends on the possible disturbances in Vin and tolerances and dispersions in passive components of the converter. 

III. CONSTANT–FREQUENCY LINEAR–ASSISTED CONVERTER 

Figure 4 shows a constant–frequency linear–assisted converter. As the variable–frequency converter shown in figure 1, this 
topology has a switching converter and a linear regulator. However, now the switching frequency is fixed by the external clock 
signal VCLK. This signal is applied to the set input of a RS flip–flop and the output of the comparator is applied to the reset input of 
the bistable. The output of the flip–flop is applied to the base or gate of the switch Q1. 
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Fig. 4.- Schematic of the constant–frequency linear–assisted converter that has been used to validate the proposed structure. 

Figure 5 shows the waveforms of the constant–frequency linear–assisted converter with Vin=15 V. In the same figure, it is 
observed the response to an input voltage step from 15 V to 18 V in the time instant t=400 s, and a step change of the load resistor 
of the 50% (also from 10  to 5 ) in t=800 s. The output voltage is fixed, thanks to the linear regulator, to 7 V and the current I 
has been adjusted in this case to 100 mA. 

The clock signal determines the start of TON interval and the output of the comparator determines the beginning of TOFF. The 
current sensing of the linear regulator acts as a control loop and establishes the switch duty ratio in a similar way that the well–
known PWM modulation. Figure 6 shows in detail the waveforms of the converter in the steady state. 

IV. THE PROBLEM OF THE STABILITY IN CONSTANT–FREQUENCY LINEAR–ASSISTED CONVERTERS 

Actually, note that in this converter the control is a current–mode control. With regard to the classical current–mode control, in 
this converter variations of the inductor current are measured indirectly thanks to the measure of the variations in the linear 
regulator. 
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As it is well known, the current–mode control has an important limitation: for switch duty ratios greater than 0.5 the system is 
unstable [5]. To prevent this limitation in the current–mode control, a slope compensation has to be added to the control loop in 
order to provide stability, to prevent subharmonic oscillations, and to provide a feedforward property. 

Figure 7 shows the constant–frequency linear–assisted converter with a system that implements this slope compensation by 
means of an integrator with reset. 

           Time

0s 0.2ms 0.4ms 0.6ms 0.8ms 1.0ms 1.2ms
V(U4A:B) V(Vset:+)

0V

2.5V

5.0V

SEL>>

V(S2:4,Vout) V(VCC) V(Vout)
-10V

0V

10V

20V
I(L1) IC(Q2) I(RL1)

0A

0.5A

1.0A

1.5A

vin(t)
vd(t) 

Vout 

ireg(t) iL(t) 
Iout 

S Q 

 

Fig. 5.- Transient response of the constant–frequency linear–assisted converter with Vin=15 V. It can be seen the response of the circuit to an 
input step from 15 V to 18 V in the time instant t=400 s, and when there is a decrement of the load resistance from 10  to 5  in t=800 s. 
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Fig. 6.- Detail of the waveforms of the constant–frequency linear–assisted converter in the steady state. 
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Fig. 7.- Schematic of the constant–frequency linear–assisted converter with the implementation of the slope compensation. 

	  
	  

62 IV Seminar for Advanced Industrial Control Applications



V. SIMULATION RESULTS 

In order to observe the effect of the instability, figures 8 and 9 show the transient of the constant–frequency linear–assisted 
converter without the slope compensation for a switch duty ratio greater than 0.5 and with Vin=10 V. In figure 8, it is observed the 
response of the system to an input voltage step from 10 V to 13 V in the time instant t=400 s, and a step change of the load resistor 
of the 50% (from 10  to 5 ) in t=800 s. The effect of the instability is evident. 
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Fig. 8.- Transient of the constant–frequency linear–assisted converter without the slope compensation for a switch duty ratio greater than 0.5 
and with Vin=10 V. It is observed the response of the system to an input voltage step from 10 V to 13 V in t=400 s, and a step change of the 

load resistor from 10  to 5  in t=800 s. 
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Fig. 9.- Detail of the waveforms of the constant–frequency converter without the slope compensation for a switch duty ratio greater than 0.5. 

On the other hand, figures 10 and 11 show the transient of the constant–frequency linear–assisted converter including the slope 
compensation. In addition, in figure 10, it is observed the response of the system to an input voltage step from 9 V to 13 V in t=600 
s, and a step change of the load resistor of the 50%, from 4  to 2 , in t=800 s. In this case, note the stability is assured thanks 
to the slope compensation. 

VI. CONCLUSIONS 

This paper shows a proposal of a linear–assisted converter or linear–&–switching hybrid converter with a constant switching 
frequency. With regard to the linear–assisted converters with variable switching frequency, the presented structure eliminates the 
disadvantages derived from having variable switching frequency. 

The introduced control loop is based on the current–mode technique that has as a main drawback, as usual in DC–DC 
converters, the instability of the loop when switch duty ratios are greater than 0.5. This work introduces the techniques based on 
slope compensation in order to make stable the linear–assisted converter. The proposed modifications guarantee the stability and 
make possible this new mode of work in this kind of converters. 
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Fig. 10.- Transient of the constant–frequency linear–assisted converter with the slope compensation for a switch duty ratio greater than 0.5. It is 
observed the response of the system to an input voltage step from 9 V to 13 V in 600 s, and a step change of the load resistor from 4  to 2  

in 800 s. 
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Fig. 11.- Detail of the waveforms of the constant–frequency converter with the slope compensation for a switch duty ratio greater than 0.5. 
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TABLE I 
EXPERIMENTAL RESULTS FOR ICON UNDER ACTIVE 

CPU FAILURE 

Variable Value 

Loop Scan Time 250 ms (1 cycle) 
I/O Scan Time 100 ms
Tag Data Update Time 250 ms 
Remote Tag Update Time 125 ms 
Takeover Time Only 1 cycle is missed 

VI. TEST RESULTS 

Extensive testing were carried out on the iCON controller with CPU loading of 10 PID Loops and 6 I/O cards and the 
following results were obtained. 

 
 
 
 
 
 
 
 
 

VII. CONCLUSIONS 

Controller redundancy is proving to be more attractive to systems integrators than ever before. CDAC's Industrial 
Controller caters to this need at all levels -- power supply, network, CPU and communication, thus providing a highly 
available system to the downtime-conscious customer. The use of open source for software development has greatly reduced 
the cost. The availability of the source code and the right to modify itenables unlimited tuning and improvement of the 
product. It also makes it possible to port the code to new hardware, to adapt it to changing conditions.The software can be 
used in any way and that helps in turn to build up a market for support and customization of the software, which can improve 
the quality of the product, and to improve its functionality. 
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Chattering Control Design on a Variable-Speed
Horizontal-Axis Wind Turbine

Leonardo Acho, Yolanda Vidal, Mauricio Zapateiro, Francesc Pozo and Ningsu Luo

Abstract

This paper deals with the power generation control in variable-speed variable-pitch horizontal-axis wind turbines operating at
high wind speeds. A dynamic chattering torque control and a proportional pitch control strategy are proposed and validated using
the National Renewable Energy Laboratory wind turbine simulator FAST (Fatigue, Aerodynamics, Structures, and Turbulence)
code [6]. Validation results show that the proposed controllers are effective in terms of power regulation with a high-performance
behavior for all other state variables (turbine and generator rotational speeds; and smooth and adequate evolution of the control
variables) for a turbulence wind condition.

I. INTRODUCTION

Motivated by the high dependence of global economies on fossil fuels and the concern about the environment, increasing
attention is being paid to alternative methods of electricity generation. In this trend towards the diversification of the energy
market, wind power is the fastest growing sustainable energy resource [1].

Wind turbines with rudimentary control systems predominated for a long time [1], the prevailing goal being the mini-
mization of the cost and maintenance of the installation. More recently, the increasing size of the turbines and the greater
penetration of wind energy into the utility networks of leading countries have encouraged the use of electronic converters and
mechanical actuators. These active devices have incorporated extra degrees of freedom to the design that opened the door to
active control of the captured power. Static converters used as an interface to the electric grid enable variable-speed operation,
at least up to rated speed. Due to external perturbations, such as random wind fluctuations, wind shear and tower shadows,
variable speed control seems to be the trusted option to optimize the operation of wind turbines [2]. Wind energy conversion
systems are very challenging from the control system viewpoint. Wind turbines inherently exhibit nonlinear dynamics, and
are exposed to large cyclic disturbances that may excite the poorly damped vibration modes of drive-train and tower [1]. In
addition, mathematical models describing accurately their dynamic behavior are difficult to obtain because of the particular
operating conditions. Moreover, the current tendency towards larger and more flexible wind turbines is making this task even
more involved. The lack of accurate models must be countered by robust control strategies capable of securing stability and
some performance features despite model uncertainties. The control problems are even more challenging when turbines are
able to operate at variable speed and variable pitch. The best use of this type of turbine can only be achieved by means of
several controllers [3].

A new control strategy for variable-speed, variable pith horizontal-axis wind turbines (HAWTs) is proposed in this paper.
This control is obtained by a nonlinear dynamic chattering torque control strategy and a linear control strategy for blade
pitch angle. This new control structure allows a rapid transition of the wind turbine generated power between different
desired set values. This electrical power tracking is ensured with a high-performance behavior for all other state variables:
turbine and generator rotational speeds; and smooth and adequate evolution of the control variables.

This paper is organized as follows: Section II briefly describes the National Renewable Energy Laboratory (NREL) wind
turbine simulator FAST (Fatigue, Aerodynamics, Structures, and Turbulence) code [6]. The controller in pitch and torque is
then presented. In section IV the proposed controllers are validated with the FAST aeroelastic wind turbine simulator.

II. BRIEF SIMULATOR DESCRIPTION (FAST)

NREL’s National Wind Technology Center (NWTC), [5], develops advanced computer-aided engineering (CAE) tools to
support the wind industry with state-of-the-art design and analysis capability. NWTC has developed many software tools
that produce realistic models that simulate the behavior of a wind turbine in complex environments and model the effects of
turbulent inflow, unsteady aerodynamic forces, structural dynamics, drivetrain response, control systems, and hydrodynamic
loading for offshore applications. NREL has also developed preprocessors to help build the models, post-processors to
analyze the results, and utilities to run and manage the processing tasks.

NWTC CAE tools have become the industry standard for analysis and development and are used by thousands of United
States-based and international wind turbine designers, manufacturers, consultants, certifiers, researchers, and educators. The
tools are developed as free, publicly available, open-source, professional-grade products as a resource for the wind industry.
The open-source approach facilitates the tools’ credibility and adaptability within the industry. The tools are modular, well

L. Acho, Y. Vidal, M. Zapateiro and F. Pozo are with Universitat Politècnica de Catalunya, Escola Universitària d’Enginyeria Tècnica
Industrial de Barcelona, Control Dynamics and Applications Research Group (CoDAlab), Comte d’Urgell, 187, 08036 Barcelona, Spain
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N. Luo is with University of Girona, Department of Electrical Engineering, Electronics and Automatic Control Institute of Informatics and Applications,
Modal Intervals and Control Engineering Research Group, Campus Montilivi, P-IV, 17071 Girona, Spainningsu.luo@udg.edu
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Fig. 1: Simulink closed-loop model

documented,and supported by NREL through workshops and an on-line forum. They have been verified through model-
to-model comparisons, validated with test measurements, and certified by Germanischer Lloyd. As a technical supervisory
organization Germanischer Lloyd engineering services include the mitigation of risks and assurance of technical compliance
for oil, gas and industrial installations as well as wind energy parks.

In particular, the FAST code, [6], is a comprehensive aeroelastic simulator capable of predicting both the extreme and
fatigue loads of two- and three-bladed HAWTs. This simulator has been chosen for validation because, in 2005, it was
evaluated by Germanischer Lloyd WindEnergie and found suitable for the calculation of onshore wind turbine loads for
design and certification [7]. An interface has also been developed between FAST and Simulink with MATLABR©, enabling
users to implement advanced turbine controls in SimulinkR© convenient block diagram form. The FAST subroutines have
been linked with a Matlab standard gateway subroutine in order to use the FAST equations of motion in an S-function that
can be incorporated in a Simulink model. This introduces tremendous flexibility in wind turbine control implementation
during simulation. Generator torque control, nacelle yaw control, and pitch control modules can be designed in the Simulink
environment and simulated while making use of the complete nonlinear aeroelastic wind turbine equations of motion available
in FAST. The wind turbine block, contains the S-function block with the FAST motion equations. It also contains blocks
that integrate the degree-of-freedom accelerations to get velocities and displacements. Thus, the equations of motion are
formulated in the FAST S-function but solved using one of the Simulink solvers.

FAST main features can be summarized as follows:

• Computes structural-dynamic and control-system responses as part of the aero-hydro-servo-elastic solution
• Uses a combined 24-DOF modal and multi-body representation
• Control system modeling through subroutines, DLLs, or SimulinkR© with MATLAB R©
• Nonlinear time-domain solution for loads analysis
• Linearization procedure for controls and stability analysis

III. CONTROL STRATEGY

The interface developed between FAST and Simulink with MATLABR©, has allowed us to implement the proposed torque
and pitch controls in SimulinkR© convenient block diagram form. The closed loop FAST simulink model can be seen in Fig.
1. Next sections present the proposed nonlinear dynamic torque and linear pitch controller designs.
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A. Torque Controller

The electrical power-tracking error is defined as

e = Pe − Pref, (1)

wherePe is the electrical power andPref is the reference power. Let us impose a first-order dynamic to this error,

ė = −ae−Kαsgn(e) a,Kα > 0, (2)

and let us take in account that the electrical power is given by [3], [9], [10], [11]

Pe = τcωg, (3)

whereτc is the torque control in the rotor side andωg is the generator speed. Substitution of equations (1) and (3) in (2),
and assuming thatPref is a constant function, yields to

τ̇cωg + τcω̇g = −a(τcωg − Pref)−Kαsgn(Pe − Pref),

which, after rearranging terms, can be written as

τ̇c =
−1

ωg
[τc(aωg + ω̇g)− aPref +Kαsgn(Pe − Pref)] . (4)

Theorem 3.1: The proposed controller (4) ensures finite time stability [8]. Moreover, the settling time can be chosen by
properly defining the values of the parametersa andKα.

Proof: Let us take the Lyapunov function

V =
1

2
e2. (5)

Then, by using (2), its time derivative along the trajectory of the system yields

V̇ = eė = e(−ae−Kαsgn(e)) = −ae2 −Kα|e| < 0. (6)

That is,V is globally positive definite, radially unbounded and the time derivative of the Lyapunov-candidate-function is
globally negative definite, so the equilibrium is proven to be globally asymptotically stable. Moreover, finite time stability
can be proven. From equation (6) it can be written,

V̇ ≤ −Kα|e| = −Kα

√
2
√
V .

Thus, V̇ +Kα

√
2
√
V is negative semidefinite and Theorem 1 in [8] can be applied to conclude that the origin is a finite

time stable equilibrium. Furthermore, from [8] it is known that the settling time function,ts, is given by

ts ≤
1

Kα

√
2
(V )1/2,

which using (5) leads to
ts ≤

e

Kα
. (7)

It is noteworthy that, by takingKα = 0, an exponentially (but not finite time) stable controller is obtained

ė = −ae. (8)

Let’s compute an approximate settling time (for practical purposes) for the exponentially stable controller in order to choose
the settling time much smaller for the finite time stable approach. For this purpose, let’s compare the exponentially stable
error dynamic, (8), with the simplest resistor-capacitor (RC) circuit. This circuit is composed of one resistor,R, and one
capacitor,C, in series. When a circuit consists of only a charged capacitor and a resistor, the capacitor will discharge its
stored energy through the resistor. The voltage,v, across the capacitor, which is time dependent, can be found by using
Kirchhoff’s current law. This results in the linear differential equation

Cv̇ +
v

R
= 0. (9)

It is well known that the solution of this first order ODE is an exponential decay,

v(t) = v0e
−t

RC

wherev0 is the capacitor voltage at timet = 0. The time required for the voltage to fall tov0/e is called the time constant
and is given byτ = RC. The capacitor will be considered fully discharged (0.7 %) for practical purposes after about5τ
seconds, see [13].
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Comparison of the RC circuit ODE, (9), with the exponentially stable errordynamic, (8), leads to the equalitya = 1

RC ,
that isτ = 1/a. Note, that an exponentially stable error dynamic will need5τ in order to achieve (0.7 % error) the desired
value. As our proposed controller has finite time stability, from (7) we can choose the values of the parameters in order to
obtain the desired value in just0.2(5τ) seconds. That is, assuming that in a neighborhood oft = 0 the error is bounded by
|e| < 1.5 · 106 (which is the rated power of the wind turbine)

ts ≤
1.5 · 106

Kα
< 0.2(5τ) = 0.2(5

1

a
).

Taking a = 1 it is obtained that the estimated settling time is less than one second,

ts ≤
1.5 · 106

Kα
< 1, (10)

and, by rearranging terms, it is obtained that the value ofKα to be used should be,

Kα > 1.5 · 106.

Remark 3.1: Note that (4) depends oṅωg. One way to compute this derivative is to use the estimator proposed in [14]
(transfer function in the Laplace domain),

s

0.1s+ 1
. (11)

Input to (11) is ωg and the output is an estimation ofω̇g.

Note that the simple nonlinear proposed torque control (4) does not need information of the turbine total external damping
or the turbine total inertia. In fact, it only needs the generator speed and electrical power of the WT. Thus, the proposed
controller is easily applicable to other WTs. Most of the torque controls that can be found in the literature [3], [11], [15],
[10] need a lot of WT parameters and that restricts its applicability when not all of the required parameters are available.

B. Pitch Controller

In order to assist the torque controller to regulate the wind turbine electric power output, while avoiding significant loads
and maintaining the rotor speed within acceptable limits, a pitch proportional controller is added upon the rotor speed
tracking error:

β = Kβ(ωr − ωn), Kβ > 0,

whereωr is the rotor speed andωn is the nominal rotor speed at which the rated electrical power of the wind turbine is
obtained. As we want to disable this control whenωr < ωn the final proposed controller is given by the following expression

β =
1

2
Kβ(ωr − ωn) [1 + sgn(ωr − ωn)] , kβ > 0.

IV. SIMULATION RESULTS

Numerical validations were carried out using FAST on Matlab-Simulink with the NREL WP 1.5-MW wind turbine (Fig.
2). The wind turbine characteristics are summarized in Table I.
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Fig. 2: The 1.5 MW wind turbine used for simulations. Installation of a General Electric 1.5 MW wind turbine at the National Wind
Technology Center (left), and comparison (scale in meters) with the Statue of Liberty (right)
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Fig. 3: Wind speed profile with a mean of11.89 m/s

Number of blades 3

Height of tower 82.39 m

Rotor diameter 70 m

Rated power 1.5 MW

Nominal rotor speed (ωn) 20 rpm

TABLE I: Wind Turbine Characteristics

The wind inflow for the simulations is shown in Fig. 3. This wind inflow, for the simulated NREL WP 1.5-MW wind
turbine, reaches wind speeds that are above-rated power operating conditions.

A variable reference set point is imposed to the WT electrical power. This happens to be interesting; particularly when
the wind park manager requires a given electrical power and that he/she must dispatch this reference over different wind
turbines and impose a variable reference for each one in order to meet a specific request of the grid.

A. Torque Control

FAST simulator outputs with torque control (without pitch control) are shown in Fig. 4 takinga = 1 andKα = 1.5 · 106.
As one can notice, the nonlinear control in torque does not succeed in maintaining the rotor speed,ωr, near its nominal value.
This variable reaches large values that can negatively affect the wind turbine behavior. This shows the need of a variable
pitch action for high winds to keep the rotor speed in a limited domain of variations. On the other hand, the nonlinear
controller in torque achieves a good electric power regulation. The electrical power reaches its reference in one second. That
is the expected settling time (see (10)) when using parametersa = 1 andKα = 1.5 · 106. Note that, as expected, when
Kα = 0 an exponential convergence is observed and approximately5 seconds are needed to reach the desired value each
time the reference electrical power is changed.
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Fig. 4: FAST simulator outputs with torque control (without pitch control)

B. Torque and Pitch Control

FAST simulator outputs with torque and pitch control are shown in Fig. 5 takinga = 1, Kα = 1.5 ·106 andKβ = 1. The
electrical power joints its reference in one second as expected and the rotor speed stands near its nominal value. Typical
maximum pitch rates range from18 deg/s for600 kW research turbines down to8 deg/s for5 MW turbines [12]. Results
show that the blade pitch angle is all time laid in the authorized variation domain without exceeding a variation of10 deg/s.
Finally, it is noteworthy that the standard deviation ofPe is only of 31 kW.

V. CONCLUSIONS

A WT controller is presented in this paper for a turbulence wind condition. The pitch controller achieves a good
performance in rotor speed regulation, but the power regulation is not satisfactory. On the other hand, the nonlinear torque
control leads to a good power regulation, however it has the drawback of generating large rotor speed fluctuations. The
proposed controllers lead to a good performance even in rotor speed and electrical power regulation with acceptable control
loads. Finally, it is noteworthy that the simple nonlinear proposed torque control does not need information of the turbine
total external damping or the turbine total inertia. In fact, it only needs the generator speed and electrical power of the WT.
Thus, the proposed controller is easily applicable to other WTs.
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Controlling a Solid Oxide Fuel Cell using a multivariable data driven

approach

José David Rojas and Ramón Vilanova

Abstract

In this paper, a new data-driven multiple-inputs multiple-outputs method based on the Virtual Reference Feedback Tuning
is presented. The methodology decides the pairing of the input-output signals to control at the same time that the parameters of
the controllers are computed, by solving a non-linear optimization. The method is applied to a solid oxide fuel cell to check the
effectiveness of the controllers. Compared with other similar structures, the proposed method yielded better results for voltage
and fuel utilization, without using any model of the plant.

I. INTRODUCTION

The necessity to change the actual oil-based economy into a hydrogen based economy has been devised by several

researchers. In fact some authors foreseen a society where only hydrogen and electricity will be sufficient to provide all

energy needs in a sustainable manner [1]. The goal is to achieve a zero emission structure, where the hydrogen is produced

using renewable and clean energy sources and therefore no carbon dioxide is released. Some authors proposed an intermediate

step where hydrogen is produced from fossil fuels, but the residual carbon is then used instead of being simply vented to

the atmosphere [2].

Fuel cells are a promissory technology for generating energy directly from hydrogen [3]. They are electrochemical devices

that are able to produce electricity from fuel (particularly, hydrogen) without a combustion process (no CO2 emissions) [4].

The range of use of fuel cells goes from portable devices to power generation. There are different types of fuel cells, mostly

depending on the membrane material. Two of the most popular fuel cells are the Proton Exchange Membrane Fuel Cell

(PEMFC) and the Solid Oxide Fuel Cells (SOFC). PEMFC are low temperature fuel cells that are intended to be used in a

wide range of applications, but much attention has been given into its application to hydrogen powered vehicles [5].

On the other hand, SOFC are high temperature fuel cells which can be used as part of a power distribution system [6].

The modeling and control of SOFC is treated in several papers, as for example in [7] a model for control is proposed and

in [8] the thermal aspects and voltages losses are also taken into account in the model. In [9], a lumped non-linear model is

proposed and in [10] a model for control of the fuel cell and the balance of plant (BOP) (Fuel Heat Exchanger, Reformer,

Burner, Air Heat Exchanger) are also considered.

From the automatic control point of view, several different approaches have been tested with SOFC. For example in [11]

a Model Predictive Control (MPC) is used but the model is not directly identified, instead a subspace system identification

is performed to be used in the MPC algorithm. In [12], H∞ control is used to minimize the disturbances in the variation

of the spatial temperature of the fuel cell. In [13], a non-linear MPC is used and in [14] decentralized discrete time PI

controllers are used based on the linearization of the model.

For control purposes, it is also needed to have a simpler version of the model that incorporates only the necessary

information [15]. When it is not available, it may be useful to apply a data-driven approach in order to skip this modeling

step. Data-driven control is a methodology that never attempts to find a model for control, but instead tries to find a suitable

controller using only experimental data from the plant.

In recent years, several different methodologies of this kind have appeared in the literature. For example the Iterative

Feedback Control (IFT) [16], the Correlation Based Tuning approach (CbT) [17] and the Virtual Reference Feedback Tuning

(VRFT), [18]. Each method is not explained here for space constraints, but interested readers are invited to follow each

reference and references therein for more details.

In this paper, the VRFT approach is used to find the optimal parameters of reduced order controllers for a Multiple-

Input Multiple-Output (MIMO) plant. In [19], the VRFT was also extended to a MIMO plant but using a matrix approach

in which the same closed loop transfer function has to be used for all the loops. In this paper, a decentralized transfer

function-based approach is taken instead, that allows the user to apply different target closed-loop transfer functions for

each loop. In addition, the pairing of the control variables and the parameters of the controllers can be obtained solving just

one optimization problem. Then, the VRFT in its MIMO form, is applied to a SOFC to control its output voltage and fuel

utilization yielding good results.

The rest of the paper is divided as follows, in section II, a short outline of the VRFT is presented, in section III, the

decentralized MIMO version with pairing decision is introduced. The methodology is then applied in simulation for a SOFC

plant in section IV. The resulting controllers are then compared with other similar approach. It was found that using the

VRFT method, better performance is achieved without any modeling step. The conclusions are given in section V.

J.D. Rojas and R. Vilanova are with the Departament de Telecomunicaciò i Enginyerı́a de Sistemes, Universitat Autònoma de Barcelona, Barcelona,
Spain (e-mail: {josedavid.rojas, ramon.vilanova}@uab.cat).
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Fig. 1. The VRFT set up. The dashed lines represent the “virtual” part of the method.

Fig. 2. MIMO VRFT with pairing selection.

II. VRFT OVERVIEW

The Virtual Reference Feedback Tuning (VRFT) is a one-shot data-based method for the design of feedback controllers.

The original idea was formalized in [18] for the tuning of a one degree of freedom feedback controller. If the plant is

represented by the unknown transfer function P(z), the controller belongs to {C (z;θ)}, where θ = [α1 α2, · · · ,αn]
T

is the

vector of parameters and the desired closed-loop dynamic is given by M(z), then the control objective is to minimize the

model-reference criterion given by:

JMR (θ) =

∥

∥

∥

∥

(

P(z)C(z;θ)

1+P(z)C(z;θ)
−M(z)

)

W (z)

∥

∥

∥

∥

2

2

(1)

W (z) is an optional weight, useful to give more importance to some frequencies. The problem in (1) cannot be solved

since the model of the plant is unknown. But an approximation can be obtained using only data. Starting from a batch of

open-loop data {u(t),y(t)}, a “virtual” reference signal r̄(t) is computed in such a way that, if the closed-loop system is

feed with this virtual signal and the controllers in the loop were the ideal controller that would achieve the target closed-loop

transfer function M(z), then the input and output signals of the plant in closed-loop would be the same than the batch of

open-loop data. In this case, the output of the controller should be equal to u(t) and then, this controller can be found by

identifying the transfer function which yields the output u(t) when the input ē(t) = r̄(t)− y(t) is applied to the input as

depicted in Fig. 1. The identification problem can be solved by minimizing the criterion:

JN
V R (θ) =

1

N

N

∑
t=1

(uL(t)−C(z;θ)ēL(t))
2

(2)

uL(t) and ēL(t) are the filter versions of the signals u(t) and ē(t) useful to approximate the optimization problem in (2)

to the control criterion in (1). If the controller is linear in the parameters, the criterion (2) can be solved as an standard

least squared optimization problem. The filter L(z) should be the one that approximates the criterion (2) to (1). For more

information on the basics of the VRFT, please refer to [18]

III. THE MIMO CASE FOR THE VRFT

The VRFT methodology can be extended to the MIMO case. In [19], a matrix approach was taken with the constraint of

having the same desired closed-loop transfer functions for all the loops. In this work a less restrictive method is used and

the problem of automatically choose the best pairings of the input-outputs of the plant is accounted.

In Fig. 2 the control structure for the Two Inputs Two Outputs (TITO) case is presented with a decentralized approach. In

this case, the pairing is decided with the variable v: if v = 1 the output y1 is controlled using u1 as the manipulated variable

and then y2 is controlled with the u2 input. If v = 0 the manipulated variables are shifted.

The VRFT approach can be applied in such a way that the two controllers’ parameters and the decision variable v can

be determined using only a set of input-output data, without a modeling step. Assume that a batch of N samples open-loop

data taken from the plant P(z) is available: {u1(t),u2(t),y1(t),y2(t)}t=1,...,N . Using the ideas presented in [18], it is possible

to find a “virtual” reference signal for each loop. These signals will then be used to find the parameters of the controllers
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Fig. 3. Model of the SOFC.

C11(z,θ11) and C22(z,θ22). The desired target closed-loop transfer functions are M1(z) for y1(t) and M2(z) for the y2(t) loop.

These virtual reference signals are therefore defined as:

r̄1(t) = M−1
1 (z) r̄2(t) = M−1

2 (z) (3)

If the controllers are linear in the parameters:

C11(z,θ11) = β T
11 ·θ11 C22(z,θ22) = β T

22 ·θ22 (4)

where θ11 and θ22 are vectors containing the parameters for each controller and β11 and β22 are the transfer functions vector

defining the controllers. If the variable v is used to define the pairing of the input-output signals, (as presented in Fig. 2),

then the following mixed-integer optimization can be set to find the optimal controller’s parameters in a least square sense:

minimize
θ11,θ22,v

J(θ11,θ22,v)

subject to v(1− v) = 0
(5)

where

J(θ11,θ22,v) = v ·
∣

∣

∣

∣

[

u1

u2

]

−Ψ1

[

θ11

θ22

]∣

∣

∣

∣

2

+(1− v) ·
∣

∣

∣

∣

[

u1

u2

]

−Ψ2

[

θ11

θ22

]∣

∣

∣

∣

2

(6)

with:

Ψ1 =

[

Φ11 0

0 Φ22

]

Ψ2 =

[

Φ12 0

0 Φ21

]

Φ11 =







β T
11(z)e1(1)

...

β T
11(z)e1(N)






Φ22 =







β T
22(z)e2(1)

...

β T
22(z)e2(N)






Φ12 =







β T
11(z)e2(1)

...

β T
11(z)e2(N)






Φ22 =







β T
22(z)e1(1)

...

β T
22(z)e1(N)







The matrices Ψ1 and Ψ2 can be seen as the direct and transverse control effects, given the computed virtual errors ē1(t)
and ē2(t). The constraint v(1− v) = 0 is just a way to satisfy that v can only be 0 or 1. If v = 1 the direct matrix is used

(first pairing option), while if v = 0, the other pairing is used instead. This optimization can be programed either using a

for loop to check all the possibilities or by writing the corresponding problem using optimization tools like Yalmip [20] and

Sedumi [21]. The MIMO case is easily obtained by extending the ideas of the TITO case.

IV. APPLICATION TO A SOLID OXIDE FUEL CELL

The aim of this section is to apply the MIMO VRFT methodology to a solid oxide fuel cell (SOFC). The simulations

are made using the model presented in [7], [11], depicted in Fig. 3. In this case, a set of input output data was obtained

by simulation, and then the controllers were computed without the direct use of the model. The inputs to the plant are the

load current Iin (which is considered a measurable perturbation), the input fuel flow qin
f and the input oxygen flow qin

O2
. The

outputs are the generated power Pr, the stack voltage Vr, the fuel utilization U f , the ratio between inlet H2 and O2 flows

RH O and the fuel cell pressure difference between the anode and the cathode of the stack pdi f .

As it can be seen, the different subsystem’s dynamics are modeled as first order transfer functions, while the voltage

of the stack is modeled using the Nernst’s equation and taking into account ohmic losses considering its resistance. The

parameters of the system are the same as in [11]. They are not presented here for space constrains.

The operation band of the plant is presented in Table I. In this case, for the test of the VRFT it will be considered that

Vr and U f are accessible and are considered as the outputs of the resulting TITO system. The input-output data taken in
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TABLE I

OPERATION BAND.

Variable Band Nominal Value Unit

qin
H2

0 ≤ qin
H2

≤ 1.7023 0.7023 mol

qin
O2

0 ≤ qin
H2

≤ 1.6134 0.6134 mol

Vr 328.8 ≤ qin
H2

≤ 338.8 333.8 V

Iin - 300 A

U f 80% ≤U f ≤ 90% 85% -

RH O 0 ≤ RH O ≤ 2% 1.145 -
∣

∣pdi f

∣

∣ 0 ≤
∣

∣pdi f

∣

∣≤ 0.078954 0 atm

TABLE II

CONTROL PARAMETERS FOR THE SOFC PLANT.

Controller
VRFT

Decentralized
Model-based
Decentralized

C11
−4.543+3.72z−1

1−z−1
−4.13+3.10z−1

1−z−1

C22
0.0782−0.05885z−1

1−z−1
0.044−0.029z−1

1−z−1

Disturbance Vr IAE 35.2098 50.9536

Disturbance U f IAE 0.37058 0.44756

Disturbance qin
H2

TV 1.884 1.6937

Disturbance qin
O2

TV 1.4131 0.9987

Reference Vr IAE 9.3476 13.2976

Reference U f IAE 0.00828 0.0139

Reference qin
H2

TV 0.14283 0.12725

Reference qin
O2

TV 0.51194 0.28302

open-loop is found from a simulation of the non-linear plant model with random signal inputs. Since only two inputs are

available, at most only two outputs can be effectively controlled, therefore, the output RH O is not controlled. As it can be

seen in Fig. 3, the value of qin
O2

does not affect the value of U f , therefore the VRFT method by itself should not select the

pairing between qin
O2

and U f . The results are compared with the ones given by [14], in which discrete time PI controllers

are also used with a decentralized approach.

The desired closed loop transfer functions were selected as a first order response with a constant time of 0.1s for U f and

Vr. The sampling time is Ts = 1s for comparison reasons. The controllers are set as discrete time PI controllers of the form:

C(z,α) =
α0 +α1z−1

1− z−1
(7)

The VRFT is able to find a controller that gives good reference tracking and disturbance rejection, but is not able to

match exactly the desired closed-loop function. In this case, this closed-loop transfer function has to be seen as the “desired

bandwidth” of the closed-loop system. But given the fact that the desired linear closed-loop behavior is not achievable with

this controller with the non-linear plant, the optimization yield the best result possible while attempting to reach the desired

bandwidth.

The response of the system towards a disturbance in the load current is presented in Fig. 4 and the response to a change

in the reference is presented in Fig. 5. The load changes were chosen as in [11], where also, at some point the voltage and

the utilization go beyond the operation band, as in the case of this paper and [14] for the selected sampling time. The values

of the Integral of the Absolute Error (IAE) are presented in the figures and also summarized in Table II, where the values of

the parameters of the controllers are presented as well. The comparison is made by the use of IAE and the Total Variation

(TV) which are calculated from t = 101s up to t = 500s following [11]. The TV is considered as a measurement of the

control effort. A larger TV represents more a controller with a wider bandwidth which could yield to a “more expensive

control”. The TV was calculates as:

TV =
N

∑
i=1

|u(i)−u(i−1)| (8)
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Fig. 4. Response of the system to a disturbance in the load current.
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Fig. 5. Response of the system to a change in reference for both loops.

In the case of Vr when the load current decreases to 270A, the over voltage goes up to 340V, but rapidly returns to the

operation band. The response of U f is faster than the voltage response. With respect to the decentralized controllers from

[14], it can be seen that the decentralized VRFT controller performs better. But it also has to be noticed that the TV of

the VRFT controller is larger than the TV of the model-based decentralized controllers. Since it has a lower IAE, it is

expected that the controllers produce a more aggressive control signal to achieve a better performance. When the controller

improves the voltage and fuel utilization responses, it is possible that the ratio between hydrogen and oxygen goes out of

bounds for a short time, as in Fig. 4d. In order to prevent this, other control strategy that takes into account the constraint

in this non-controlled variable should be implemented. In this paper, for comparison sake, only the decentralized discrete

time controllers are considered.

For the reference tracking, the VRFT decentralized controller performs also better than the model-based decentralized

controller, but at the expense of increased oxygen consumption. The selected pairing is the “obvious”: the U f controlled by

the fuel input flow and the Vr controlled by the the oxygen flow. It could be that, using the input fuel flow, the control of Vr
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could be improved since the gain from the fuel flow to the output voltage is larger than the gain from the oxygen flow. But

since the fuel utilization if not affected by the oxygen flow, this choice is not possible with the control topology used here.

According to Table II, the improvement in IAE for the disturbance response of the VRFT method with respect to the

model-based method is nearly 31% for the output voltage and 17% for the fuel utilization. Of course, this improvement

implies a rise in the control effort. For the case of the fuel rate, the increase of TV is 11% while for the oxygen is around

41%. For the reference following case, similar results are found. However, the increase in oxygen flow rate greatly increase

(81%) in order to provide an improvement of 40% in the IAE of the fuel utilization.

These results confirm the wellness of using a decentralized control approach for SOFC as proposed by [14]. Also, the

use of VRFT in the tuning of the parameters has been shown to be technically sound if U f can be measured on line, or at

least estimated. But this last issue is not treated in this paper. In future work, the effect of using decoupling controllers and

other parameterization will be take into account to study its effect in the performance.

V. CONCLUSIONS

In this paper, the MIMO case for the VRFT was presented. The problem of the pairing was taken into account by using

a non-linear optimization problem that integrates both the selection of the pairing and the computation of the controller

parameters. The method was applied to a popular model of a SOFC in order to control at the same time, the voltage of

the stack and the fuel utilization. A decentralized scheme where tested and compared to other decentralized controller. The

VRFT based controller had better performance than the later, but at the expense of a larger oxygen consumption. This shows

the feasibility of this data driven to find adequate controller for these important devices.
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Abstract 

Modeling an irrigation canal is a crucial task in order to apply different kinds of control algorithms. In this paper three different models 
applied to a laboratory irrigation canal are compared. All of these models are calculated from the hydraulic characteristics of the canal and 
tested afterwards. In order to compare the performance of the models for control purposes, the implementation of simple controllers (PI 
controllers) for each model is carried out on the experimental platform “Canal PAC-UPC”. 

I. INTRODUCTION 
The importance of simplified models is significant not only for simple prediction but also for control purposes: PID 
controllers that are the most common in practice need a model base for tuning. Predictive control  is a promising way to 
control irrigation canals and is popular in industrial control,  it relies on one internal model and its performance is based to a 
considerable extent on the ability of the internal model to reproduce reality. Therefore the need for these models is clearly 
stated [1], [2]. The latter mentions that it as an open problem how to achieve a tradeoff between accuracy and efficiency in 
irrigation canal models. 

Although most of the controllers need linear models, there is some research in the direction of non-linear model based 
control [3]. Since the more common controllers need a linear model (predictive controller, PID), the linear models are going 
to be discussed. 

The open channel flow is described by the Sant-Venant (SV) equations. This system of two hyperbolic quasi-linear partial 
differential equations has analytic solution only in some particular cases. In all the other (realistic) cases numerical methods 
can be used to solve them. Due to their complexity it is very difficult to use them for canal control through linearization and 
only few cases exist when it was carried out [4]. This method is computationally very expensive and therefore to design a 
controller like predictive controller there is a need for a simpler model. For this purpose there are some models that have been 
used for flood routing classically and now they are used as base for canal controllers. These models are the Muskingum [5], 
the Hayami [6] and the Lag-and-route [7].  Later there are models developed directly for canal control like the ID [8], IDZ 
[9], linear backward lag and route [10] or the Reduced Saint-Venant (RDSV) models [11]. This work describes and compares 
three simplified models for a laboratory irrigation canal: (1) Muskingum, (2) Hayami, and (3) the integrator delay zero model 
(IDZ).  All of them are formulated from the hydraulic characteristics of the canal.  Each model is used to develop a 
Proportional Integral (PI) controller. The performance of these controllers is tested in the experimental platform called “Canal 
PAC-UPC”, which is located at the Universitat Politècnica de Catalunya.  The models are formulated to describe the whole 
canal around different steady states related to reference discharges. The controllers are evaluated and compared in terms of 
discharge reference changes and rejecting disturbances. 

II. DESCRIPTION OF THE CANAL PAC-UPC 
The laboratory canal has: 220 m length in serpentine shape, 1 m depth, 0.44 m width, 4 motorized vertical sluice gates, 9 
water levels sensors, 4 rectangular weirs and a supervisory control and data acquisition system. In order to resemble the 
problem of transport delay in real irrigation canal control, it was decided to construct it with zero-slope.  The facility occupies 
22.5m x 5.4m surface area and it is possible to be arranged as a SISO (Single Input/Single Output) or MIMO (Multiple 
Input/Multiple Output) system (see Fig. 1)  The input variables for the system can be discharge, water level or gate opening. 
The controlled variables can be water level, water volume or discharge.  
 
 
 
 
 
 
 
In the MIMO configuration, the canal is represented by a 
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Fig. 1.  Configuration of canal PAC-UPC. 
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series of reaches interconnected with gates. By setting both gate 3 and 5 to a completely open position the canal can be 
configured as a as 220m long one-pool. For this case the offtakes through weirs 1W  and 3W  represent the disturbances in the 
control system ( W1Q  and W3Q in the Fig. 1), 1GQ  represents the Inflow (upstream discharge) and W4Q  the outflow 
(downstream discharge). 

III. THE MUSKINGUM MODEL 
Though the Muskingum model was initially developed for flood propagation it is very often used in controller design, 

especially for predictive controllers due to its simplicity [12]-[15]. It is suggested rather for predictive control design due to 
the sampling time restrictions in other cases [16].  

The Muskingum model contains two equations, a continuity equation and a storage equation. The equations can be 
deduced from the Saint-Venant equations [5]. The advantage of the model is the simplicity and linearity; however, the same 
characteristics are responsible for the disadvantages. It is a rough approximation of the non-linear behavior of the canal.   

A. The application of the Muskingum model 
The Muskingum model consists of  a continuity equation (1) and a storage equation (2), 

dV I O
dt

= −         (1)                            [ ](1 )t t tV K I Oχ χ= + −      (2) 

where V is the storage volume, I is the inflow, O is the outflow, Vt, It, Ot are the simultaneous storage, simultaneous inflow, 
simultaneous outflow respectively. The parameters of these equations are K and χ containing all the information about the 
reach. K is the storage time constant (with the dimension of time) for a reach that can be well approximated by the travel 
time: this is the time it takes for one wave to travel through the reach. χ is a dimensionless coefficient weighing the relative 
effects of inflow and outflow on the reach storage. χ varies between 0-0.5. 
From the model above the following transfer function can be derived as seen e.g. in [27]: 

1 1( )
1 (1 ) 1M

K s csG s
K s ds

χ
χ

− −= =
+ − +

      (3) 

where C Kχ=  and (1 )d K χ= − . 
The delay of the canal was measured and the χ parameter was calculated using the equations described in [5].  

1 11
2 iLcb

Q

χ

⎛ ⎞
⎜ ⎟
⎜ ⎟= −
⎜ ⎟
⎜ ⎟⎝ ⎠

 (4) 

where i is the bed slope of the channel, L is the channel length, b is the channel width, c is the celerity and Q is the discharge. 
Due to the zero slope of the experimental canal the formula was not possible to be used directly. Setting a reference steady 
state a reference depth can be measured (upstream of the canal, and due to the backwater effect that is close to normal depth). 
Using the manning formula, equation can be transformed containing data only about the reference depth not about the slope. 

10/3

2 4/3

1 1
2

A
n p LcQb

χ ⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (5)	   	   	   	   	   	   	   	   	    

where A is the cross section, n is the Manning’s coefficient and P is the wetted perimeter. 

IV. THE HAYAMI MODEL 
The original Hayami equation was used for flood routing.  The basic idea was to introduce a term of longitudinal mixing to 

the equation of continuity hence the differential equation of diffusion –advection was used [6].  In practical applications the 
acceleration term in the SV equations can be neglected in most of the cases and the system is reduced to one parabolic 
differential equation: the diffusive wave equation.  The two parameters of the equation, celerity and diffusivity, are taken as 
functions of the discharge. If these two parameters are assumed to be constant the equation may have an analytical solution: 
the Hayami equation [17]. There exist some examples of controllers based on the Hayami equation: predictive [18],[19] and 
PI [20].  

The Hayami model is derived from the diffusive wave equation, a simplified form of the Saint-Venant equations.  It can be 
identified with first or second order linear time invariant systems with the help of the momentum matching method.  
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A. The application of the Hayami model 

The Hayami equation is the following:       0
200 =

∂
∂

−
∂
∂

Θ+
∂
∂

x
qE

x
q

t
q  

 
where q (m3/s) is the deviation from the reference discharge, Θ0 (m/s) is the constant celerity and E0 (m2/s) is the constant 
diffusion coefficient.  Q0 (m3/s) is the reference discharge, so that   0Q Q q= + . 
Using the momentum matching method [28] three different type of models can be fit depending on the geometry of the canal 
and the discharge. In this case the laboratory canal is relatively small, therefore first order transfer function can be defined by 
equating the first two moments.  The transfer function for the Muskingum model is: 

1( )
1HG s

as
=

+
 (6) 

where the parameter a  can be calculated in the following way:    3
5
Lbha
Q

=   

V.    THE IDZ MODEL 
The integrator delay (ID) model assumes that the canal consists of two parts: a backwater part and a transportation section 

with uniform flow. In the parts affected by backwater, a simple reservoir model is used, and the parts with uniform flow are 
approximated by the kinematic wave model. The two models are connected. The integrator delay zero (IDZ) model is an 
expansion of the ID model that includes a zero in the transfer function.  It is able to represent the canal behavior in low and 
high frequencies; the integrator delay accounts for low frequencies, whereas the zero represents the direct influence of the 
discharge on the water level in high frequencies. 
The integrator delay (ID) model captures the behavior of the irrigation canal in two parameters: this is a delayed integrator 
between the upstream and the downstream discharge [8]. Litrico [21] criticized this model by calculating the time delay 
analytically and showing that it is different than that of calculated by the ID model. Also there are two facts that made the 
integrator delay zero (IDZ) model developed from the ID model: firstly, in case of a pool of uniform regime it is assumed to 
behave as pure delay without integrator. However, there is an integrator in the linearized SV model. Secondly, for a pool 
completely affected by backwater zero delay is assumed while the system is a pure integrator. However, the delay computed 
by the method of characteristics is never zero. These facts made the improvement of the ID model and the IDZ model was 
developed [9]. The ID model is used commonly in canal control [22]-[25], and the IDZ model has not been so frequently 
used [26].  

A. Application of the IDZ model 
The IDZ model presented in [21] is the following:  

11 12(0, ) ( , ) (0, ) ( , ) ( , )y s p x s q s p x s q X s= +  (7) 

21 22( , ) ( , ) (0, ) ( , ) ( , )y X s p x s q s p x s q X s= +  (8) 

where y(0,s) and y(X,s) is the water level upstream and downstream and q(0,s) and q(X,s) is the relative discharge upstream 
and downstream respectively. The transfer functions p11, p12, p21 and p22 can be calculated in a way described in the above 
mentioned paper.  In order to model the downstream weir, the weir equation was linearized: 

( , ) ( , )hq X t k y X t= 	   	  (9) 

Combining equations (7) and  (8) the following relationship can be obtained:	  

21 22
( , ) ( , ) (0, ) ( , ) ( , )
h

q X t p x s q s p x s q X s
k

= + 	   (10) 

And from this, an input/output representation of pools can be developed: 
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Substituting the expressions for p21 and p22 from [21] the transfer function is the following: 
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The division between the uniform flow and the transport zone was in the middle of the channel. 

VI. DESCRIPTION OF IMPLEMENTED CONTROLLERS 
The proportional integral (PI) and the proportional integral derivative (PID) controller still remain to be the most extensive 
option that can be found on industrial control applications. In this work, in order to test the models,  PI controllers have been 
implemented with the aim of regulating the downstream discharge at the end of the pool in face of intermediate offtakes. 
 

The PI controller in the Laplace domain has the transfer function    )11(
sT

KG
i

pC +=  

where Kp is the proportional gain and Ti is the integral time. 
In this paper, a PI controller is designed specifically for each model. All of them are tuned using the Astrom-Hagglum 
method in the frequency domain. The specification of 45-degree phase margin and 10 dB of gain margin is the guideline. 
This value yields a response, which is critically damped and has the best compromise of response and settling time.  
The control law is implemented as a difference equation in a Simulink block inside the SCADA. In the discharge/discharge 
approach, the control algorithm compute the required flow under gate 1 ( *

1GQ ) based on the water levels measurements in 
order to maintain the outflow in the desired value. The system interactively uses a hydraulic formula to change the gate 
opening to calculate a specific value for *

1GQ . 

A. Parameters of the models for one pool configuration 
The parameters for the models were calculated using a reference discharge of 70 l/s. The	  parameters are the following: for the 
Muskingum model using χ =0.01 and K=80 the values for the coefficients in the transfer function are: c=42.38, d=44.93; for 
the Hayami model a=547.8 [28] and for the IDZ model k=0.01111, l=1.220, m=-79.23, n=3.465 [21].    
The tool called SISOTOOL from Matlab is used in this work. The parameters for the controllers are in the Table I. 
 
 
 
 
 
 
 

VII. EXPERIMENTAL RESULTS 

A.  Experiments and results 
The implemented controllers are evaluated and compared in terms of allowing discharge set point changes and rejecting 
disturbances. 
In a first stage, open-loop tests were performed to analyze the models. Two discharge steps were simulated by Simulink. The 
responses of the different models are plot and compared with the measured output (Fig. 2). All models were tested without 
any tuning. The three models followed the behavior of the measured output. The Hayami model is slower than the measured 
output but arrives to the final state.  The Muskigum model is slightly faster and also shows a considerable overshoot before 
the step. The IDZ model approximated very well the canal behavior. The time delay and the behavior of the curve as well as 
the final state is close to the measured value. This fact can be explained by the complexity of the IDZ model, while the poorer 
behavior of the other two models can be explained by the few identified parameters. As a summary, all the three models 
showed the basic ability to give a simple model for an irrigation canal without measurements.  
Figures 3 and 4 show results of the implementation in the laboratory canal of the PI controller based on the Muskingum 
model. The controlled value (downstream discharge) follows the setpoint changes, but with significant overshoots and the 
setpoint is not reached within 25 minutes (Fig. 3). 
 In the case of Figure 4, unknown disturbances are introduced in the canal by taking water out from the canal through the 
weirs 1 and 3 at different time intervals. In this case, the performance of the controller is better since the setpoint is recovered 
in about 17 minutes. All the details of the whole test are in Table II. It may be remarked that the Muskingum model has only 
one zero and one pole and it does not represent so well the transient response in the canal as seen before in Figure 2. 
However, the synthesized controller is stable although the control performance is not satisfactory.  
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 Fig. 4.  Disturbance response with Muskingum Model. 
  

TABLE I 
CONTROLLER PARAMETERS 

Model Kp Ti GM PM 

Muskingumm 0.15 179.65 10.8 53.00 

IDZ 0.75 1660 10.88 74.1 
 GM= Gain Margin in dB,  PM = Phase Margin in degrees , Ts = 10 s. 

TABLE II 
EXPERIMENT TESTED 

Time (s) SP W1 W3 W4 

50 60 closed closed 40 

1000 80 closed closed 40 

2500 100 closed closed 40 

4000 70 closed closed 40 

5500 70 closed 55 40 

7000 70 closed closed 40 

8500 70 55 closed 40 

105000 70 E N D 
             ======================================= 
            All the values are in cm.  If a weir is closed then the 
            discharge is zero over  this weir.  SP = Set Point 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
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 Fig. 2.  Comparison between simulated and measured output. 
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It was not possible to develop a PI controller using the Hayami model that can stabilize this system. The main problem in 
building the model was that the parameters calculated using [21] were unrealistic. According to this, since the laboratory 
canal is short, only two moments were matched and a first order model was obtained. However, in the reality this is not the 
case since the UPC-PAC canal has considerable delay (80s). This makes this model unrealistic for this study. In fact, the 
Hayami model using the moment matching method is difficult to be used for small canals. In this case the zero slope also 
contributes to the difficulties. Figures 5 and 6 present results of the implementation in the laboratory canal of the PI controller 
based on the IDZ model. The response to the change of setpoint is effective in about 10 minutes (Fig. 5) and the response to 
unknown disturbances is recovered in about 17 minutes (Fig. 6). In both cases the setpoint is reached within a margin of the 
measurement error (3 l/s). 

VIII. CONCLUSIONS 
Three simple linear canal models for control purpose were applied to the UPC-PAC and controllers were tested based on 
them. PI controllers with acceptable performance were developed using the Muskingum and the IDZ model, while the 
Hayami model was not possible to be used to control the laboratory canal.  The IDZ model represented best the canal, and the 

discharge-discharge PI controller based on that model had the 
best performance. From the results it can be seen that the 
choice of the model for control purpose has a considerable 
influence in the performance of the controller.  
The whole control strategy in this study has been based on 
using models that relate the upstream discharge (as input) with 
the downstream discharge (as output). Then the controller is 
designed to calculate the required upstream discharge. Since 
the gate opening is the final control action, in this work a 
hydraulic formula has been used to calculate the gate opening 
to achieve the required discharge.  
In order to decrease the error between the controlled variable 
and the setpoint, the use of gate opening as control variable can 
be considered (as it can be measured with less error than the 
discharge). Further topic for investigation can be implementing 
other types of controllers based on these models. 
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  Fig. 6.  Disturbance response with IDZ Model. 
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Abstract 

This paper presents controller design for the vibration suppression of large flexible structures as a part of the overall design 
procedure, implemented on a funnel shaped inlet of the magnetic resonance image (MRI) tomograph used in medical diagnostics. 
The control task, suppression of the secondary vibrations transmitted from the cylindrical body of the tomograph to the funnel 
shaped inlet, was accomplished applying the optimal LQ tracking system and the model reference adaptive control. The controllers 
are designed based on a state space model of the funnel obtained through finite element (FE) based numerical modeling and model 
reduction. Both control approaches implemented using piezoelectric actuators and sensors have shown significant improvement in 
comparison with the uncontrolled case. Numerical simulations as well as experimental testing were performed on the funnel shaped 
piezoelectric structure, showing a promising solution for possible industrial applications. 

I. INTRODUCTION 

An increasing interest in the possibilities of active control of structures has given rise to a motivation for further 
investigations in an overall development including modeling, control, simulation, experimental testing and implementation of 
smart systems. The ability of a structure to change its response in accordance with environmental conditions is owed to the 
presence of active (smart) materials integrated with the structure. The possibility of active vibration and noise reduction has 
especially attracted attention not only within academic research community, but also in industrial circles.  

In this work piezoelectric active materials are considered as integral parts of smart structures used for sensing and control 
with the aim of active vibration suppression. As a part of active structural acoustic control approach, the control 
implementation for active structures and systems is aimed at vibration suppression of structures, which should result in 
reduction of acoustic emission. This requirement is of a special interest in magnetic resonance image (MRI) tomography, 
where patients must undergo an outstanding noise during the diagnostic treatment. In this work different control strategies are 
employed to reduce vibration of a funnel shaped inlet of an MRI tomograph, in order to reduce the transmitted vibrations and 
therefore to influence the reduction of the overall emitted noise. 

In order to get insight into controlled structure behavior under different conditions and governing control laws a model-
based approach was employed. It assumes development of the structure model taking into account the dynamics of active 
piezoelectric materials. Development of the numeric model of a structure is based on the finite element method, which after 
appropriate transformations and modal reduction results in a state space model of the structure. Modal reduction is performed 
by taking into account eigenmodes in the frequency range of interest, reducing thus the higher-order finite element models to 
a reasonable order convenient for the controller design. 

Controller design performed in this paper relies on the reduced state space model. Output behavior of the control system 
should reflect reduced vibrations caused by an excitation in the sense of reduced magnitudes in comparison with uncontrolled 
system. Application of an optimal LQ tracking system based on additional dynamics successfully meets such a requirement. 
As another approach to control, a model reference adaptive controller with innovative gain adaptation is designed. 

Application of the proposed control strategies to the funnel shaped inlet of the MRI tomograph has resulted in significant 
suppression of the vibration magnitudes in comparison with uncontrolled case. The results of the vibration suppression are 
documented in this paper through numerical simulations and experimental testing.  

II. DEVELOPMENT OF FE-BASED  REDUCED ORDER MODELS 

The finite element based modeling of piezoelectric smart systems and structures represents a good basis for the overall 
simulation and design. This approach enables both a suitable controller design [1,2] and the appropriate actuator/sensor 
placement [3]. The FE analysis is based on the finite element semi-discrete form of the equations of motion of a piezoelectric 
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smart system describing its electro-mechanical behavior. The equations of motion can be derived using the established 
approximation method of displacements and electric potential with the shape functions over an element and the standard 
finite element procedure [3]. Representing the structure by a finite number of elements and adding up all elements 
contributions, the finite element semi-discrete form of the equations of motion is obtained: 

 

)()( ttd uBfEKqqDqM +=++ , (1) 

 
where vector q represents the vector of generalized displacements including mechanical displacements and electric potential 
and contains all degrees of freedom. Matrices M, Dd and K are the mass matrix, the damping matrix and the stiffness matrix, 
respectively. The total load vector is divided into the vector of the external forces )(tE fEF =  and the vector of the control 

forces ),(tC uBF =  where the forces are generalized quantities including also electric charges. Vector f(t) represents the 

vector of external disturbances, and u(t) is the vector of the controller influence on the structure. Matrices E  and B  describe 
the positions of the forces and the control parameters in the finite element structure, respectively. 

Model (1) represents a standard FE formulation of equations of motion for a piezoelectric structure. Since FE models in this 
form often may have more thousands of degrees of freedom (depending on the meshing, i.e. number of finite elements), they 
are often not suitable for subsequent investigation phases, especially not for the controller design, and therefore a model 
reduction is required. A technique often used for the model reduction of large flexible vibrating structures is modal 
truncation, which will be shortly represented in the following subsection. 

A. Modal Truncation 

This model reduction technique is based on the modal analysis, which enables determination of structural eigenmodes and 
eigenfrequencies. Eigenmodes, i.e. eigenvectors, form the modal matrix Φm. Modal coordinates z can be introduced in the 
following way )()( m tt zΦq =  and substituted into equation of motion (1). Then the following ortho-normalization relations 

can be applied: IMΦΦ =m
T
m , ΩKΦΦ =m

T
m , md

T
m ΦDΦ∆ = , where Ω represents the spectral matrix and ∆ the modal 

damping matrix. In modal truncation only a limited number of eigenmodes of interest is taken into account. The remaining 

modes are truncated, which enables model reduction. Introducing the state space vector [ ]T)( zzx =t  after performing 

appropriate transformations, the state space model of the modally reduced system can be obtained in the form: 
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This model corresponds to a well-known state space form of a structural model: 
 

( ) ( ) ( ) ( ), ( ) ( ) ( )t t t t t t t= + + = + +x Ax Bu Ef y Cx Du Ff , (3) 

 

which is convenient for the controller design. 

B. Balanced Modal Reduction 

Controllability and observability issues play an important role in controller design and its application. For state space 
models of a smart structure, controllability and observability can be proven using appropriate numeric criteria. In literature 
different criteria can be found, e.g. [4]. 

Controllability/observability of single selected modes of interest cannot be strictly assessed for truncated models using 
standard controllability/observability criteria based on the rank of the controllability and observability matrices. Balanced 
modal reduction overcomes this drawback. Ranks of the controllability and observability matrices, although relatively simple 
criteria, provide only an answer to the controllability/observability question in terms “yes” or “no”. As very well known, if 
the rank of the controllability and observability matrices is equal to the number of states, the model i.e. the realization is 
controllable/observable. This approach gives good results only for lower system orders, otherwise numerical difficulties may 
be encountered. 

Controllability and observability properties of the state space systems can be qualitatively expressed in terms of 
controllability (P) and observability (Q) Gramians, defined in the following way: 
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P and Q satisfy algebraic Lyapunov linear matrix equations: 
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For an arbitrary transformation of the states by some transformation matrix, appropriate Gramians are obtained, with the 
property that the eigenvalues of the controllability and observability Gramians products remain invariant. These invariants 
are the Hankel singular values of the system, and they represent the basis of the balanced model reduction. In balanced 
realization each state (mode) is equally controllable and observable and the reduced order model is obtained by truncating the 
least controllable and observable modes. The task of the balanced reduction is actually to find such state transformation, 
which provides equal controllability and observability of retained modes. In other words, the controllability and observability 
Gramians of the retained modes are diagonal and equal, and based on this criteria balanced model reduction is performed. 

III. OPTIMAL  LQ CONTROLLER WITH ADDITIONAL DYNAMICS 

Based on developed state space models of piezoelectric structures, appropriate controller design can be performed. An 
optimal LQ controller design with additional dynamics results in a successful vibration and noise reduction [2,5]. Controller 
design includes available a priori knowledge about occurring disturbance type contained in the additional dynamics. Such an 
a priori knowledge is available in terms of the type of the disturbance function which has to be rejected or whose influence 
should be suppressed by the controller. Periodic disturbances with frequencies corresponding to the eigenfrequencies of the 
smart structure can cause resonance and their suppression is therefore important. The influence of such disturbances and 
excitations is taken into account within the additional dynamics. 

A discrete-time state space equivalent (6) of the state space model (3) developed through the FE procedure and modal 
reduction is used for the controller design. 
 

[ 1] [ ] [ ] [ ]

[ ] [ ] [ ] [ ]

+ = + +
= + +

k k k k

k k k k

x Φx Γu εw

y Cx Du Fw
 (6) 

 

Using the a priori knowledge about the disturbance class, which has to be suppressed, the model of the disturbance is 
represented in an appropriate state space form, where the disturbance is assumed to be the output of the state space 
representation. The poles λi of the disturbance transfer function are used to define the additional dynamics using the 
coefficients of the polynomial: 
 

s
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where mi represents the multiplicity of the pole  λi. Additional dynamics is expressed in the state space form: 
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where xa represents the vector of the state variables for the additional dynamics, e is the error signal and: 
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For multiple-input multiple-output (MIMO) systems additional dynamics is replicated q times (once per each output). 
Replicated additional dynamics is described by: 
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aa

def

q

aa

def
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The discrete-time design model (Φd, Γd) is formed as a cascade combination of the additional dynamics (Φa, Γa) or ),( ΓΦ  

and the discrete-time plant model (Φ, Γ): 
 

][][]1[ kkk dddd uΓxΦx +=+ ; (11) 

⎥
⎦

⎤
⎢
⎣

⎡
=⎥

⎦

⎤
⎢
⎣

⎡
=⎥

⎦

⎤
⎢
⎣

⎡
= ∗∗ ][

][
,,

k

k

a
ddd x

x
x

0C

Γ
Γ

ΦΓ
0Φ

Φ  (12) 

 

where *Φ  and *Γ  denote respectively aΦ  and aΓ  in the case of single input single output (SISO) systems or Φ  and Γ  for 

multiple input multiple output (MIMO) systems. The feedback gain matrix L of the optimal LQ regulator is calculated based 
on the design model (11) in such a way that the feedback control law ][][ kxk dLu −=  minimizes the performance index (13) 

subject to the constraint (11). 
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Q and R are symmetric positive-definite matrices. The feedback gain matrix L is partitioned into [ ]21 LLL = , so that L1 

corresponds to the state space model of the structure, and L2 to the modeled additional dynamics. 

IV. MODEL REFERENCE ADAPTIVE CONTROL 

Direct adaptive control technique, model reference adaptive control (MRAC) is proposed as another method for the 
controller design aimed at vibration suppression and noise attenuation of smart structures. This control technique comprises 
several advantages for large flexible structures. In the case of piezoelectric smart structures the term large can regard high 
number of degrees of freedom of the finite element model used for the modeling of the structure behavior. With model 
reduction, which is a necessary step to adapt the structure model to the controller design purpose, resulting state space model 
does not exactly reflect the real behavior of the structure. Inaccuracies introduced in this way can be viewed as a source of the 
parameter variation with respect to the modeled case. The presence of disturbances in real environment also introduces 
variation of the parameters in comparison with the modeled case. This represents the motivation for the adaptive controller 
design, which can successfully face the insufficient prior knowledge or the unknown changes of the system parameters. 

The advantage of a robust adaptive controller over a fixed-gain controller can be viewed through the fact that in design of 
large flexible smart structures a large degree of the model uncertainty is allowable in the sense of the possible parameter 
variation as well as with respect to the order of the controlled structure. The robustness assumes stability in the presence of 
disturbances and unmodeled dynamics. 

The idea of the model reference adaptive control is based upon the existence of the reference model, which reflects the 
desired behavior of the controlled structure. The output of the controlled structure should track the output of the reference 
model (Fig. 1). 

 
  
 
 
 
 
 
 

 

Fig. 1.  General form of a discrete-time MRAC 

 

A general form of a discrete-time model reference adaptive system is represented in Fig. 1. Plant representation is a discrete-
time state space realization, which corresponds to the plant model (3), whereas the reference model is represented by 
equations in Fig. 1, where fx and fy represent bounded unmeasurable plant and output disturbances in a general case and e=ey 
is the output error, i.e. the difference between the desired output of the reference model and the real plant output. 

Discrete-time direct model reference adaptive control law is expressed in the following form: 
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The adaptive gain ][krK  in is determined as a sum of proportional pK and integral part IK : 
 

][][][ kkk Ipr KKK +=  (15) 
 

According to the basic model reference adaptive algorithm the proportional and integral gains are adapted in the following 
way: 
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where T  and T are nr×nr time-invariant weighting matrices and 0IK is the initial integral gain, selected by the designer. In 

the robust model reference adaptive control approach the integral gain is determined in the form (17). This modification of 
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the integral gain in (16) by adding a σ-term is introduced to provide the convergence of the integral gain [5,6] since in 
realistic environment due to disturbances the error e does not reach the zero value and the integral gain would thus never stop 
increasing without its limiting by the σ-term. 

][σ][][]1[ T kkkk II KTreK y −=+  (17) 

The control law for a general plant in Fig. 1 including disturbances or excitations is globally stable with respect to 
boundedness if the disturbances are bounded and the plant is almost strictly positive real. The proof of the condition is based 
on the selection of the Lyapunov candidate positive definite function and on analyzing the sign of its derivative [7]. In order 
to guarantee for the robust stability, perfect tracking is not obtained in general, but the adaptive controller maintains a small 
tracking error over large ranges of nonideal conditions and uncertainties. 
 

V. VIBRATION SUPPRESSION OF AN MRI TOMOGRAPH FUNNEL SHAPED INLET – CONTROL IMPLEMENTATION 

The structure under control is a funnel shaped piezoelectric shell structure, which represents the inlet part of the magnetic 
resonance tomograph (Fig. 2) used in medical diagnostics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.  Magnetic resonance tomography        Fig. 3.  The finite element mesh of the funnel with actuator/sensor placement 

 
One major problem in MRI equipment is the high-level noise that a patient must undergo during the medical treatment. The 
aim of the control is an attempt to reduce the noise by suppressing vibration of the magnetic resonance tomograph. The 
Lorenz force acting on the copper coils surrounding the cylindrical body of the tomograph excites the vibrations of the 
cylindrical housing. These vibrations are also transmitted to the funnel-shaped inlet of the tomograph. The vibration control 
problem of a cylindrical shell used in MRI equipment was addressed in [8–10]. The need for the noise reduction through the 
vibration suppression imposes the idea that the vibration control of the complex funnel-shaped shell inlet of the tomograph 
can contribute to the overall vibration suppression of the device and therefore to the noise reduction. Since the vibrations 
transmitted from the copper coil around the cylindrical body of the tomograph to the funnel are viewed as a secondary source 
of the noise, their suppression plays an important role in the noise reduction. The present research and experimental results 
regard the field of the vibration suppression. Control is achieved using piezoelectric actuators and sensors glued to the surface 
of the funnel. The finite element mesh of the funnel with locations of the actuators and sensors is shown in Fig. 3. 

Vibration modes in the frequency range of interest corresponding to the modally reduced numeric model are controlled in 
the presence of excitations with frequencies corresponding to the eigenfrequencies of the funnel. Due to possible resonance 
occurrence this represents the worst case. Numeric model of the funnel is obtained using the finite element approach and 
modal reduction (as explained in the Section II) in order to obtain a state space model convenient for the controller design. 
Vibration control of the selected modes in the sense of the vibration amplitudes suppression is performed applying two 
proposed control techniques: optimal LQ tracking system with additional dynamics (Section III) and a direct robust model 
reference adaptive control (Section IV). 

Active vibration suppression of the funnel is achieved by piezoelectric patches used as actuators and sensors. Each of the 
six actuators represents a group consisting of four piezoelectric patches (function modules), whereas each of the six sensors is 
a single piezoelectric patch. Function modules are made of piezoceramic films (PZT film Sonox P53), with standard 
dimensions 50×25×0.2 [mm].  

A. Implementation of the Optimal LQ Controller with Additional Dynamics 

Controller verification and testing was performed for several different cases. Here some representative results of the control 
implementation are presented.  

Sensor 2R

Sensor 3R

Sensor 3L

Sensor 2L
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Actuator 2R

Actuator 3L Actuator 3R

Actuator 1L
Actuator 1R
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For a single input single output case, selected actuator/sensor pair A2R−S1R (see Fig. 3) is considered. In order to achieve 
vibration suppression of the sensor response magnitudes, in the presence of the sine excitation with the frequency equal to the 
first eigenfrequency (f1=9.573 Hz), an optimal LQ controller with additional dynamics is designed, where the design model 
has order 13, and the weighting matrices are selected as: Q=0.001 I13×13 and R=100. Experimental results of the vibration 
suppression are shown in Fig. 4, which represents the sensor response and the control signal. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4.  Sensor response and control signal for the actuator/sensor pair A2R – S1R 

 

A more general control case regards the simultaneous control of the first three eigenfrequencies. The task of the control 
system is to suppress vibration magnitudes measured by sensors in the presence of sinusoidal excitation, the frequency of 
which can be equal to any of the first three funnel eigenfrequencies, or to the combination of these sinusoidal signals. 
Additional dynamics takes into account all three funnel eigenfrequencies of interest included in the reduced order state space 
model (f1=9.573 Hz, f2=23.333 Hz, f3= 31.439 Hz). Design model developed based on this additional dynamics was used to 
design a controller for a multiple input multiple output case. The sensors S1R, S2L and the actuator A2R were considered. 
The controller was tested under different excitation conditions and selected results, time responses of the sensors and the 
controller signal, are represented in figures 5 and 6. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

B. Implementation of the Model Reference Adaptive Control 

Based on the procedure for adaptive controller design considered in Section IV, a direct robust model reference adaptive 
control was applied to the funnel-shaped structure in order to suppress the vibrations caused by excitations which are 
assumed to be sinusoidal with frequencies corresponding to selected eigenfrequencies of the funnel. 

Fig. 5.  Actuator and sensor signals based on design model 
involving three eigenfrequencies of the funnel (periodic 

excitation with frequency f1) 

Fig. 6.  Actuator and sensor signals based on design model involving three 
eigenfrequencies of the funnel (excitation obtained as a sum of three 

sinusoids with frequencies corresponding to the funnel eigenfrequencies) 
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Coefficient σ, equation (17), in the modified robust algorithm enables a stable control algorithm in the sense of 
convergence of the outputs, states and adaptive gains (see Fig. 10). It is chosen to be σ=0.1. For a SISO case the coefficients 
of the reference model are chosen in the following way: Am= −3, Bm=1, Cm=3. Actuator/sensor pair A2R−S1R is considered. 
For the presented simulation results obtained with the FE based state space model of the funnel appropriate elements of the 

matrices T and T  are selected to be 1000. Excitation sin(2πf1)t  is considered. Uncontrolled and controlled output is 
represented in Fig. 7. Zoomed portion of the controlled response is represented in Fig. 8. Actuator signal and adaptive gain Ke 
are represented in figures 9 and 10, respectively.  
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Droop control design of multi-terminal HVDC systems for offshore
wind farms

Eduardo Prieto-Araujo, Fernando D. Bianchi, Adrià Junyent-Ferré, Oriol Gomis-Bellmunt

Abstract

The article deals with the control of voltage source converters (VSC) at high voltage direct current (HVDC) in the context of
offshore multi-terminal grids to interconnect wind farms and the main grid. Droop control is proposed to regulate the DC voltage
in this grids. Its parameters are usually selected based on steady-state analyses. In this paper, a control design methodology is
presented based on the frequency response analysis, providing a criterion to select the droop parameters considering the system
performance specifications, as the desired voltage errors and the maximum control inputs (currents). In order to exemplify the
application of this methodology a four-terminal grid analysis is included.

I. INTRODUCTION

Nowadays, there is an increasing number of offshore wind farms. Wind turbines can be located tens to hundreds of
kilometers away from the coast connected to the main grid by submarine cables. For these installations, studies have proved
that the most convenient power transmission systems are the High Voltage Direct Current (HVDC) grids [1]. These grids
consist of two or more converters connected to a common DC grid [2]. The most common HVDC technology in the last
years has been the Line Commuted Converters (LCC) [3]. However, there is a trend towards the use of Voltage Source
Converters (VSC) in offshore HVDC grids [1], [4], [5] because of their better capacity for the wind farms operation[6], [7].

In the near future, it seems reasonable to devise a large amount of offshore wind farms connected by VSC-HVDC
transmission to other wind farms and to different AC grids, resulting in the multi-terminal VSC-HVDC system. Multiterminal
VSC-HVDC stands as an interesting solution to connect efficiently the offshore wind farms to the AC grid, but also implies
several technical challenges that will have to be studied such as control [8], operation [7] and protection [6] issues. Important
projects involving HVDC multi-terminal transmission are currently under study, such as the Desertec project [9] and the
European offshore Supergrid [10].

Some DC grid management strategies based on coordinated closed-loop DC voltage control and DC droop characteristics
were proposed and simulated in [11]. Liang et al. [8] studied the modeling and simulation of multi-terminal VSC-HVDC
transmissions for offshore wind power. However, to the best of our knowledge, there is no stability analysis nor systematic
control design procedure for multi-terminal VSC-HVDC grids connecting offshore wind farms to AC systems. This paper
investigates the stability and the dynamic behavior of multi-terminal HVDC grids in offshore wind farms applications
proposing a design methodology of the proportional control of the DC voltage, based on frequency response analysis.

II. MULTI-TERMINAL GRID CONTROL

Figure 1(a) shows a typical multi-terminal HVDC grid. It consists of the DC grid, the main AC grid (or AC grids), the
wind farm grids, the wind farm converters (WFCs) and the AC grid side converters (GSCs). The multi-terminal HVDC grid
allows the transfer of power among the different units. For this study is considered that the WFCs inject the available power
generated at the wind farms and the GSCs extract the power of the HVDC grid while regulating the DC voltage[7]. To
regulate the DC voltage, it is employed the so-called droop control, which is a technique that allows the power distribution
among the different GSC converters without communications. The control of each GSC converter is usually implemented
in two levels, an inner loop controlling the currents and an outer loop regulating the DC voltage. The droop control acts
on the outer loop imposing a current reference i

⇤ to the inner loop. For the inner loop it is considered a classic converter
vector control faster than the outer one. Therefore the DC current flowing through the converter will be assumed equal to
the reference i

⇤. This control scheme is shown in Figure 1(b) and the droop control law is

i

⇤ = K(E � E

0

), (1)

where E is the DC voltage, E

0

is the reference voltage and KC is the droop gain. The selection of the gain KC for each
converter must be done taking into account the entire multi-terminal behavior. Each local controller can affect the global
stability and the DC voltage in other terminal, for these reason the droop constant selection must be selected in the context
of multi-variable system theory.
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(a) Typical HVDC multi-terminal grid (b) Droop control scheme of a GSC

Fig. 1. Multiterminal HVDC grid and GSC droop controller

III. FREQUENCY RESPONSE ANALYSIS FOR DROOP GAIN SELECTION

In this section, a methodology for the droop constant selection based on multi-variable frequency response analysis is
presented. Previous to propose this methodology, it is introduced a systematic procedure to obtain a linear representation of
complex multi-terminal HVDC grids.

A. Multi-terminal HVDC grids modelling

From the viewpoint of a DC grid analysis, the multi-terminal can be represented as the interconnection of nodes and
branches, as it is shown in Figure 2.

Fig. 2. A node and branch scheme of a multi-terminal HVDC grid

Nodes: The wind farms and the AC systems are connected to the HVDC grid through power converters. Using the DC
side of the average converter representation [12], these systems are modeled as DC current sources, as it is shown in Figure
2. The current source value is related with the power flow in the node k,

ik =
Pk

Ek
(2)

where Pk is the incoming power and Ek is the DC voltage at the node k. Assuming that the voltage Ek remain close to
the nominal values E

0

, the current ik can be considered proportional to the power Pk. Cables in the DC grid also may join
two or more terminal at intermediate nodes, for example the node marked with m + p in Figure 2.

Branches: The cables between nodes are modeled by ⇡-equivalent circuits, see Figure 2. When these circuits join different
nodes or branches, several capacitors appear placed in parallel. These capacitors should be reduced to an equivalent one.

An equivalent circuit can be obtained from the interconnection of the nodes and branches after the simplifications mentioned
above. Then using circuits laws and after some variable manipulations, it is possible to find the state-space differential
equations describing the dynamic behavior of the entire multi-terminal HVDC grid. These equations can be expressed in
the following form

dx

dt

= Ax + Bww + Buu

z = Czx, y = Cyx

(3)

where x is the state vector, w and u are the inputs, z and y are the outputs, and A, Bw, Bu, Cz and Cy are matrices of
suitable dimensions. These matrices are obtained after arranging the variables.
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The state vector x consists of internal variables that characterize the entire state of the system. In electrical systems,
the currents in the inductors and the voltages in the capacitors are commonly selected as states. Therefore, for the general
multi-terminal grid shown in Figure 2, the state vector is

x = [E
1

, · · · , Em+p+n, iL1 , · · · , iLr ]
T ! Total number of states is n + p + m + r

The inputs are divided into two vectors, the vector u gathers the variables that can be used to control the system and w

are disturbances. For this study the m currents extracted by the GSCs are considered controlled inputs or control actions
and the n currents injected by WFCs are considered disturbances, therefore

w = [i
1

, . . . , ij , . . . , in]T , u = [im+p+1

, . . . , il, . . . , im+p+n]T

The same procedure is developed for the outputs. Vector y contains the m controlled voltages by the GSC. On the other
hand, z stands for the n non controlled voltages related with the WFCs, then

z = [E
1

, . . . , Ej , . . . , En]T , y = [Em+p+1

, . . . , El, . . . , Em+p+n]T

The transfer matrix of the system can be obtained from the state-space equation (3) using matrix transformations [13],

G(s) =

Gzw(s) Gzu(s)
Gyw(s) Gyu(s)

� ⇢
Gzw(s) = Cz(sI �A)�1

Bw, Gzu(s) = Cz(sI �A)�1

Bu,

Gyw(s) = Cy(sI �A)�1

Bw, Gyu(s) = Cy(sI �A)�1

Bu
(4)

The transfers matrices Gzu, Gyu, Gzw and Gyw relate the inputs and outputs indicated by their respective subindex.

B. Multi-variable droop gain selection

In a multi-terminal scheme controlled by means of droop, each controller must compute the control variables from the the
voltage measured at the own node, because communications are not considered. Therefore, in matrix terms, the multi-variable
controller has a diagonal expression

K =

2

4
KG · q

1

0
. . .

0 KG · qm

3

5 = KG

2

4
q

1

0
. . .

0 qm

3

5 (5)

where KG is a parameter to be determined and qj are constants that can be obtained from a power sharing steady-state
study [11].

The droop multi-variable control scheme is depicted in Figure 3. It can be observed that only the variable vector y is fed
back into the controller K. The objective of the droop control is to maintain the DC voltage within desired limits at all grid
nodes and to keep the control input under the limits imposed by the maximum currents in the converters while sharing power
among the different GSCs. Therefore, the gain KG selection consider these performance specifications besides guaranteing
closed loop stability. From Figure 3, several expressions of interest can be straightforward obtained,

e(s) = y(s)� E

0

(s) =
⇥
S(s)Gyw(s) �S(s)

⇤
v(s), (6)

z(s) = [(Gzw(s) + Gzu(s)KS(s)Gyw(s))�Gzu(s)KS(s)] v(s), (7)
u(s) =

⇥
KS(s)Gyw(s) �KS(s)

⇤
v(s). (8)

where the input vector is v(s)=[w(s) E

0

(s)]T and S(s) = (Im �Gyu(s)K)�1 is the sensitivity transfer function.

Fig. 3. Droop control scheme in a multi-terminal grid

The effect of the gain KG on the stability can be analyzed by observing the eigenvalues of the closed loop matrix A

cl

[13]. The relation between the gain KG and the performance objectives can be studied using the frequency analysis theory.
This study consists in evaluating the transfer function in s = j! and analyzing the singular values of the resultant complex
matrix. The singular values of the frequency response of G(s) is denoted as

�i(G(j!)) = �i(G(j!)T
G(j!))
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TABLE I
PARAMETER OF THE FOUR-TERMINAL EXAMPLE

Grid parameters Value Grid parameters Value Grid parameters Value

Line resistance R1 0.50 ⌦ Line resistance R2 0.25 ⌦ Line resistance R3 0.40 ⌦

Line inductance L1 5.0 mH Line inductance L2 2.5 mH Line inductance L3 4.0 mH
Capacitances Ck (k = 1, . . . , 4) 150 µF Rated DC voltage Ek 150 kV Reference voltage E0 145 kV
Converter rated power Pk 100 MW Rated input current irtd

k 667 A Rated line current irtd
L 667 A

where �i(·) denotes the i-th eigenvalue of the matrix. The singular values provide information about how a vector of sinusoidal
signals of frequency ! is altered by the system. In multi-input multi-output linear systems, a vector of sinusoidal signals
suffers not only a change in its magnitude and phase, but also a change in its direction. The maximum and the minimum
amplifications that the vector can experience are given by the maximum �̄(G(j!)) and minimum �(G(j!)) singular values.
This analysis can be interpreted as the extension of the popular single-input single-output frequency response analysis to
multi-variable systems (see [13] for a more detailed explanation).

The performance specifications mentioned above can be expressed in terms of the singular values constraints on KG.
Therefore in terms of DC maximum error limitations, constraints will be defined on the singular values of the expressions

�̄

�⇥
S(j!)Gyw(j!) �S(j!)

⇤�
and �̄ ([(Gzw(j!) + Gzu(j!)KS(j!)Gyw(j!)) �Gzu(j!)KS(j!)])

and to maintain the control input under reasonable limits can be expressed as ensuring that

�̄

�⇥
KS(j!)Gyw(j!) �KS(j!)

⇤�

are bounded in the frequencies of interest.

IV. FOUR-TERMINAL GRID EXAMPLE

A four-terminal HVDC grid is used to illustrate the droop selection methodology presented in previous sections. The
four-terminal grid is depicted in Figure 4 and consists of two offshore wind farm converters WFC1 and WFC2 and two
onshore grid side converters GSC1 and GSC2 performing droop control. The values of the parameters are listed in Table I.

Fig. 4. Four-terminal grid used to illustrate the droop constant selection methodology

First, the state space and transfer function matrices has to be obtained to analyze the complete system. Following the
procedure presented above, the system vector variables are

State vector: x = [E
1

E

2

E

3

E

4

iL1 iL2 iL3 ]T
Input vectors: w = [i

1

i

2

]T , u = [i
3

i

4

]T , Output vectors: z = [E
1

E

2

]T , y = [E
3

E

4

]T

Also, the droop controller in the case of two inputs and two outputs is

K = KG ·

q

1

0
0 q

2

�
= KG ·


1 0
0 1

�
= KG · I

2

The constants q

1

and q

2

have been set to 1 because it is desired to extract the same amount of power from each terminal.
After the previous definitions, the state-space representation and the transfer function matrices can be obtained.

In Figure 5(a) are shown the eigenvalues of the close loop matrix A

cl

for several values of gain KG. The system is
always stable for positive KG values because all the eigenvalues have negative real part. Notice also that for higher values
it becomes more stable. As mentioned in Section III-B, the droop constant is selected in accordance with a performance
criterion defining constraints on the singular values of the voltage errors, and of the control input.
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(a) Eigenvalues of closed loop matrix Acl (b) S(s)Gyw(s) singular values

(c) Gzw(s) + Gzw(s)KS(s)Gyw(s)
singular values

(d) KS(s)Gyw(s) singular values

Fig. 5. Four terminal grid dynamic analysis-Closed loop eigeinvalues and system transfer functions singular values for different KG

The voltage error e is given by (6), where it is interesting to analyze the particular input E

0

= [145 kV 145 kV]T . In this
situation, the transfer S(s) have a transmission zero at s = 0 for the particular direction of E

0

. For example, for KG = 1

S(0) =

�0.32 0.32
0.32 �0.32

�
·

145 kV
145 kV

�
=


0
0

�
,

this also holds for any other value of KG. As consequence, the voltage error reduces to e(s) = S(s)Gyw(s)w(s). The
singular values of S(s)Gyw(s) can be seen in Figure 5(b), it is clear that the larger the KG the smaller the error. In
particular, at s = 0 and for the maximum voltage error of 10% (e

max

= ±15 kV) and the rated current i

rtd

= 667 A, a
constaint on the singular values can be defined.

�̄(S(0)Gyw(0))  ke(0)k
2

kw(0)k
2

=
p

150002 + 150002

p
6672 + 6672

= 22.5.

This constraint can be extended to the rest of the frequencies resulting in the shadow area in Figure 5(b). In high frequencies,
this constraint on the error is relaxed since it it impossible to satisfy a uniform limit without exceeding the converter bandwidth
limitations. The transfer functions S(s)Gyw(s) which their singular values are inside the shadowed area satisfy the error
constraints, thus constants KG � 1/22.5 are suitable for the system.

The effect of KG on the output z is given by (7). The objective is to maintain the DC voltage in the non controlled nodes
close to the rated value. Again, for the input E

0

= [145 kV 145 kV]T , the output of Gzu(s)KS(s) is independent of KG

and results equal to the input, for example for KG = 1

Gzu(0)KS(0) ·

145 kV
145 kV

�
=


145 kV
145 kV

�

Therefore, it is easy to analyze the voltage error at this terminals defining it as ez = z � E

0

being ez = Gzw(s) +
Gzu(s)KS(s)Gyw(s))w(s). Its singular values are shown in Figure 5(c). It can be observed that for higher values of KG

the maximum singular values become smaller in low frequencies. However, in high frequencies, an increment of KG may
produce the opposite effect in certain cases. It can be seen that for KG � 1/20 the singular values are inside the shadowed
area and fulfilling the constraints on the variable ez . In particular, at s = 0 and KG = 1/22.5, the voltage in the wind farm
nodes rises less than a 10% of error in the voltage.

ez(0) =

11.54 11.41
11.41 11.54

�
·

667 A
667 A

�
=


15.3 kV
15.3 kV

�

The control input is given by (8). Again, the particular input E

0

= [145 kV 145 kV]T does not apply any control action
on the system, then this signal results governed by KS(s)Gyw(s). Its singular values are shown in Figure 5(d) for several
values of KG. The shadowed area indicates the singular values that satisfy the performance specifications. Notice that the
constraint decreases in high frequencies to consider the limits on the bandwidth of the converters. It can be observed that
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the low frequency components of the control input are independent of the value of KG. However, in high frequencies this
transfer presents resonance peaks that for some values of KG exceeding the fixed constraint. This constraint imposes an
upper limit on the gain KG. From this analisys it can be concluded that KG  1/20 fulfill the control input specifications.
In summary, it can be concluded that the gain KG that better suits the performance specifications is 1/20.

To evaluate the droop gain previously selected, simulations were carried out in Matlab-Simulink. The analyzed scenario
corresponds to two simultaneous and equal changes in the power injected into the DC grid by the WFCs. The powers
injected by the two converters change from 0 MW to the rated value at 0.05 s and return to 0 MW at 0.20 s. Figure 6a
shows the power flowing each converter. The solid lines correspond to the power injected by the WFCs and the dashed
lines to the power extracted by the GSCs. It shows that the amount of power extracted by each GSCs is almost the same
due to the selection of the power distribution factors q

1

= q

2

= 1. The nodes voltage evolution can be seen in Figure 6b.
The DC voltages remain at 145 kV during the period when the power injected or extracted is zero because there is no
current flowing the line. Once the power input increases, the DC voltages move towards a new voltage state. Notice that,
while the power is flow through the grid, the voltages of the WFCs are higher than the GSCs ones, due to the power flow
direction. Figure 6c shows the currents flowing through each VSCs. Both power and current evolutions are similar, except
for a scale factor, which indicates that the initial approximation of considering the current proportional to the power has
been reasonable. Notice also that the currents never exceed the converter limitations.

Fig. 6. Simulations corresponding to a change in the power injected into the grid by the wind farm converters (Case 1)

V. CONCLUSIONS

A design methodology for droop control in multi-terminal HVDC grids has been presented. The methodology includes
a systematic procedure to create a linear model of multi-terminal grids. Based on this model, it is provided a criterion to
select the droop gain taking into account the dynamics of the entire multi-terminal HVDC system using frequency methods.
The limitation of DC voltage errors and the converter currents defines a range on the droop gains that achieve the better
compromise between the specifications. Each local controller can affect the global stability and the DC voltage in other
terminals. For these reasons, the droop constant selection must be addressed in the context of multi-variable system theory
to consider the dynamic behavior of the entire multi-terminal grid.

A four-terminal grid example has been used to illustrate the application of the use of the prodecure. Nevertheless, it is
applicable to any other multi-terminal HVDC grid with more inputs and outputs. The complexity of the model increases
with the number of nodes and branches but the computation of the singular values does not involve a serious limitation with
the current algorithms.
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Abstract 

This paper proposes a digital control scheme to operate a Proton Exchange Membrane Fuel Cell (PEMFC) module a 1.2kW and a 

Supercapacitor (SC) throught DC/DC hybrid converter. A FC has been proposed as a primary source  of energy and a SC has been 

proposed as an  auxiliary source of energy. A control scheme for this system is proposed. An experimental validation of the system 

implemented in the laboratory is provided.  Several tests have been performed to verify that the system achieves an excellent output 

voltage (Vo) regulation and SC Voltage (VSC) control, under disturbances from FC voltage, load voltage and other perturbations 

described in results analysis. 

I. INTRODUCTION 

 Fuel cells (FCs) can become an important future power source [1]. The interest in FCs has increased during the last years 

due to the fact that the use of fossil fuels for power has resulted in many negative consequences [2]. Some of these include 

severe pollution, climate changes, melting of ice caps, rising sea levels, acid rains, ozone layer depletion, oil spills, forest and 

agricultural land damage etc [3]. FCs are now closer to commercialization than ever, and they have the ability to fulfill all of 

the global power needs while meeting the efficacy and environmental expectations [5]. PEMFCs are the most popular type of 

FC, and traditionally use hydrogen as the fuel [6]. PEMFCs also have many other fuel options, which range from hydrogen to 

ethanol to biomass-derived materials. These fuels can either be directly fed into the FC, or sent to a reformer to extract pure 

hydrogen, which is then directly fed to the FC [7]. One FC problem is its relative slow dynamics caused by the time constant 

of the hydrogen and gas supply systems that can be in the range of several seconds [8]. In the mean time the FC may be 

starved of fuel which is not good for the electrocatalyst shortening its life [9]. Therefore, the FC should be operated under 

controlled dynamic regimes, ensuring an optimum performance and durability [10]. In this sense SCs respond faster than FC 

for a fast step increase or decrease in power demand [11]. Thus using SCs together with FCs performance and FC life can be 

improved by absorbing faster load changes and preventing fuel starvation of the FC [12]. Adding SCs will enable the hybrid 

system to follow fast changing loads while allowing the FC to respond at a slower rate [13].  

 

Therefore, it becomes necessary to study structures of power conditioners with their respective control systems that can 

mitigate the disadvantages mentioned of the FC itself [14]. Several researches have studied the different topologies with their 

respective control proposals to operate FC and SC. Thoungthon et al. [15] studied the control of FC/Battery hybrid source for 

electric vehicle applications. His proposed control algorithm, managed energy exchanges between the DC bus, the main 

source and store device. The control strategy is cascade control structure composed of three loops, the outer loop is a battery 

state of charge, the middle loop of the battery current loop and the battery current control loop in the end. Sánchez-Squell et 

al. [16] studied energy management in electrical system fed by multiple sources. They proposed a topology that is used in 

some electrics cars. To ensure energy exchange, the interconnection of the storage and load devices is performed by using 

power converters. Thoungthon et al. [17] studied control strategy of FC/SC hybrid power source for electric vehicle. It 
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presented a control principle for utilizing FC as main power source which operate with boost converter and SC as auxiliary 

power source which operate bidirectional converter. The novel conception was that the hybrid system control proposed a 

regulation of the DC bus voltage through the power only delivery by the fast auxiliary source.  

 
 Cervantes Isle et al. [18] studied a hybrid control technique applied in FC/SC electric vehicle platform. The paper proposed 

a hybrid controller that guarantees stability in the selected operation region, meanwhile it achieves an excellent output 

voltage control under disturbances either from supply voltage, load voltage or other perturbations. Gebre T. et al. [19] studied 

the control of converters to operation of FC and SC.  In this case the control was carried out by using an external DC-link 

state of charge control loop which takes the bus voltage set point as reference and produces a FC current reference. This outer 

control can be a simple proportional controller with gain set to a value which would draw maximum FC current when the DC 

link researches the maximum depth allowed. The control strategy for the SC is determined by the status of DC bus voltage.   

 

 The mentioned control algorithms where were implemented analogically . The main drawback of analog control in 

the operation of FC and SC is related to the cost, because it will be increased linearly by the number of controllers. 

Another drawback of analog system is related to flexibility. Digital components are more robust, reliable and small 

and have lower sensitivity to noise, while presenting good efficiency. In the proposed scheme, a boost converter is 

proposed as main interfacing system between FC and the load, while  a SC is proposed as a bidirectional source for the 
SC.  This paper is organized as follows: the Section II presents a proposed configuration. The Section III describes the 

control system proposed. The Section IV experimental validation  and the Section V conclusion where evaluates the 

experimental results and performance of system control in the power conditioner of PEM FC application. Figure 1 also 

shows the proposed structure of control of the converter fuel cell whose function is the control the SC voltage (VSC) 

and the FC current through Proportional Integral (PI) controllers that are connected in cascade PI_VSC and PI_IFC. While 

the structure of control for two-quadrant chopper converter has the function of controlling the Vo, as well as the 

current of the SC (ISC) through the cascaded PI controllers PI_Vo and PI_Isc. 

 

II. PROPOSED CONFIGURATION. 

A. Analysis of hybrid converter proposed to FC and SC system 

 Figure 1 shows the proposed power conditioner and the control structure. This system consists of two power supplies: FCs 

and SCs, and therefore it requires two power converters. The main converter operates the FC which corresponds to a 

unidirectional boost converter called in this paper FC converter and the second converter operates the SC with a bidirectional 

converter. The last converter allows to operate the SC in its two modes of operation. The first in charge and the second in 

discharge. When the operation mode is on discharge, the boost converter acts delivering energy to the load and when the 

mode of operation is on charge, the buck converter acts delivering energy to SC. These two converters are connected in 

parallel to the DC bus in Output Voltage (Vo). Figure 1 also shows the proposed structure of control of the power conditioner 

whose function is to control the SC voltage (VSC) and the FC current through Proportional Integral (PI) controllers connected 

in cascade, PI_VSC and PI_IFC. The structure of control for the two-quadrant chopper converter has the function of controlling 

the Vo, as well as the current of the SC (ISC) through the cascaded PI controllers PI_Vo and PI_Isc. 
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Fig. 1.  Proposed digital controller with DSP2808 for the  FC/SC hybrid power source. 
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III. CONTROL SYSTEM 

A.  Control description in close loop 

 Figure 2 shows the proposed control scheme to operate two converters of FC and SC respectively. The control for 

the fuel cell converter structure basically consists of two Proportional Integral (PI´s) controllers , one is located in the 

inner loop of current (PI_IFC) which is connected in cascade with the external loop through (PI_VSC). On the other hand, 

the control structure for the SC converter consists of two PI controllers. One is located in the inner loop current 

(PI_ISC), which is connected in cascaded with the outer loop by the controller (PI_V0). 
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Fig. 2. Schematic Control system. 

 

 The general structure of control, has as the VSC, IFC, ISC and V0 as function controlling variables respectively. The 

microcontroller to be used to develop the algorithm from Figure 2  corresponds to the DSP2808 from Texas Instruments.  

IV. EXPERIMENTAL VALIDATION 

A. Test bench description 

 

Figure 3a illustrates the basic installation of a Nexa 
TM

 power module in the lab and the mechanical, electrical and software 

interfaces necessary for operation. The Nexa 
TM 

 PEMFC system (1.2kW, 46 A, 26 V) was developed and commercialized by 

the Ballard Power Systems Inc. The Nexa™ system is installed in a well-ventilated lab area equipped with hydrogen alarm 

sensors.  The FC is provides a suitable supply of hydrogen connecting the fuel supply to the hydrogen connection as shown in 

Figure 3a. 

 

 
                                                             (a)                                                                                           (b) 

Fig. 3. Photographs a) PEMFC stack   b) Hybrid converter. 
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 FC requires an interface to communicate with the computer. A Labview software provided by the same 

manufacturer provides a graphical user interface to the NexaTM module’s operational status and performance. 

However, it provides basic data monitoring, logging and diagnostic features that can be very helpful when conducting 

a FC  testing program in the Labview. FC needs  a circuit protection, so therefore we will connect a blocking diode on 

the positive output terminal of the FC stack.  To operate the FC it is necessary to connect a 24 VDC power-supply to 

the Nexa™ control board.  The experimental set-up of the hybrid FC/SC power source uses a Nexa TM BALLARD PEM 

FC  stack as the main source. The auxiliary source is obtained with a Maxwell SC module associating two modules in 

series: Maxwell BPAK0058 E015. The power converter DC/DC is made with standard IGBT modules (SEMITRANS: 

SKM75GB128D and SKM75GB123D). A real-time Code Composer Estudio is used to programming  the DSP 2808 of 

Texas Instruments to implement the energy management control strategy. The experimental environment is shown in 

Figure 3b. 

 

 

B. Test bench parameters 

 

The Nexa BALLARD PEM fuel cell stack has a nominal power 1200W related to a rated current of Inom=46 A and rate 

output voltage of Vnom= 26V. Two Maxwell modules in series (BPAK0058 E015) with the following characteristics: 

C=29F,VSCMAX=30V,VSCMIN=15V,ISC__PEAK__MAX=1500 A, ESRSC=38 mOhms are connected. 

 
The specifications of the hybrid converter is shown in table I. 

 

 
C. Experimental results 

 

 Three tests have been valued to operate the power conditioner. In this case the  load values for different 

combination of demand power are 42.3W,  47.98W, 90W, 117.3W, 160,25W, 165.56W and 208.3W, which the hybrid 

converter shall submit in its operation in closed loop for the following proposed tests.  Bellow we have listed the cases 

to analyze: 

 

Case 1.- It consists in observing the preload of the SC. Initially, the SC is completely discharged. The load power used 

for this test corresponds to 165.56 W. 

 

Case 2.- Consists in making a step changes in load based on load power of 42.3 W to 165 W and vice-versa. 

 

Case 3.- Consists of making changes in the slogan V0*, operating the system with a resistive load of 42.1 W. 

 

 

C.1  Case 1 

 

 In Figure 4a, it can be observed that a preload of the voltage of the SC from t0 to t1 with a time of 6.20 minutes 

starting from 0 V to 25 V, where 25 V is the reference proposed for the SC  V*SC.  Figure 4b also shows a negative 

current flowing in the SC for its preload. After t1, the ISC =0, as the SC is fully charged. 

TABLE I 

SPECIFICATION TO OPERATE FC AND SC CONVERTERS 

Symbol Description Value 

VFC 

VSC 

 

V0* 

VSC* 

Fuel  Cell voltage 

Supercapacitor 

Voltage 

Consign output voltage 

Consign SC voltage 

33-36 V 

25 V 

 

80 V 

25V 

L1 

L2 

Fuel  Cell Inductor 

Supercapacitor 

Inductor  

1mH 

 

3.4 mH 

1LI∆

 
2LI∆  

Ripple current in FC 

 

Ripple current in FC 

0.8 A 

 

0.2 A 

fS Switching frequency 20 kHz 

   

   

   

	  
	  

IV Seminar for Advanced Industrial Control Applications 105



 

 

 

  
                                                      (a)                                                                                                                  (b) 

Fig. 4. Waveforms a) Voltage  and b) Current. 

 

C.2.  Case 2  

 

Figure 5a shows a constant V0 of 50 V  and VSC shows a voltage of 25 V to such changes. 

                                                                   

                                                        (a)                                                                                                                  (b) 

Fig. 5. Waveforms a) Voltage and b) Current. 

 

Figure 5b also shows the response of IFC, ISC and IO to the system flows. It is clear that to make the changes of load of 

0.85 to a 3.3 A, ISC helps often the changes demanded  by the load. 

  

C.3. Case  3 

 

Figure 6 shows the regulation of V0 subjected to changes of consign VO*.  In this case it can be seen that at the interval 

time t0 to t1  there is a change of 50 to 80 V.  

 
Fig. 6. Voltage waveforms. 
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V. CONCLUSION 

 

 In this article we have implemented  a  hybrid converter for the operation of a module of FC Nexa Ballard of 1.2kW and a 

SC, with the proposal of a control system which has been implemented digitally using the Texas Instruments DSP2808 

microcontroller. The proposed control scheme contains four loops of closed control for the operation of the system, which 

allows to control the following variables: V0, VSC, ISC and IFC. The control is able to compensate for load changes as well as 

the backup power system responds quickly to slow start by the FC. The control of backup can also determine the charge and 

discharge of  SC.  The digital control allows to have greater flexibility and simplicity in the control of complex processes in 

form versus analogy. The programming and the good signal conditioning simplifies the process and reduce its cost. 
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Abstract— This paper describes the application of adaptive predictive expert (ADEX) control methodology to the oxidation ditch 

reactor in the wastewater treatment plant of Ceutí (Murcia, Spain), and evaluates the performance of the ADEX control system against that 

of the previous control system operating the plant. After a basic description of the ADEX control methodology, the ditch reactor is 

described, as well as the control objectives and the control strategy, which focussed on energy consumption reduction. The results of the 

application of the ADEX control system show significant improvement with regard to the previous control system in terms of higher 

stability and precision of controlled variables, reduction of energy consumption of the plant, and better quality of the effluent water. 

 

Keywords—  Adaptive Control, Predictive Control, Expert Systems, Wastewater Treatment, Energy Optimization. 

I. INTRODUCTION 

UMEROUS wastewater treatment plants (WWTP) have been installed throughout the world in the last decades. Many 

more are expected to be built in the following years in order to comply with the stricter environmental standards. A 

typical wastewater treatment plant consists of a mechanical, biological, and a chemical phase. The biological phase of 

WWTP presents important process control difficulties, due to the multivariable, non-linear and time-varying nature of this 

kind of process, which in addition is submitted to stochastic and discontinuous perturbations [1]. 

Therefore, biological processes in WWTP are difficult to control with conventional PID based control systems [2]. More 

advanced control approaches, also based on PID controllers, have been presented in the literature. A gain scheduling PID 

control system is described in [3] and a parameter-scheduled PI control scheme is proposed in [4]. The performance of these 

solutions depend on the reliability of the plant model used to tune the control parameters and may deteriorate under plant 

dynamic changes.  

Model predictive control solutions can be found in [5-9]. These solutions were only implemented and tested on simulation 

models or on pilot-size plants, and due to the time-varying nature of the biological process, have also the drawback of being 

fixed parameter solutions. 

This paper presents the application of adaptive predictive expert (ADEX) control methodology [10, 11] to the biological 

phase of a waste water treatment plant in Ceutí, Murcia (Spain). Section 2 introduces ADEX methodology, which is basically 

a new generation of adaptive predictive control (APC) [12]. The biological process is presented in Section 3 and the previous 

control system design and performance are described in Section 4. ADEX controllers were applied within the context of a 

control and optimization strategy, designed to operate within the admissible range for the control variables and to optimize 

the process performance. This strategy, described in Section 5, is particularly focused in the reduction of energy 

consumption, since 52% of the total plant energy cost is consumed in the biological process. Section 6 presents the 

experimental results obtained by the new control system and the details of its implementation. These results are discussed and 

compared with those of the previous control system in Section 7. Section 8 presents the conclusions.  

II. ADEX METHODOLOGY & IMPLEMENTATION 

 

A) Basic Concepts 

 

ADEX methodology integrates Adaptive Predictive Control (APC) and Expert Control, in order to provide a control 

solution able to apply expert control, when required, and adaptive predictive control, when possible, optimizing in this way 

the global process operation. ADEX combines APC with Expert control by defining domains of operation for each of them in 

an integrated setup. The evolution of process variables determines if APC or Expert control must be applied to the process 

according to the corresponding domain of operation.  

The Adaptive Predictive (AP) domains are those in which the dynamic cause-effect relationship between the input and 

output process variables can, in real time, be identified by means of a time-varying model driven by an adaptive mechanism. 
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In these domains APC can be applied and the process operation is optimized.  

ADEX allows the application of expert control in certain domains of operation where manual control may provide a more 

robust and efficient control than APC. Operator experience is used to develop the rules imitating manual control intelligence 

that will drive the process output from the expert domain towards the AP domains. 

 

B) ADEX Controller 

 

The block diagram of an ADEX controller is 

presented in Fig.1. The expert block on the top of the 

Figure identifies the domain of operation and 

determines the application of APC or expert control 

as briefly described in the following. 

When an ADEX controller is operating in an AP 

domain, it uses the driver block to generate a desired 

trajectory that starts from the current process output 

value and has to reach the set point swiftly and 

without oscillations. One way of achieving this is by 

filtering the step from the current process output to 

the set point with a second-order model with critical 

damping and static gain equal to 1 such as: 

 

  (1) 

 where yd(k-i|k)) = yp(k-i) for all i ≥ 0. 

 

The desired trajectory is fed into the control block, which uses a discrete linear model to calculate the process inputs that are 

predicted to lead the process along the desired trajectory. The operation of the control block at every control instant k is 

illustrated by the way of a simple single-input single-output example by the following sequence of operations: 

 

1. The process output yp(k) is measured and the incremental process output y(k) is calculated:  

               (2) 

2. Considering a second-order AP model structure with no measurable disturbances, the computation of the a-

priori estimate of the incremental process output is given by: 

  (3) 

The estimation error of the incremental process output is therefore  

               (4) 

The values u(k-i) are incremental process inputs obtained by: 

          (5) 

where up(k-i) is the input applied to the process at the instant k-i. 

 

3. The parameters of AP model (3) are calculated by the adaptive mechanism as considered later on. 

 

4. The incremental control signal u(k) is calculated to make the predicted increment of the process output  at k+1 

equal to the corresponding desired process output increment, yd(k+1) - yp(k), by means of:  

 
 
Fig. 1.  ADEX controller block diagram. 
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    (6) 

The incremental predictive control law (6) considered in this example uses a one-step-ahead control strategy, 

i.e. the basic strategy of predictive control. Therefore, the prediction horizon in this case is equal to 1. 

5. The control signal up(k) is computed by: 

                 (7) 

6. Application of control constraints: the control signal can be limit-checked in an absolute and/or incremental 

manner. 

 

The adaptive mechanism adjust the model parameters using gradient parameter algorithms that  minimise the prediction 

error (the difference between the real and the predicted process output) for each process output variable and thus adapt the 

controller to the changing process dynamics. Also, the adaptive mechanism triggers the driver block to recalculate the desired 

trajectory in at each control instant, adapting it to the actual process output value. 

When an ADEX controller is operating in an expert domain, the expert block will determine the application of expert 

control. Then, the control block will compute the control signal based on rules that imitate the human operator’s intelligence, 

in a similar way as it is done in the well known fuzzy logic / expert systems. The main control objective in this case is to 

drive the process output towards AP domain. 

 

III. PROCESS DESCRIPTION 

The WWTP of Ceutí was designed for a wastewater flow of 8000 m
3
/day. The biological process of the plant consists of 

two oxidation ditch reactors working in parallel, where the incoming wastewater joints a flow rate of water under treatment 

that moves in a circular motion in each reactor. This flow of water is submitted to a cyclic operation, including two 

consecutive phases: nitrification and denitrification. 

During the nitrification phase, a bacterial bloom converts ammonia and ammonium to nitrate nitrogen. In order for 

nitrification to take place, oxygen must be fed into the reactor. This is done by compressed air conducted through a common 

collector which is split in this case into two tubes, 

each leading to a separate reactor. The air is injected 

into the reactors through a grid of membrane 

diffusers. Each reactor has an automatic gate valve 

used for controlling the incoming air flow rate and 

is equipped with a dissolved oxygen sensor and a 

redox potential sensor. Four blowers are ready to 

produce the compressed air feeding to the common 

collector. Two of them are of on-off type and two 

are equipped with frequency converters that can 

regulate the power. 

During the denitrification phase, the biological 

reduction of nitrate to nitrogen gas by heterotrophic 

bacteria occurs. This reaction happens without the 

presence of oxygen, therefore during the 

denitrification phase the blowers are switched off. 

IV. PREVIOUS CONTROL SYSTEM 

OPERATION 

The operation of the process under the previous 

control system was as follows. Since the wastewater 

flow rate is currently of 3000 m3/day, only one 

blower is in operation. When the process was in the 

nitrification phase, the blower was switched on and 

 
 

Fig. 2: DO operation under previous control system 
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running at full speed. The gate valve of the first reactor was constantly open at 100%, whereas the gate valve of the second 

reactor was open at 80% trying to compensate the different dynamic behaviour of the reactors.  

When the redox potential of one of the reactors exceeded an upper limit, Rmax , the blower was turned off and the process 

passed to the denitrification phase. When in this phase the redox potential of one of the reactors fell below a lower limit, 

Rmin, the denitrification phase was considered to be finished and the blower was started again to begin the nitrification phase. 

Fig. 2 shows 8 hours of operation of both reactors under the previous control system of the plant. 

The upper plot of Fig.2 shows the trend curves and operation limits of the redox variable in both reactors. The upper limit 

redox value Rmax was set equal to 140 mV, while the lower limit was -140 mV. The lower plot Fig.2 shows the evolution of 

the dissolved oxygen (DO) concentration. It can be observed that the DO during the nitrification phases goes over 3 mg/L, 

which probably exceeded the values required for the necessary redox increase. This would imply that far too much air was 

injected into the reactors and energy for air compression was unnecessarily wasted. 

The main goal for the new control system has been to maintain or improve the quality of the treated water at the same time 

that the energy wasted in aeration is minimized. 

 

V. NEW CONTROL STRATEGY 

A) Fundamentals 

 

In order to improve the reactors performance, the following points had to be explore and taken into account in the control 

strategy of the new system: (i) the appropriate setting of the upper and lower redox limits,  (ii)  the adequate level for the 

DO during the nitrification phase, and (iii)the air pressure in the common collector. 

The control strategy finally defined was generic and can be applied in any oxidation ditch system with an arbitrary number 

of reactors. It includes discrete logic to determine the transitions between the nitrification and denitrification phases. In the 

nitrification phase uses ADEX controllers to maintain a desired DO level in the reactors by controlling the air flow rate. Also, 

the air pressure is controlled in order to enable stable DO control at the same time that energy consumption is minimized. 

This control strategy had to operate using the instrumentation installed on the plant as explained in the following sections.    

 

B) Nitrification-denitrification logic 

The transition between the nitrification and denitrification phases is determined, as in the previous control system 

operating the plant, by the redox potential variable. However, in this case, a lower limit Rmin(i) and an upper limit Rmax(i)  

were set for each reactor i, taken into account their particular dynamic behaviour. During the nitrification phase, when the 

redox potential of one of the reactors exceeds its upper limit, the control system initiates the denitrification phase by cutting 

the air supply (switching off the blowers) of the reactor and opening the gate valves 100% waiting for the next nitrification 

period. This is done in order to avoid start the blowers with the valves closed, which would damage the installation. 

On the other hand, during the denitrification phase, when the redox potential of one of the reactors undergoes its lower 

limit, the control system initiates the nitrification phase. The blowers are switched on and the gate valves opening start to be 

controlled in order to maintain a desired DO level in each reactor, as explained below.  

The nitrification time is limited with a maximal value tNitMax in order to prevent an excessive accumulation of nitrates. In a 

similar way, the denitrification time is limited with a maximal value tDenitMax to prevent the excessive accumulation of 

ammonia. Moreover, minimal nitrification and denitrification times (tNitMin and tDenitMin) are set to avoid too short nitrification 

and denitrification periods and, consequently, too frequent starting and stopping of the blowers.  

 

C) Dissolved oxygen control strategy 

 

Dissolved oxygen concentration (DO) is a key variable in the activated sludge process (ASP). The dissolved oxygen 

concentration is controlled with compressed air injected into the reactors. As we have mentioned before, production of 

compressed air represents a significant share of the energy consumed in a WWTP. The main task of the control system is to 

find a good balance between the biological needs of the process and economy [14]. The DO concentration has to be 

sufficiently high so that the growth of heterotrophic and autotrophic organisms is not limited due to lack of oxygen and the 

redox potential increase in a desired manner. On the other hand, the DO has to be sufficiently low to save energy.  

 

At the control strategy for the DO in each reactor, during the nitrification phase, an ADEX controller manipulates the gate 

valve opening, which determines the compressed air flow into the reactor.  The setpoint signal for the DO is generated by a 

block that makes it to follows a ramp until it reaches a maximum value. The ramp slope and the maximum value are set 

experimentally by the operator. 
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The time-varying and non-linear dynamic nature of the DO process, the high interaction between the different reactors 

and limits on the instrumentation, such as the 15% 

minimum opening of the gate valves, makes it a difficult 

process to control, as it will be discussed later in Section 6.  

 

D) Pressure control and setpoint optimization 

 

The air flow entering each reactor depends on the gate 

valve opening and on the air pressure in the common 

collector. The control actions (closing and opening of the 

gate valve) of a DO control loop change the pressure drop 

on the gate valve and consequently the air pressure in the 

common collector. This disturbs the air flow and therewith 

the DO control loop of the other reactor. For this reason 

would be desirable to control the air pressure in the 

common collector maintaining it at a constant value. 

For the pressure control we have used an ADEX 

controller using the frequency of a frequency converter for 

the blower as manipulated variable. The goal of the optimisation system is to find a balance between the energy consumption 

and providing sufficient air flow for oxygenation. The power consumed by a blower is defined, at each sampling instant k, 

with the following equation: 

           (8) 

where P(k) is the power, q(k) the air flow, p(k) the 

pressure, and η the efficiency of the blower. Furthermore, 

for each reactor (i) the flow qi(k), valve opening oi(k) and 

pressure drop on the valve are connected through the 

following relation:  

         (9) 

Since f is a monotonically increasing function, in order 

to minimise the pressure drop at a certain air flow rate and 

therewith minimise the consumption, it is beneficial to 

open the valve as much as possible. Thus, the pressure 

control strategy tried to find an air pressure setpoint that 

compels the DO loops to maintain the valves around a 

certain desirable opening a. 

The process variable (PV) to be controlled by the 

master controller was conveniently defined by: 

                

    (10) 

where omean(k) represents the mean of the gate valve 

openings of both reactors. The setpoint of the master 

controller is zero to make the omean(k) variable equal to the 

desired opening a. The control action of the master 

controller is the air pressure set point for the slave 

controller. The control action of the slave controller 

manipulates the frequency of the blower frequency 

converter. 

However, it is important to mention that the frequency 

range of the blower frequency converter had a maximum 

value of 50 Hz and a minimum of 35Hz. This small range 

of the frequency control signal limited the performance of 

the previously considered air pressure control strategy, as 

discussed in the following sections. 

 
 

Fig. 3: Air pressure cascade control strategy. 

 

 
 

 Fig. 4: DO control operation under adaptive predictive control system 
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VI. EXPERIMENTAL RESULTS 

 

In this section the experimental results obtained by the operation of the ADEX system are presented. Fig. 4 shows 8 hours 

of operation of the new system in similar operating conditions of those of Fig.2.  

It can be observed in Fig. 4 that the lower redox limit for both reactors was set in this case equal to -100, while the upper 

redox limits were set to 110 and 90 for the first and second reactors, respectively, taken into account the different biological 

dynamics of each reactor. The nitrification period is limited to a range between 10 and 200 minutes, and the denitrification 

period is limited to a range between 90 and 200 minutes. The desired mean valves omean is 80%. During the nitrification 

phase, the oxygen concentration set point increases with a slope of 1.83 mg/L per hour, but this set point has a maximum 

value of 1.5 mg/L. These values were set experimentally upon satisfactory plant operation. As previously mentioned, the 

frequency converter of the blowers was limited to a range between 35 and 50 Hz and the operation of the gate valves to a 

range between 15% and 100%.  

As in Fig. 2, the upper plot of Fig.4 shows the trend curves and operational limits of the redox in both reactors; the middle 

plot shows the evolution of the DO in both reactors and the common set point, and the third plot shows the gate valve 

openings. 

The ADEX controllers, used during the nitrification phase to control the DO in the biological reactors, operated in an 

adaptive predictive domain and their sequence of calculations was basically that described previously in Section 2.2. These 

were single-input single-output controllers with a control period of 15 sec and an AP model described by equation (3), i.e. 

two 𝑎 𝑖(𝑘) and three 𝑏 𝑖(𝑘) parameters. The driver block dynamics were consistent with those of a second order model with 

damping ratio equals to one and time constant equals to one control period. The performance of these controllers is illustrated 

by the results presented in Figs. 4 and 5 and discussed in the next section. 

 

The dynamics in one nitrification/denitrification cycle is shown in more detail in Figs. 5 and 6. The upper plot of Fig. 6 

shows the trend curves of the mean position deviation variable Δo and its set point; the second plot shows the pressure in the 

common collector ant its set point, and the third the evolution of the frequency converter of the blower. 

 
 

 Fig. 5: DO control operation under adaptive predictive control system 

 
 

  Fig. 6: Pressure evolution during one nitrification/denitrification cycle 
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VII.  DISCUSSION OF THE RESULTS 

The Ceutí WWTP currently operates with a wastewater flow of 3000 m
3
/day that is considerably lower than the designed 

wastewater flow. Therefore, a single blower is sufficient to provide the necessary air for oxygenation. Although reactor 2 has 

been in operation for a few months, reactor 1 started operation only recently, which means that each of the reactors has its 

own history of operation and therewith different composition of bacterial flora. Therefore the process dynamics of the 

reactors are also different.  

It can be appreciated in Fig. 4 that redox limits are narrower compared to those used by the previous control system, Fig. 

2. This resulted in shorten nitrification/denitrification cycles. This was done after verifying experimentally that the quality of 

treated water was not affected by these reduced cycles, while there was a potential for energy savings in the blowers. 

In Fig. 4 and in more detail in Fig.5, it can be noticed that, during the nitrification phase, in order to drive the DO along 

the set point ramp, the opening of the gate valve of reactor 1 was significantly greater than the opening of the same valve in 

reactor 2. This shows the difference in the dynamics of both reactors, which is basically due to the age of the bacterial bloom.  

The dynamics in one nitrification/denitrification cycle is shown in more detail in 5 and 6, both using the same time axes. 

At the beginning of the nitrification cycle (approximately at t=0.6h) the blower is started and the frequency converter applies 

the upper limit frequency of 50 Hz, as shown in the lower plot of Fig.6. The middle plot of Fig. 5 shows that the DO in 

reactor 2 initially exceeds the setpoint value, therefore the controller responds by closing substantially the corresponding 

valve position. On the other hand, the DO in reactor 1 does not initially reach the set point value and the gate valve position 

remains at 100% opening until it happens. This shows clearly the asymmetric behaviour of both reactors. 

All together, as shown in the first plot of Fig. 6, the position deviation variable Δo decreases, which causes the pressure 

setpoint controller to lower the pressure set point, as shown in the second plot of this figure. This causes the pressure 

controller to decrease the frequency of the blower, reaching the lower frequency limit of 35 Hz. Although this minimum 

value of the frequency is maintained during the rest of the nitrification cycle, the air pressure remains over its set point and, 

consequently, also the position deviation variable remains negative and cannot reach the desired value of zero, i.e. the mean 

of valve openings equal to 80%. This shows how the limits of the frequency range for the blower deteriorate the performance 

of the new control system and, particularly, limited the operation of the ADEX controllers used for the air pressure control 

and the optimization of the gate valve position openings.  

However, in spite of the inadequacies of the available instrumentation, it must be emphasize the remarkable behaviour of 

the ADEX controllers for the DO in both reactors. This behaviour can be observed in detail in Figs. 5 and 6. With the default 

initial conditions for the AP model parameters and using the structure previously described in Section 6, they were able to 

maintain the controlled DO variables of both reactor in a reasonable band around their set point values, without any prior 

knowledge of the different dynamics of the reactors and operating under a changing environment, with important unknown 

perturbations, such as the air pressure itself and the biological load in each of the reactor.  

 

Also, it is important to mention that, in spite of the differences in the dynamics of reactors 1 and 2, the satisfactory control 

performance of the DO variables by the ADEX controllers resulted in a much more homogenous and better treated water 

quality than in the case of the previous control system. 

Finally, in order to evaluate and compare the energy efficiency of the new control systems, the average daily consumed 

power was estimated from the volumetric air flow ΦV(k) and pressure p(k) signals: 

        (10) 

The calculated average power consumption with the new system was 9.72 kW, whereas 13.69 kW were consumed under 

the previous control system. This means a 29.01% of reduction of energy consumption was achieved. This resulted in annual 

savings of about 10,200 €, considering a blower efficiency factor of 37%, and an electrical energy cost equal to 0.108 €/kWh.  

 

 

VIII.  CONCLUSIONS 

 

A new control system based on a generic adaptive control strategy was applied to the ditch reactors of wastewater 

treatment plant. A discrete logic to determine the transition between nitrification and denitrification phases of the reactors 

was combined with control strategies that used ADEX controllers for the dissolved oxygen and the air pressure in the 

common collector.  

In spite of the inadequacies of the available instrumentation, ADEX controllers were able to maintain a desired dissolved 

oxygen level and redox evolution in the reactors during the nitrification phase. This was achieved without any prior 

knowledge of the various dynamics of each reactor and operating under changing environments, with significant unknown 

perturbations, such as the air pressure and the biological load.  
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The use of ADEX controllers made the development, implementation and operation of the new control system relatively 

straightforward. It was able to equalize the responses of both reactors and achieve an overall satisfactory operation of the 

plant, obtaining the desired water quality and avoiding hindering the nitrification/denitrification cycles, as it was the case 

with the previous control system. Also, a 29.01% energy savings was achieved by reducing the air pressure in the common 

collector.  
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A comparative study of repetitive control techniques for Active Power
Filters under network frequency variations

Germán A. Ramos, Josep M. Olm, and Ramon Costa-Castelló

Abstract

Active Power Filters (APF) have been introduced as a way to overcome power quality problems caused by nonlinear loads.
These power electronics devices are designed aiming at obtaining a power factor close to 1 and achieving current harmonics
and reactive power compensation. The controller system structure usually consist of two control loops: a current loop and an
energy shaping loop. For the current loop, repetitive control has proven to be an efficient compensation technique; nevertheless,
the frequency variations commonly found in the distribution network compromise the performance of the controller.

The paper compares two different approaches. The first is based on adapting the sampling period of the controller. This
operation increases the complexity of the stability analysis, because the framework is moved from the Linear Time Invariant
arena to the Linear Time Varying one. In addition, it needs the implementation of a frequency observer working together
with the adaptation mechanism. The second approach uses High Order Repetitive Control (HORC). The parameters of HORC
controllers can be selected in accordance with two different criteria: enhancing robustness against varying or uncertain frequency
or achieving a trade-off between robustness and behaviour in the interharmonic frequencies zone.

I. INTRODUCTION

Repetitive Control [1], [2] is a well established, Internal Model Principle [3] based technique which allows track-
ing/rejecting periodic signals of known frequency. Unfortunately, its performance decays dramatically when the signal
frequency varies [4]. In order to overcome this problem two major approaches have been proposed. The first one is based
on the adaptation of the sampling period in accordance with the signal frequency variation. Although this approach offers
good results [5], [6], [7] it implies introducing frequency observers and moving the stability analysis from a Linear Time
Invariant framework into a Linear Time Varying one. The second approach is based on the introduction of higher order
internal models [8], [4]. The parameters of these high order controllers can be tuned according to different criteria: most of
them are related with making the internal model robust in front frequency variations [9], [4], or with a trade-off between
this robustness issue and amplification of non-harmonic frequencies [9], [10], [11].

There exist many applications, like the ones related with power electronics, that do not usually deal with generic periodic
signals but with odd-harmonic periodic signals. In order to take advantage of this fact, an odd-harmonic digital repetitive
internal model was introduced in [12].

This paper presents a comparative study of two repetitive controllers: one belonging to the varying sampling period
approach and the other one to high order repetitive control. Both controllers are based on odd-harmonic internal models and
their experimental validation and comparison is carried out in an Active Filter (AF) application.

II. ODD-HARMONIC REPETITIVE CONTROL

Repetitive control bases its performance on the introduction of a generator of periodic signal to be tracked/rejected inside
the controller. Figure 1 shows the scheme of these generators, which are usually constructed by the feedback connection
(either positive or negative, i.e.σ = 1 or σ =−1, respectively), of a time delayW (z), in series with a low-pass filterH(z)
that reduces the gain at high frequency and improves closed-loop robustness. It is worth mentioning that the original internal
model was constructed usingW (z) = z−N , N being the discrete time period of the signal to be tracked/rejected,H(z) = 1
andσ = 1.

Odd-harmonic repetitive control uses an internal model which introduces infinite gain only at a certain frequency and its
odd harmonics [12]. This internal model is constructed usingW (z) = z−N/2 andσ =−1, namely:

Io(z) =
−H(z)

z
N
2 +H(z)

. (1)

Besides theinternal model, which assures steady state performance, repetitive controllers include a stabilizing controller,
Gx (z), which assures closed-loop stability. Traditionally, repetitive controllers are implemented in a “plug-in” fashion, i.e.
the repetitive compensator is used to augment an existing nominal controllerGc (z), as depicted in Figure 1.

Theorem 1: [12] The closed-loop system of Figure 1 is stable if the following sufficient conditions are fulfilled:
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Fig. 1. Block-diagram of the repetitive controller plug-in approach.

1) The closed loop system without the repetitive controller is stable, i.e.To (z) =Gc (z)Gp (z)/(1+Gc (z)Gp (z)) is stable.
2) ‖W (z)H (z)(1−To (z)Gx (z)) ‖∞< 1, whereH(z) andGx(z) must be selected to meet this condition.
Remark 1: It is advisable to design the controllerGc(z) with a high enough robustness margin. Moreover,H(z) is usually

selected according to the desired bandwidth and the required robustness, whileGx(z) is designed using phase cancellation
techniques [13], which for minimum-phase systems results in1: Gx (z) = kr (To (z))

−1. Finally, as argued in [14],kr must be
designed looking for a trade-off between robustness and transient response.

A. The adaptation scheme

As seen before, the control algorithm contains the ratioN =
Tp
Ts

, i.e. the period Tp of the signals to be tracked or attenuated
over the sampling periodTs. If Tp varies, the control algorithm performance may dramatically decay. To overcome this
problem, the sample timeTs will be adapted in order to maintain a constant value forN. However, the change ofTs implies
changes in the system dynamics and, particularly in the plant model,Gp (z). It is important to check that these changes do not
compromise the closed-loop stability. The methodology for the stability analysis of the strategy proposed here is presented
in [15]. In this procedure the time-varying parts of the system description are treated as norm bounded uncertainties. This
results in a network frequency interval for which the stability of the system can be assure. In the present case this interval
is [29.97, 95.58] Hz which is large enough to cope with the expected network frequency variation.
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Fig. 2. Single-phase shunt active filter connected to the network-load system.

III. O DD-HARMONIC HIGH ORDER REPETITIVE CONTROL

High-Order Repetitive Control (HORC) was mainly introduced either to improve robustness against performance reduction
under uncertainty/variation of the reference/disturbance frequency or to reduce the amplification of interharmonic frequencies.

1There is no problem with the improperness ofGx(z) because the internal model provides the repetitive controller with a high positive relative degree.
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Fig. 3. Global architecture of the control system.

HORC uses the generic internal model in Figure 1, setting

W (z) =
M

∑
k=1

wkz−kN . (2)

Similarly, the controller architecture uses the plug-in approach of Figure 1, which is stable if the previously introduced
conditions are fulfilled.

According to the desired performance, several criteria have been introduced to select the weightswk in (2). All previous
works have been formulated for full-harmonic internal models [8], [9], [4], [10], [11]. However, they can be transformed
into odd-harmonic internal models changingσ = 1 by σ =−1, N by N/2 and reformulatingwk. Then, the computation of
wk based on [4] can be done using the following constraints:

M

∑
k=1

(−1)kkpwk =

{

1 if p = 0
0 if p = 1, . . . ,M−1.

(3)

Therefore, forM = 3 it results thatw1 = 3, w2 = 3 andw3 = 1, while for M = 2, one getsw1 = 2 andw2 = 1.

The weights obtained from (3) yieldW (z) = −1+
(

1+ z−
N
2

)M
and, as a consequence, the internal model withσ = −1

andH(z) = 1 is

I(z) =
1−

(

1+ z−
N
2

)M

(

1+ z−
N
2

)M . (4)

its poles being z = N/2
√
−1 with multiplicity M.

The pole multiplicity improves robustness against frequency variations [4] (i.e. withM > 1) but implies internal models
which are not BIBO stable [16]. Although, as shown before, the internal model forH(z) = 1 does not contain poles outside
the unit circle, with the introduction of a low passH(z) inside the internal model poles they may appear in most cases.
Additionally, the HORC internal models amplify the interharmonic frequencies which can cause problems if important
non-periodic disturbances appear specially at high frequencies.

IV. T HE ACTIVE FILTER

A. The boost converter

The system architecture is depicted in Figure 2. A load is connected to the power source, while an active filter is applied
in parallel in order to fulfill the desired behavior, i.e. to guarantee unity power factor at the network side. A boost converter
with the ac neutral wire connected directly to the midpoint of the dc bus is used as active filter. The control variabled
represents the averaged value of the Pulse-Width Modulation (PWM) control signal injected to the actual system. Due to the
nature of the voltage source, the steady-state load current is usually a periodic signal with only odd-harmonics components.

B. Control objectives and control architecture

The main goal of the active filter is to assure that the source current has a sinusoidal shape in phase with the network
voltage. Another collateral goal, necessary for a correct operation of the converter, is to assure constant average value of
the dc bus voltage.

This paper uses the control architecture presented in [17]. The controller is designed using a two level approach, as
portrayed in Figure 3: first, an inner current controller forces the sine wave shape for the network current and, second, an
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Fig. 5. (a) Nonlinear load and the active filter at a frequency of 50 Hz. Odd-harmonic RC with varying sampling period. (top)vn, in and il vs time;
(bottom) PF, cosφ and THD for in. (b) Nonlinear load and the active filter at a frequency of 50.5 Hz. Odd-harmonic RC without adaptive scheme. (top)
vn, in and il vs time; (bottom) PF, cosφ and THD for in.

outer control loop yields the appropriate active power balance for the whole system. The output of this loop is the amplitude
of the sinusoidal reference for the current control loop. The reader is referred to [18], [19] for a more detailed description
of the system.

C. The current-loop controller

A linear controller is designed to force a sinusoidal shape inin. This controller consists of two parts, as Figure 4 shows:

• A feedforward control action corresponding to the nominal control action that may keep the system tracking the desired
trajectory [17].

• A feedback controller which compensates uncertainties and assures closed-loop stability. This controller uses the
repetitive controllers under comparison.

D. The energy shaping controller

The outer controller assures the mean value of the energy stored in the capacitors,〈Ec(t)〉Tp
, to be close to the desired

reference value,Ed
c , and is made up of two parts:
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Fig. 6. (a) Nonlinear load and the active filter at a frequency of 48 Hz. Odd-harmonic RC with varying sampling period. (top)vn, in and il vs time;
(bottom) PF, cosφ and THD for in. (b) Nonlinear load and the active filter connected to source (50.5Hz). Odd-harmonic HORC. (top)vn, in, il and v1 vs
time; (bottom) PF, cosφ and THD for in.

• A feedforward term which makesI f f
d = a0. This assures the energy balance in the ideal case (rL = 0 andrC = 0) and

takes into accountil characteristics and changes instantaneously.
• A feedback term which compensates dissipative effects and system uncertainties which is a PI controller.

V. EXPERIMENTAL SETUP AND RESULTS

A. Experimental setup

The experimental setup is composed of a full-bridge diode rectifier (nonlinear load), the previously described single-phase
active filter and ac power source (PACIFIC Smartsource, 140-AMX-UPC12) that acts as a variable frequency ac source. The
active filter is connected in a shunt manner with the rectifier to compensate its distorted current. The active filter controller
has been implemented on a DSP based hardware, i.e. within a digital framework, with a nominal sampling frequency equal
to the switching frequency of 20 kHz. In case of the odd-harmonic varying sampling controller it is also needed a frequency
estimator. Thus, the network frequency is obtained from the network voltage zero crossings through some additional hardware
and a digital lowpass filter that runs in the DSP

As the nominal period of the signal to be tracked/rejected isTp = 1/50 s and the sampling period is selected to
be Ts = 5 · 10−5s (the PWM switching period), thenN = Tp/Ts = 400. The inner loop uses the lag controllerGc(z) =
−(0.6305z−0.629)/(z−0.9985), which provides a phase margin of 140o. Also, H(z) = 1

4 ·z+ 1
2 +

1
4 ·z−1 has been selected.

Additionally 0.3 and 1 are the values forkr in case of the varying sampling and HORC odd-harmonic controllers respectively.
Finally M = 2 has been fixed as the order of the odd-harmonic HORC.

B. Experimental results : adaptive RC

Fig. 5.a shows the waveforms ofvn and il when the nonlinear load is connected to the ac source (inverter plus inductor).
The rectifier current has a Total Harmonic Distortion2 (THD) of 65.5% and induces a THD of 5.6% invn. As Fig. 5 shows,
when the frequency of the voltage source is fixed to 50.0Hz and the active filter is connected in parallel with the rectifier
the shape of the current at the source port is nearly sinusoidal with a THD of 0.3% and, then, the source voltage recovers
a non distorted shape with a THD of 0.2%. It is also worth remarking that the power factor (PF) and cosφ at the port are
unitary.

Fig. 5.b shows the system behavior when the network frequency is 50.5 Hz and the sampling time is not adapted.
Although stability is preserved, the system performance decays dramatically. As it can be seen, several harmonics appear
in the network current, the odd harmonic come from the inner loop degradation while the even harmonic come from the

2In this work the THD is calculated with respecto to the rms value of the signal.
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outer loop degradation. In addition, the voltage becomes noisy and contains harmonic components due to the limitations in
the ac source.

Finally, Fig. 6.a shows the system behavior when the network frequency is 48 Hz and the sampling time is adapted as
described in this work. As it can be seen that system works similar to when working at the nominal frequency (shown in
Fig. 5.a).

C. Experimental results : high order RC

In the first experiment a rectifier is connected to the 50Hz ac source,vs. The rectifier current,il , has a total harmonic
distortion(THD) of 62.6% and an RMS value of 19.56A. When the active filter is connected in parallel with the rectifier
the shape of the current at the source port is nearly sinusoidal,in, with a THD of 0.6%, while the power factor (PF) and
cosφ at the port are unitary.

In the next experiment the same nonlinear load is connected to a 50.5Hz ac source,vs. As it can be shown in Figure 6.b
the PF and the cosφ return to unitary values and the THD forin is 2.2%.

VI. CONCLUSIONS

In this work, two different repetitive controllers, in the current loop of a shunt active filter, have been designed and
validated experimentally.

The odd-harmonic RC with time varying sampling period includes a mechanism to follow possible network frequency
variations without losing the advantages of the repetitive control while maintaining stability and low computational cost.
The experimental results prove that the controlled system has a good performance and that, using the frequency adaptation
mechanism, it is able to cope with large frequency changes in electrical distribution networks. However, the variation of the
sampling period makes harder both the practical implementation and the theoretical stability analysis.

A second order internal model for HORC has been also implemented. Although, this repetitive controller achieves a
narrower frequency range of operation without reducing its performance it does not employs a frequency observer nor
an adaptive mechanism. Finally, the second order odd-harmonic HORC has similar computational cost compared with the
standard full-harmonic RC and the stability analysis of this controller remains in the LTI systems frame.
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[12] R. Griñó and R. Costa-Castelló, “Digital repetitive plug-in controller for odd-harmonic periodic references and disturbances,”Automatica, vol. 41,

no. 1, pp. 153–157, January 2005.
[13] M. Tomizuka, T.-C. Tsao, and K.-K. Chew, “Analysis and synthesis of discrete-time repetitive controllers,”Journal of Dynamic Systems, Measurement,

and Control, vol. 111, pp. 353–358, September 1989.
[14] G. Hillerström and R. C. Lee, “Trade-offs in repetitive control,” University of Cambridge, Tech. Rep. CUED/F-INFENG/TR 294, June 1997.
[15] J. Olm, G. Ramos, and R. Costa-Castello and, “Stability analysis of digital repetitive control systems under time-varying sampling period,”Control

Theory Applications, IET, vol. 5, no. 1, pp. 29 –37, 6 2011.
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Using Adaptive Predictive Control in the Maximum Power Point 
Tracking Algorithm 

J. M. Valls Martí and D. Viúdez Moreiras, UNED  

  

Abstract 
This paper describes how to use adaptive predictive control algorithms to find the Maximum Power Point Tracking (MPPT) in 

solar photovoltaic panels. The voltage-current characteristics depend basically on two factors; the impact irradiance and the 
panel temperature. In front of conventional methods of perturb and observe or incremental conductance, the adaptive-predictive 
control methodology improves control robustness and reliability, taking advantage of the a priori knowledge of the system as 
well as the knowledge obtained by means of the adaptation during operation. To this end, the process has been simulated and the 
proposed control scheme tested in this simulation. The results are shown and discussed in this paper. 

I. INTRODUCTION 

Solar energy is widely available and free of cost so Photovoltaic Panels (PV) could be a solution in power generation of 
green systems.  PV systems are static, quit and free of moving parts, these make them of low maintenance.  Even though 
the high installation cost and low conversion efficiency, PV is a real solution for many systems. Like most renewable 
energies, the energy through the photovoltaic effect has an intermittent character so is necessary a robust control system to 
take major advantage. The adaptive-predictive methods offer high level tools to improve the system variations. New low 
cost microcontrollers [10] permit to implement complex algorithms with low control periods. In this paper we present a 
simulation of PV, their filter and their power converter. We use ADEX Matlab-Simulink® toolkit to simulate the 
controller. Being of our interest the low frequency dynamics of the system we use an averaged model of converter without 
keeping in mind the frequency of commutation.  

II. SIMULINK® MODELS 

A. Photovoltaic panel 

The first model we consider was the Photovoltaic Panel [1] [2], this model not only simulate a solar cell, also it models cell 
arrays or panels. Solar cell is basically a p-n junction fabricated in a thin layer of semiconductor. The electromagnetic 
radiation of solar energy can be directly converted to electricity through photovoltaic effect. Exposing the cell to sunlight, 
photons with energy grater than the bang-gap energy are absorbed and create electron-hole pairs proportional to the 
incident irradiation. These carriers are swept apart to create a photocurrent which is directly proportional to solar 
insulation.   PV systems, presents a nonlinear I-V and P-V characteristics curves which vary with the temperature and the 
radiant intensity. The output voltage and current depends of the number of cells mounted in the array, in parallel or in 
series.  

The model that we use is general and commonly used. This one uses a single exponential, only on p-n junction. In Figure 
1 there is the circuit of the one cell model. 

 
 
 
 
 

Fig. 1 Equivalent circuit of solar cell 

 
The mathematical description of  I-V output characteristic is given by this equation: 
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Where IPH is a light-generated current or photocurrent in Amperes, IS is the cell saturation of dark current in Amperes, q 

(=1.6x10-19 C) is an electron charge, k (=1.38x10-23 J/K) is a Boltzmann’s constant, TC is the cell’s working temperature in 
Kelvin degrees, A is an adimensional ideal factor, RSH is a shunt resistance in Ω and RS is a series resistance in Ω. 

The A ideal factor depends on PV technology an is listed in Table I. 
 

TABLE I 
ADIMENSIONAL A IDEAL FACTOR 

Technology A 

Si – mono 1.2 
Si – poly 1.3 
a – Si : H 1.8 

a – Si : H  tandem 3.3 
a – Si : H  triple 5 

CdTe 1.5 
ClS 1.5 

AsGa 1.3 
  

 

The photocurrent depends on insolation and the cell’s temperature. The short circuit current ISC can be found in 
datasheets at reference temperature, usually 25 ºC and 1 kW/m2 of solar radiation. The relation of short circuit current ISC 
and the photocurrent IPH at cell’s temperature can be described by this equation: 
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Where TREF is the reference temperature in Kelvin degrees and λ is the solar insolation in kW/m2   
The cell’s saturation current varies with the temperature which is described at the next equation: 
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Where IRS is the cell’s reverse saturation current at a reference temperature and a solar radiation, EG is the bang-gap 
energy of the semiconductor used in the cell by default we use 1.11 eV.  

The solar panel is an array of cells, NS connected in series with NP connected in parallel. The equation that describes a 
generalized module can be: 
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Another parameter that can be found in the datasheet is the open-circuit voltage VOC at reference temperature. In this 
situation, there is not current output by the cell. It is possible to ignore the shunt-leakage current because RSH is very high.  
If in the previous equation is substituted i = 0, v = VOC and IPH = ISC it is possible to obtain an approximation of the cell’s 
reverse saturation current: 
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This model was tested with a specific Sharp’s PV, model LR0GC02 [6]. The datasheet parameters are exposed at Table II. 
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This module is a series of ten cells of polycrystalline silicon. Figure 2 shows the datasheet characteristics of I – V and P – 
V curves for 1200 W/m2, 1000 W/m2, 800 W/m2 and 600 W/m2 at TC = 25 ºC, and the same values for the simulation 
results.  

 
TABLE II 

OUTPUT CHARACTERISTICS LR0GC02 

Characteristic Symbol Typical Min Max UNIT 

Open Circuit Voltage Voc 5.7 5.2 ―  V 

Short Circuit Current Isc 75 62 ―  mA 

Maximum Power Voltage Vpm 4.5 3.8 ―  V 

Maximum Power Current Ipm 65 48 ―  mA 

Maximum Power Pｍ 300 240 ―  mW 

Inverse Leak Current 
(in -4.2V) 

Ir 0.15 ―  4 mA 

      

 
 
      DATASHEET CURVES:                SIMULATION CURVES: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Datasheet and simulations curves for 1200 W/m2, 1000 W/m2, 800 W/m2 and 600 W/m2 at 25 ºC of module temperature. 
 

Figure 3 presents the SIMULINK model used to simulate the PV panel and the configuration parameters. There are two 
parameters that not appear in datasheet and must be approximated. These parameters are RS series’ resistance and RPH 
shunt’s resistance. We use RS = 0.85 Ω and RPH = 28 kΩ. With these values the curves are very similar. 

This model is not useful for our purposes, because the output explicit variable is current as function of voltage. We need 
an equation that explicit the voltage as function of current. From the equation (4) an expression can be found that gives the 
voltage as function of current.  
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The maximum power point depends on temperature, insolation and load of the panel. To find the maximum power point 
is necessary to control the load. Also is necessary to give a constant voltage at the output. To reach these purposes it is 
used a power converter. There are three types of basic converters: BUCK (Step down), BOOST (Step up) and BUCK-
BOOST (Inverter). The output voltage is fixed by the use that we want to give to the system, for example if the load is 
based on batteries, the output voltage must be the normalized battery voltage (6V, 12V, 24V, 48V, 96V) plus the charge 
condi

SIMULINK model for PV panel 

 
Fig. 3 SIMULINK model for PV panel, configuration parameters and scope curves 

T and the BUCK-BOOST, in the datasheet advises to use a 
B

 of the panel. Therefore our plant is composed of a PV, a 
low pass filter and a power converter described at Figure 4. 

tion. 
 
                  
 
 
 
 
 
 
 
 
 
 

B. Power Stage 

The maximum output voltage of the panel under test is 5.7 V (VOC). So it is mandatory to use a power converter that 
steps up the voltage. There are two possibilities: the BOOS

OOST, so it is necessary a model of BOOST converter [7]. 
Otherwise it is necessary to put a low pass filter[8] at the output

 
Fig. 4 Schematics of PV system with BOOST converter and low-pass Filter 

 

We consider a generic low-pass filter (Figure 5) that is composed by inductor L and a capacitor C and their body 
re stors. The circuit is described by equations: 
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 there is a schematic of the filter and the subsystem model to solve the differential equations system of low-
pa  filter: 

 

In Figure 5
ss
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     Fig. 5 Schematic and SIMULINK model of low-pass filter. 

 [9] but this 
m els has associated to low signal. The differential equations system that describes the BOOST converter is: 

 

 

 
In the same way it is possible to model the BOOST converter like a low-pass filter, averaging current and voltage with 

the PWM conduction factor. Other way to model switched converter is by characterization of low frequency
od
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 Figure 6 there is a schematic and a SIMULINK average model of BOOST converter power stage: 

 
 

 model of average  
 stage. 

 in Hussein [3] paper. We take data and we use a look up table in our model. In Figure 7 there 
are the SIMULINK boxes: 

Fig. 7 Atmospheric model o Hussein paper. 

 central zone. We use the Incremental Conductance principle and add the control accuracy 

to learn 

 
In
 
 
  
 
 

 
  Fig. 6 Schematic and SIMULINK
  BOOST converter power

C. Atmospheric model: 

Other thing that is mandatory to model is the insolation radiation and the temperature (the atmospheric model). For this 
we use the sample data used

 
 
 
 
 
 
 
 
 
 

III. SIMULATION RESULTS 

Esram-Champman [5] compiles different techniques of PV Maximum Power Point Tracking (MPPT). The most popular 
methods are Perturb and Observe (P&O) also Hill Climbing and Incremental Conductance. The P&O and Hill Climbing 
methods main disadvantage is the necessity to perturb the system to find MPP. The Incremental Conductance is an expert 
method. ADEX [11] has different domains, an expert domain that resolves the control limits and adaptive predictive domain 
that resolves, with accuracy the
of adaptive predictive control. 
On the other hand the best advantage of ADEX is that it doesn’t need to tune the controller and has the capacity 
with the system dynamics. Figure 8 shows the flux diagram and curves of operation of adaptive predictive control. 
The ADEX controller is used during the MPPT control phase. Is a single-input single-output controller with a control 
period of one second sampling time and a prediction horizon of five control periods. The driver block dynamics were 
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 with those of a second order model with damping ratio equals to one and time constant equals to one control 

e of change the current, computing the amount of current to change. The other 
trategy belongs to the expert domain. 

 

 

apacity of this control algorithm helps to give a more efficiency output against randomly varying atmospheric conditions.   
 

wer Point Tracking Techniques,” IEEE Transactions on Energy 

 

[11] J.M. Martín-Sánchez and J. Rodellar, “Control adaptativo predictivo experto ADEX,” Ed. UNED, Madrid 2005, ISBN: 84-362-5094-X, 2005. 

period. 
The ADEX controller acts in the phas
s
 
 

Fig. 8 Flux diagram of Incremental conductance and MPPT control curves 

 

IV. CONCLUSION 

The capacity of new microcontrollers and DSP allows implementing more sophisticated control processes. Tasks that in 
the past were rejected by complexes now are easily acceptable.   The Incremental Conductance method has the benefits in 
front of other that is not necessary to perturb the system to find the MPP, and ADEX controller adds the ability to find the 
break-even point without oscillating. Perhaps ADEX be not the fastest controller, but is the robustness one. The adaptive 
c
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Abstract

In this paper, a thermal model of the cabin of a Fuel Cell Hybrid Vehicle (FCHV) is proposed. This model is designed
to be used for testing the Air Conditioning System (ACS) of the vehicle, and study the effects it has over the performance
and the fuel consumption in the FCHV. A first version of the model was designed using heat transfer equations. That version
was improved and validated with the experimental results taken from a real car cabin, in which a temperature sensor net was
installed.

I. INTRODUCTION

In the last few years a lot of research has been done about electric FCHV. The main objective of the studies has been
the design of a system able to feed an electric motor, so the automobile has the same or similar performance as an Internal
Combustion Engine Vehicle (ICEV) ([1], [5]). However, modern cars bring other kind of services that makes the vehicle
more comfortable, and some have become mandatory, like air conditioning in warm countries.

In an ICEV, the compressor is powered by the engine, which is always spinning at least at idle speed (about 800 rpm).
However, the speed of the motor in an electric car is proportional to the speed of the wheels, so when the car is stopped or
moving at low speed, the compressor would not be fed.

The power management requires knowing the consumption of the compressor. For that aim a thermal model of the vehicle
cabin is proposed. An estimation of the compressor power demand will be done from the transferred heat and the Coefficient
Of Performance (COP) of the ACS.

II. VEHICLE

The vehicle which contains the modelled compartment is a BMW 118d, five doors (E87), colorspacegraugrey (fig. 1).

A. THEORETICAL MODEL

The proposed cabin model estimates the heat transfer produced between the inside air of the car compartment and the
ambient through its sides and roof. The cabin geometry is based on the model described in [3], where all surfaces are flat.
However, the model itself is very different from the mentioned.

The geometry is drawn in fig. 2. The only surfaces taken into account in this model are the ones painted in grey in the
figure. The floor panel only receives radiation from the road (much lower than ambient and sun radiation). Moreover, it
contains some mechanical elements that increase the thermal resistance. Something similar happens with the doors. They
do receive sun direct radiation but most of it is reflected, and conduction is insignificant compared to the glass. The roof
does not have such a good isolation, consequently, it has been included.

For this model, some assumptions have been done: The cabin air is still in the proximity of the internal surfaces (free
convection). The cabin air is perfectly mixed. Each surface has the same temperature in each point. All the elements are
always in thermal equilibrium (quasi-static model).

Fig. 3 represents the heat transfer in any surface on the vehicle, where:
Gs - Solar direct radiation.
Gamb - Ambient radiation.
Gr - Reflected radiation.

Fig. 1. Vehicle.
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Fig. 2. Geometric model.
Fig. 3. Heat transfer in a panel.

E - Emitted radiation.
Gt - Transmitted radiation.
Gabs - Absorbed radiation.
ϕ - Angle between the beams and the surface.
T

∞
e - Ambient air temperature.
T

s
e - External surface temperature.
T

∞
i - Inside air temperature.
T

s
i - Internal surface temperature.
Q

ext
conv - External surface convection heat.

Q

int
conv - Internal surface convection heat.

Qcond - Conduction heat.

Heat balance in each surface:
External surface:

sin(ϕ)Gs −Gr +Gamb − E +Q

e
conv = Gt +Qcond (1)

Internal surface:

Qcond = Q

i
conv (2)

Radiation Equations [2]:

Gr = ρs ·Gs · sin(ϕ) (3)

Gt = τs ·Gs · sin(ϕ) (4)

Gamb = αsky · σ · T 4

sky (5)

E = ǫs · σ · T 4

e (6)

Where:
ǫ - Emissivity.
ρ - Reflectivity.
τ - Transmissivity.
α - Absorptivity.
σ - Stefan-Boltzmann constant.
Tsky - Effective sky temperature.

Is is known that:

ρ+ τ + α = 1 (7)

The sky radiation is concentrated in approximately the same spectral region as that of surface emission, so:

αsky ≈ ǫs (8)

Substituting (4)-(8) in (1):

αs ·Gs · sin(ϕ) + ǫ · σ ·
(

T

4

sky − T

4

e

)

= Qcond −Qconv (9)
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Convection equations [2]:
The convection heat transfer can be estimated by:

Qconv = h ·∆T (10)

Whereh is the convection heat transfer coefficient. It is found by calculating the Nusselt number:

Nu =
hL

kf
(11)

In (11), L is the characteristic length,h the convection heat transfer coefficient andkf the thermal conductivity of the
fluid. Nusselt number can be obtained through some correlations, which depend on the flow and the surface. The conditions
in which the correlations below can be used will not be described in this paper. For more information see [2].

Forced convection: Laminar flow:

Nux = 0.664Re1/2Pr3/2 (12)

Turbulent flow:

NuL =
(

0.037Re4/5 − 871
)

Pr

1/3 (13)

Free convection: Horizontal flat plate (roof panel): Upper surface of hot plate or lower surface of cold plate:

NuL = 0.54Ra
1/4
L

(

104 < RaL ≤ 107
)

(14)

NuL = 0.15Ra
1/3
L

(

107 ≤ RaL ≤ 1011
)

(15)

Lower surface of hot plate or upper surface of cold plate:

NuL = 0.27Ra
1/4
L

(

105 < RaL ≤ 1010
)

(16)

Where:
Re - Reynolds number.
Pr - Prandtl number.
Ra - Rayleigh number.

Vertical flat plate:

Nu =






0.825 +

0.837Ra1/6
(

1 + (0.492Pr)
9/16

)8/17







2

(17)

For the inclined flat plate (side windows and windshield), correlation (17) can be used, usinggcos(ϕ) as gravity (fig. 4).
This approximation should only be used for upper surface of hot plate or lower surface of cold plate. The opposite case
implicates three-dimensional flow, that increments the heat transfer and should be studied for all particular cases, which is
too complicated for the purposes of this paper. Using convection heat transfer coefficient would bring poor results when
the cabin air is hotter than the ambient, which only happens at initial cooldown. However, as shown later, convection heat
transfer is much lower than the transferred radiation, and the heat removed by the ACS. Moreover, this convection heat is
transferred out of the car, so the real case is more favourable. The convection heat transfer coefficient approximation has
been used for all cases, despite its limitations.

Conduction equations:

Qcond =
∆T

Req
=

∆T
∑

Ri
Ri =

Li

ki
(18)

Where:
Req - Equivalent thermal resistance.
Ri - Thermal resistance of a single layer.
Li - Layer thickness.
ki - Thermal conductivity.

The matter properties are shown in tables I and II.
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Fig. 4. Inclined surface. Fig. 5. Conduction diagram.

TABLE I

RADIATIO N PROPERTIES.

Material ǫ α τ Ubication
Glass 0.82 0.05 0.88 Windshield All windows
Paint 0.90 0.26 0 Roofpanel

B. DATA LOGGING

For the data logging eight sensors have been placed in the vehicle (fig. 6). They have been arranged the farther from each
other in order to measure the different temperature changes in the cabin (table III).

III. TESTING AND SIMULATION

For the validation of the model, a real test is shown, as well as the result of a simulation in the same conditions. The test
was done when the vehicle was idle and empty (no people inside). The elevation angle of the sun (ψ in fig. 7) corresponds
to june 1, 2011, at latitude 37.4127649, longitude -6.0026399 from 8:40 to 14:00 hours. Same time and same place where
the test was done. The angle between the sun and the vehicle (fig. 7) and the sun radiation of that day are shown in fig. 8,
where the variation is only caused by the motion of the sun.

The ideal way to validate the model would have been measuring the heat transferred to the cabin, at constant internal
temperature, but it’s not possible to have a direct measurement of this value. However it’s possible, and quite simple, to
measure the variation of the air temperature. The situation (changing temperature) and the indirect measure is not the most
interesting for the future work, but it makes possible to estimate the heat transfer.

IV. RESULTS

A. REAL DATA

The experimental results are shown in fig. 9. The internal air gets hotter along the morning, as expected. The ambient
temperature rises continuously, but it’s always lower than the cabin air temperature. Moreover, the temperature in the
compartment increases faster than the external. Both results confirm that the main heat contribution is the radiation. It would
be logical to think that this situation could change when the car is moving. However, some previous tests and simulations
[4] demonstrate that, even when the convection heat increments with the speed of the car, it’s still being much lower than
the radiation in a sunny day. For this reason, it’s not been considered necessary to include a second test for this article.

Fig. 6. Ubication of the sensors.
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TABLE II

CONDUCTION PROPERTIES.

Panel Angle Area (m2) Thickness (mm) Conductivity (W/mK)
Windshield 60

o 0.819 6.0
Rear window 55

o 0.29 5.0 1.4 (Glass)
Windows 20

o 0.4145 3.0
0.5 14.9 (Steel)

Roof Panel 90
o 1.98 0.1 26.3 (Air)

5.0 0.06 (Cotton)

TABLE III

SITUATION OF THE SENSORS

Sensor Measurement
1 Ventilation grille.
2 Air near the roof panel.
3 Air passenger front seat (high).
4 Passenger front seat (inside).
5 Air passenger front seat (med.).
6 Air rear seat (high).
7 Air rear window.
8 Air rear seat (low).

B. SIMULATION

After changing some parameters in the model, according to the results of the experimental results, the simulations are
run. The result is shown in fig. 10.

The behaviour is the expected. The air of the cabin is getting hotter as the radiation and the external temperature increase.
When radiation stops rising, the internal temperature keeps stable at a little more than60oC.

V. CONCLUSIONS

Comparing the results in sections IV-A and IV-B, it’s easy to see that the dynamic response in the simulation is slightly
different than the real case. However, the estimated temperature does not differ a lot from the real one, and its final value
is similar to the ones obtained in the middle/upper zone of the vehicle (fig. 11).

These variations in the dynamics may be the consequence of the three-dimensional flow mentioned in section??. Moreover,
it was assumed that the radiation that enters through the glass heats the air directly. But a great part of it heats the internal
elements of the compartment (seats, steering wheel, etc.) and then it’s transferred to the air, so the air heating is slower.

Consequently, a reliable thermal model of the vehicle compartment was made. Therefore, it’s valid to estimate the heat
absorbed by the internal air, which will be necessary to calculate the power of the Air Conditioning System (ACS) of the
vehicle.

This work will be completed modelling the heat transfer to/from the elements of the cabin, in order to make the temperature
dynamics closer to the real case.

VI. ACKNOWLEDGMENTS

To Miguel Larraetafrom Termodińamica y Enerǵıas Renovables(Escuela Superior de Ingenieros, Sevilla) for giving us
their measurements of solar radiation and ambient temperature in the days the test were done.
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Fig. 9. Evolution of the temperature inside and outside the cabin.
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Fig. 10. Temperature in the vehicle compartment (simulation).
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Fig. 11. Comparative.
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Contribution to tailor-made small simulators for supporting applied 
investigations on industrial heat-based processes 

Juan J. Gude and Luis Vazquez-Seisdedos 

� 

Abstract 

A benchmark computation structure for industrial process control test and verification is introduced. A computational thinking under 
simulated environment with amendable properties is promoted. It is exemplified on a real drum boiler multi-loop linear control. The model 
is based on the P16-G16 boiler-turbine plant at the Sydvenska Kraft AB Plant in Malmö, Sweden, which is oil-fired and the rated power is 
160 MW. A proficient symbolic and numerical combination points out a fast and very efficient automatic engineering calculation. This 
contribution aims at tailor-made small simulators on Matlab for those industrial processes which are linked by heat energy. A first 
application using a drum boiler with linear control meets a useful know-how to guide thoughts on how to translate physical fundamentals to 
Matlab codes for other industrial cases. Some comments relating to industrial practice are offered in this context. 

 

I. INTRODUCTION 
Experimentation in control strategies and methods is necessary for students and engineers. This is nearly impossible in 

productive installations. Therefore, there is a necessity for training of the graduates, which creates lack of trust that industrial 
enterprises have in universities because the practical education in these centres does not satisfy the requirements of industry, 
see [1]. A proposal to solve this situation comes from the University of Deusto. They developed several industrial prototypes 
for practical teaching of their graduates in process control, instrumentation and communication technologies [2]. The 
conceptualization of a heat exchanger prototype and its use for the practical training is explained in [3]. Control aspects 
applied to a drum boiler prototype and the results of experiments using this equipment is detailed in [4]. Another approach is 
the use of this kind of equipment integrated into a remote laboratory, as is explained in [5]. 

Nevertheless, in some developing countries universities do not have these kinds of facilities. Therefore, a tailor-made 
simulator can be considered as an alternative proposal for this problem. Following this approach, a software application that 
simulate several industrial processes and developed for the practical training in programming, handling, and tuning industrial 
PID controllers is explained in [6]. 

This contribution suggests a compacted layout for those industrial processes which are sourced with heat flows, as shown 
in Figure 1. The goal is to support the analysis and the design of an industrial control system based on a mathematical model. 
Two main parts should be highlighted in the development of the simulator: how to meet all the necessary tools so that the 
simulator reproduces and become an existing industrial process, and how to take advantage of all computing commands to 
automate calculations in control engineering. This last issue means to develop algorithms and methods for determination of 
the mathematical models for the plant, for calculation of the industrial controllers depending on the selected topology, and 
finally for obtaining the output responses. As a colophon, amendable properties of each system component should be handled 
by the simulator. A whole computational thinking is obtained [7] and, as an integral example, a drum boiler controlled by a 
multi-loop linear control is developed.  

This paper proposes a new industrial simulator for practical training in industrial control and support applied investigations 
on industrial heat-based processes. It is exemplified on a real drum boiler plant. 

Following this introduction, this paper is organized as follows: In Section II, the model used to implement the simulator is 
introduced. This model corresponds to the P16-G16 drum boiler-turbine plant and characteristics and special features related 
to plant modeling are also considered. Section III presents the control structure used to control the drum boiler plant and all 
its possibilities for the practical training in industrial control issues. Simulator main features are introduced in Section IV. In 
Section V some experiments and results using the presented simulator are shown. Finally, Section VI presents paper 
conclusions and final remarks. 
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Fig. 1.  Scenario for a tailor-made small simulator. 
 

II. A SELECTION OF AN INDUSTRIAL HEAT-BASED PROCESS 
A real power plant is chosen in order to demonstrate the use and suitability of this benchmark computation structure for 

support applied investigations on industrial heat-based processes. 
Drum boiler dynamics, its constructive data, actuators dynamics, and also operation values for the operating region R at 

medium load correspond to the 160 MW–Sweden P16-G16 power plant. Its dynamics is presented in [8] and the one of valve 
actuators in [9]. Data for this plant working at full load is available in Table I. Precedent contributions based on this plant 
dynamics can be referred in [10]-[12]. Now, this contribution introduces computer thinking for a drum boiler linear control 
system design. 

International Association for the Properties of Water and Steam (IAPWS) approved a new formulation for the 
thermodynamic properties of water and steam for industrial use (referred to as IAPWS-IF97), replacing the IFC-67 
formulation that is familiar to many from its use in the 1967 ASME Steam Tables [13]. For the special requirements of the 
steam power industry, IAPWS also maintains a separate formulation for industrial use. This simulator inserts and uses the 
XSteam file for Matlab, which is an implementation of the IAPWS IF97 standard formulation [14]. It provides accurate data 
for water, steam, and mixtures of water and steam properties from 0–1000 bar and 0–2000 deg C. 

Simulink MIMO model in Figure 2 includes not only the drum boiler model [8], but also valve actuators dynamics [9] and 
linear dynamics for sensor–transmitters are inserted. Drum boiler dynamics takes into consideration not only the constructive 
parameters, as described in [8], but also water thermodynamic properties.  

Related to output variables, controlled variables are the drum level and the pressure. Related to input variables, 
manipulated variables are feedwater mass flow rate (qF) and fuel oil mass flow rate to burners (qP). Steam mass flow rate (qS) 
can be considered as a load disturbance, whereas feedwater temperature (TF) can actuate as a disturbance. Drum boiler 
control requires two valves: one to control feedwater mass flow inlet to the drum and another to control fuel oil mass flow to 
burners. 

Therefore, the selected dynamics for natural circulation drum boiler, the inclusion of actuators data, and the computation 
tools – both for make up a simulated laboratory in an operating region and for calculate linear and time invariant models – 
could be used in any university in the Matlab environment using this benchmark computation structure. 

 

 

TABLE I 
P16-G16 POWER PLANT FULL LOAD DATA 

Active Power 160 MW 
Steam mass flow rate 138.9 kg/s 
Drum Pressure 15 MPa 
Drum water temperature 342.1 ºC 
Feed water temperature 300 ºC 
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Fig. 2.  Simulink model structure inspired in P16-G16 drum boiler 
dynamics.  

III. DEVELOPING A DECENTRALIZED CONTROL SYSTEM 
Several reasons keep multi-loop control supported by PID controllers [15]. Nevertheless, an extensive review to textbooks 

[16]–[28], and also other ones devoted to process control [29]–[33] denote absence of a full development with educative 
value for engineering students and industrial value for practitioners. 

A quantitative measure of interaction is needed to proceed with a multiloop analysis method and the relative gain array, 
which has proved useful in control system analysis, is introduced to meet this need. The relative gain array (RGA) was 
developed by Bristol [34] and extended by many engineers, most notably Shinskey [35] and McAvoy [36]. For this Two 
Inputs Two Outputs (TITO) process, RGA computation gives a matrix with 0.977 in main diagonal and 0.0231 on the other 
one. It means a weak interaction. For this kind of multivariable process, a multiloop control system design problem can be 
formalized by two variants: (i) as a multi-Single Input Single Output (multi-SISO) and (ii) as two SISO independent loops.   

For a first case, the design is based on the characteristic equation for this TITO feedback control system. A considerable 
algebraic manipulation for four individual transfer functions is demanded in order to obtain closed-loop transfer functions.  

For a second case, regardless of loop interaction, control system design could be assumed as two fully independent closed-
loops. Drum boiler pressure and level controllers can be calculated as SISO control systems. Because of the transfer functions 
considering the drum boiler pressure as an output correspond to minimum phase systems, its controller can be a Proportional-
Integral-Derivative (PID) one. Nevertheless, the transfer functions considering the drum boiler level as an output correspond 
to Non Minimum Phase (NMP) systems. These types of non-minimum phase dynamics imply that the level control is not a 
problem suited for classical control strategies. A typical PID controller, into a single control loop, is not capable of accurately 
controlling the level variation inside the drum. Another type of solution can been chosen, which is model based: an Internal 
Model Controller (IMC) [34]-[35]. A variant of level control using a PID controller is suggested in [29]. It is based on a 
dynamic compensator for the steam mass flow rate and through reference of level. 

This contribution computes the effect of coefficient parametric assignment to each controllers/compensators on control 
system performance based on the first variant, i.e., by verifying Hurwitz condition on TITO characteristic polynomial. This 
tailor-made small simulator can serve to students as a base to substitute the current coefficient parametric assignment by 
another one which a computational extended method for coefficient parametric calculation by combining this Hurwitz 
condition with PID tuning condition. 

Steam mass flow rate measuring is necessary to perform a feedforward control. Feedback (FBC) and feedforward (FFC) 
control strategies are fully configurable as shown in Table II, which indicates all the four possible choices. Figure 3 shows 
the control linear structure applied to the drum boiler. A switch network configures the connectivity for 
controllers/compensators with the simulated plant, as indicated in Figure 4. 

For experimentation with input signals, design allows that two input signals can be set up: one to excite steam mass flow 
rate and the second one to excite drum pressure Table III suggests all the parameters that can be modified. It also allows to 
choice the kind of FBC, to choose FFC, and to introduce parameters for each controller/compensator. 

 

 

TABLE II 
NETWORK OF SWITCH CONDITIONS 

Control Configuration S1 S2 S3 S4 

FBC 
Cross Controller 1 1 0 0 

Cross Compensator 0 0 1 1 
FFC 0 1 0 1 
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TABLE III 
INPUT SIGNALS CONFIGURATION FOR 

EXPERIMENTS 
Parameters Experiment 1 Experiment 2 

ǻ_qS 5 [kg/s] 5 [kg/s] 
ǻT_qS 50 [ut] 150 [ut] 
TST_qS 100 [ut] 100 [ut] 
ǻ_PR 1 [Bar] 1 [Bar] 
ǻT_PR 100 [ut] 250 [ut] 
TST_PR 400 [ut] 400 [ut] 

IV. SIMULATOR FEATURES 
This simulator faces the regulation of the energy and mass balances in a drum boiler. Drum boiler level and pressure in 

steam generation systems are a crucial part of most power plants. This simulator goal is to develop a tool that captures the 
key dynamical properties over a wide operating range and allows training in industrial control. 

Related to modeling issues, particular attention has been devoted to model drum level dynamics well. The models are 
based on physical principles and have a small number of parameters, most of which are determined from construction data. 
The presence of steam below the liquid level in the drum causes the shrink-and-swell phenomenon which makes level control 
difficult. This behaviour is clearly seen in the experiments performed in next section. In [39] it is stated that about 30% of the 
emergency shutdowns in French power plants are caused by poor level control of the steam water level. One reason is that the 
control problem is difficult because of the complicated shrink-and-swell dynamics. This creates a non-minimum phase 
behaviour which changes significantly with the operating conditions.  

Related to control issues, drum level control is an important problem for nuclear as well as conventional plants, see [40]. 
At this level, it is required to keep the process operating well for large changes in operating conditions. Simulator offers the 
possibility to evaluate the design under several operating conditions since a Matlab function capable of calculate any water 
thermodynamic property under any operating condition is embedded. Added to this, automated computation, which is 
transparent to the user, allows to get the linearized mathematical models under any operating conditions. The developed 
simulator includes a decentralized control solution as is implemented in industry. This fact contributes to the educational 
character of this tool for industry practitioners and investigators. Therefore, this simulator allows the practical training in 
design and tuning of the different control structures indicated in Table II. The configuration of the levels, widths, and the 
sequence of excitation signals can also be modified, as shown in Table III.  

V. EXPERIMENTS 
The whole computation structure is integrated in a main Graphical User Interface (GUI), which is called BECONLAB 

(Boiler Engineering CONtrol LABoratory). Figures 5 and 6 show the appearance of the BECONLAB main user interface. 
GUI allows that two input signals can be set up: one to excite steam mass flow rate, which is considered a load disturbance, 
and the second one to excite drum pressure. Table III suggests all parameters that can be modified in order to simulate 
disturbances. It also allows to choice the kind of FBC, to choose FFC, and to introduce parameters for each 
controller/compensator, as indicated in Table II.  

Two experiments have been performed in order to evaluate the experimental use of the boiler simulator, as indicated in 
Table III and Figures 7 and 8. Some results for these experiments are shown in Figure 6. Codes are developed under Matlab 
[41] and Maple [42] scientific software. 

 
 

Fig. 3.  Drum boiler control structure. 

 
 

Fig. 4.  Topologies for multi-loop linear control. 
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Fig. 5.  Main BECONLAB Graphical User Interface. 

 
 

Fig. 6.  Some results obtained. 

 
When the Run button is pressed, a sequence of tasks is performed. A first block of codes aims to initialize the tailor-made 

small simulator, which includes: loading of the constructive parameters and initial wished conditions; a second block 
linearizes the Simulink process model and gives all the transfer functions needed for the design stage. A last block verifies 
both linearization and control system design, calculates all close-loop transfer functions and load on simulator all real 
coefficients which are involved in all rational functions or transfer functions. User can handle the simulation running by 
pressing Pause/Stop buttons. Finally, when simulation is in pause, the two signals to be plotted can be refreshed by pressing 
Update button. 

VI. CONCLUSIONS 
Experiments for drum boiler linear control have verified successfully because output signals from simulated plant and 

closed-loop transfer functions have been compared. BECONLAB allows a flexible, fast and reliable way to evaluate the 
effect of both: control configuration and the effect of changing the value of control parameters over control system 
performance. In fact, this is an alternative methodology supported in the Matlab/Simulink environment to design multi-loop 
industrial process control inspired on a real case.  

This tailor-made drum boiler simulator starts up at each steady-state condition around each operating region. This 
computing solution can be used as a benchmark to test those parameters obtained from control algorithms based on transfer 
functions; but also, this simulated plant can be used to test results coming from another control techniques. 

A computational thinking has been exemplified on a simulated drum boiler control system. For enlarging benefits of 
simulation, experimentation over functional blocks into PLCs can be emulated by similar block of codes, for instance, into S-
functions library.  
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Fig. 7.  Parameters for experiments 1 and 2. 

 
 

Fig. 8.  Parameters for experiments 1 and 2. 
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