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1. Introduction

1.1. Research background

The Singular Value Decomposition (SVD) theory has been developed lately
with the work of many mathematicians as Beltrami, Jordan, Sylvester, Schmidt, Weyl,
etc. One of the most recent results in this field refers to the generation of tensors using
Higher Order Singular Value Decomposition (HOSVD) [Apk95]. The main feature of
HOSVD consists in decomposing a N-dimensional tensor into an orthonormal system
by the special ordering of higher order singular values. Based on this feature HOSVD
is capable of extracting the unique structure of the decomposed tensor [Apk95].
Therefore, on one hand, there are many techniques of optimization and design of
control structures for polytopic forms of Linear Parameter Varying (LPV) models
and, on the other hand, there are many identification techniques. However, these two
aspects can be connected very difficult because of the uniform representation
problem. This is why the Tensor Product (TP)-based Model Transformation technique
is a good solution in solving this problem.

The TP-based Model Transformation technique transforms LPV models into
polytopic forms on which the Linear Matrix Inequalities (LMIs) techniques can be
applied immediately. The result of this transformation consists in TP models which
have the well defined structure of a given LPV model.

The two main objectives of this thesis were formulated in order to validate the
TP-based Model Transformation technique by obtaining TP models for various
processes, other that the ones already presented in the literature, and also to improve
the control performances of the TP-based control structures by combining the TP-
based Model Transformation technique with other control techniques in the design of
cascade control structures.

The first objective of the thesis consists in the validation of the modeling
algorithm of the TP-based Model Transformation technique on many laboratory
equipments. The corresponding derived TP models were validated using many testing
scenarios and they were compared with other models of the same processes in order to
highlight their performance.

The second objective of the thesis consists in the validation of the control
algorithm of the TP-based Model Transformation technique using LMIs and Parallel
Distributed Compensation (PDC) framework. Therefore, many conventional and
cascade control structures were design for the control of various laboratory
equipments. The proposed control structures were tested and compared with other
similar ones and their performance was highlighted.

Finally, the main conclusion consists in the fact that the TP-based Model
Transformation technique proved its utility by being applied on many processes as
laboratory equipments, industrial processes, biomedical processes, etc.

10
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1.2. General presentation of the thesis

The thesis is structured in five chapters and four appendices. A short overview
of each chapter is presented as follows.

The scientific background along with a short general presentation of the thesis
are presented in Chapter 1.

Chapter 2 consists in a short general presentation of the main idea of TP-
based Model Transformation technique and a bibliographic study which highlights the
main theoretical and practical contributions obtained so far.

Chapter 3 is organized in five sub-chapters. The modeling algorithm of the
TP-based Model Transformation technique is widely presented in Sub-chapter 3.1.
The next first three sub-chapters are dedicated to the presentation of the derivation of
TP models for: the vertical three tank systems, the partial state feedback controlled
magnetic levitation systems, and the inverted pendulum systems. Each TP model is
validated using many testing scenarios and its performance is highlighted. A
comparative analysis with other models is also made. Finally, the conclusions are
given in Sub-chapter 3.5.

Chapter 4 is organized in five sub-chapters. Sub-chapter 4.1 presents the
control algorithm of the TP-based Model Transformation technique. The next three
sub-chapters present the design of conventional and cascade control structures for the
following laboratory equipments: the vertical three tank systems, the partial state
feedback controlled magnetic levitation systems and the inverted pendulum system. A
comparative analysis is conducted in each sub-chapter. Sub-chapter 4.5. presents the
conclusions.

Chapter 5 highlights the main conclusions and the personal contributions and
presents further research directions.

11
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2. Tensor Product (TP)-based Model Transformation

2.1. Introduction to TP-based Model Transformation technique

The TP-based Model Transformation technique was first introduced by Peter
Baranyi in the paper [Bar03a]. The main purpose of this approach is to transform a
given LPV or quasi-Linear Parameter Varying (qLPV) state-space model into a TP
model made of Linear Time Invariant (LTI) systems using the HOSVD. Therefore,
the input(s) of the transformation is/are the LPV or gLPV models and the outputs
consist in the LTI matrices, which form the core tensor of the TP model. The
computation time of the TP-based Model Transformation depends on the computation
time of the HOSVD.

The transformation steps are briefly presented as follows, they represent the
modeling approach, and will be widely discussed in Chapter 3 of this thesis.

Step 1. Defining the parameter vector. Starting with the physical restrictions
applied to the process (or plant) operation, the vector of the variable parameters is
defined.

Step 2. Defining the discretization grid. The discretization grid is found by
discretizing the parameter vector using a certain number of discretization points.

Step 3. Computation of the discretized tensor. The discretized system
matrices, which form the discretized tensor are computed.

Step 4. HOSVD of the discretized tensor. The HOSVD is applied on the
discretized tensor obtained in the previous step.

Step 5. Computation of the weighting functions. The values of the weighting
functions are obtained after applying the HOSVD on the discretized tensor and are
stored in weighting vectors. The main types of weighting vectors are presented as
follows.

The weighting vector is Sum Normalized (SN) if the sum of all weighting
functions is 1.

The weighting vector is Non Negative (NN) if the values of all weighting
functions are non-negative.

The weighting vector is Normal (NO) if it is SN and NN and the biggest value
of all weighting functions is 1.

The weighting vector is Close to Normal (CNO) if the biggest value of all
weighting functions is close to 1.

Step 6. Computing the LTI systems. Finally, the LTI system matrices, which
form the core tensor of the TP model, are computed.

Based on the LTI system matrices resulted from the TP-based Model
Transformation, the PDC technique along with LMIs are involved in the TP controller

12
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design and tuning. Therefore, the input of the TP controller design approach is the
core tensor made by the LTI system matrices and the output are the LTI feedback
gains which are stored in the tensor of the TP controller. The controller design
approach steps are briefly presented as follows and they will be widely discussed in
Chapter 4 of this thesis.

Step 1. Defining the four LMIs. Four LMIs are defined. The first two LMIs
are formulated to ensure the asymptotic stability of the control system and the other
two are used to constrain the control signal (or control input).

Step 2. Solving the stability LMIs. The first two LMIs defined in step 1 are
solved using a dedicated LMI software or toolbox.

Step 3. Computing the LTI feedback gains. Based on the solutions of the
previous LMIs, the LTI feedback gains are computed and stored in the TP controller
tensor.

Step 4. Solving the constraints LMIs. The last two LMIs, which consist in
constraints applied to the control signal, are solved based on the solutions obtained in
step 2.

Step 5. Application of PDC technique. Finally, the PDC technique is applied
to derive the control law based on the feedback gain tensor.

2.2. Bibliographic study on TP-based Model Transformation
technique

Over the last few years the TP-based Model Transformation technique was
successfully applied to many processes. An analysis of the state-of-the art is presented
as follows considering several classification criteria.

The first classification criterion consists in dividing the application of the
TP-based model transformation technique to process modeling (1) and process
control (I1).

(I) TP-based Model Transformation technique applied to process
modeling. The modeling approach is applied in the conventional way by following
the six steps presented in the previous sub-chapter.

The conventional application to the TP-based Model Transformation
modeling algorithm was used in the following papers:

e [Tik04] for a mass-spring system;

e [Bar06b], [Nag07c] and [Sze07] for a Translational Oscillator with an
Eccentric Rotational Proof Mass Actuator (TORA) system;

e [Kun07] for a DC motor;

e [Nag07a], [Nag07b], [Zhal8], [Bar22a], [Kuc21] and [Hed21a] for a
pendulum-cart system;

e [Grol0] for a pneumatic system;

e [Tak13], [Eigl6a], [Kov16] and [Eigl7a] for the type 1 and type 2
diabetes.

e [Gall3], [Szol4a], [Sz018] and [Gall5a] for cognitive processes;

13
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e [Barl4], [Szol4b], [Barl5], [Barl6] and [Tak15] for a 3 Degrees of
Freedom (3DOF) aeroelastic wing system;
[Chel4] for an industrial robot with flexible joints.
[Hel6] for a morphing aircraft;
[Hed18a] for a vertical three tank system;
[Wan18] for a nonlinear discreet-time system;
[Hed19b] and [Hed19e] for a magnetic levitation system;
[Nem19] and [Nem21] for an induction machine;
[Var21l] for a white noise model and in [Gon20] for a frequency
modulated signal;
e [Hed21b] for a tower crane system;
e [Csa21] for black box models.
e [Hed21c] for servo systems

The main advantage of the TP-based Model Transformation modeling
approach consists in the fact that it transforms LPV models into polytopic forms
(LTIs) on which the Linear Matrix Inequalities (LMIs) techniques can be applied
immediately. That is the reason why this technique was successfully applied to many
processes. However some disadvantages emerged.

The main disadvantage of the TP-based Model Transformation modeling
approach consists in the large dimension of the core tensor of the derived TP model
which generates:

a) large computation volume;

b) large execution time;

c) large amount of memory.

Therefore, solving this disadvantage has become an important research topic
which was treated in many of the recent papers. The results of the improved TP-based
Model Transformation modeling algorithm are presented in [Pet06], [Liul7a] and
[Kutl7b] where the volume of computations was significantly decreased. More than
that, the dimension of the core tensor was decreased by varying the dimensions of the
process inputs and outputs in the generalized TP-Based Model Transformation
modeling algorithm proposed by Baranyi in [Bar18] and [Bar22b].

(1) TP-based Model Transformation technique applied to process control.
The controller design approach was either applied in the initial form proposed by
Baranyi in 2003 or it was improved by adding additional steps or features in order to
overcome the eventual disadvantages of the classical form or to improve the derived
TP controller performance.

The initial form of the TP controller design approach consists of proceeding
the steps presented in the previous sub-chapter in the derivation of the TP controller.
The resulted TP controller was next used either alone in conventional control
structures (a) or in combination with other control techniques in cascade control
structures (b). Therefore, two other subcriteria result as follows:

a) The TP-based conventional control structures were proposed in:

e [Bar03a], [Bar03b], [BarO4a], [Bar04b], [Bok05], [Bar05b],
[Bar06a], [Bar06b], [Bar06d], [Tak10c], [Szol5] and [Tak21],
for an aeroelastic system;

e [Bar05a] and [Sun18], for a 3DOF helicopter;

e [Pet04] and [Pet07], for a TORA system;

e [Kol06], [Nag08], [Sza09], [llell], [Grol5], [Kucl9] and
[Hed21a] for a pendulum-cart system.
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e [Grol2] and [Gall5b], for impedance model with feedback
delay;

e [Eigl6b], for type 1 diabetes and in [Eig17b] for tumor growth;

[Prel0a] and [Hedl17b], for a three tank system and vertical

three tank system respectively;

[Prel0b], for an electromagnetic actuated clutch system;

[Prel2], for an automatic transmission system;

[Tak10b], for a DC motor;

[Hed17a], for a magnetic levitation system;

[Tak16], for a medical robot;

[Tak18], for an aircraft;

[Boo20], for a Lotka-Volterra fractional order model,;

[Cha20], for a mass-spring dumper system and for the Lorentz

system.

b) The TP-based cascade control structures were presented in:

e [Pre08], [Prel5], [Hed18c] and [Hed19c] using a combination
with fuzzy control technique;

e [Pet08] and [Hed18b] using a combination with gain scheduling
control technique;

e [Matl1] using a combination with neural networks;

e [Takl0a], [Hual5], [Kor06], [Chel7], [Zhal4] and [Hed19d]
using a combination with sliding mode technique;

e [llel4] and [Hanl7] using a combination with the model
predictive control technique;

e [Liul7b] using a combination with adaptive control techniques;

e [Hed19a] using a combination with Proportional Integral
Derivative (PID) controller.

The main advantage of the TP controller design approach is that both the
LMIs and PDC technique are combined in order to compute the feedback gain tensor.
This advantage led to the successfully application of the TP-based control technique
to a wide range of processes. However, as in case of the TP modeling approach, the
large dimension of the feedback gain tensor represents a big disadvantage especially
for higher order systems as it can negatively influence the control performance.
Therefore, in order to solve this issue, two possible solutions were proposed:

e in [Yul9], the iterative TP-based Model Transformation technique is
proposed which significantly reduces the feedback tensor dimension;

e in [Kutl7a], the Minimal Volume Simplex (MVS) method is used in
order to determine only on feedback gain on each dimension of the
transformation space.

Another disadvantage of the TP controller design approach presented
above consists in the fact that in the parameter tuning, which is based on LMIs, the
stability and control specifications are guaranteed only for the derived TP model and
not for the initial process. Therefore, other LMIs were added as follows in the
controller design approach in order to fulfill the stability requirements:

e in [Wul3], the Chebyshev LMI is introduced in order to ensure the
stability of the original process;

e in [Kutl6], additional LMIs are used in order to exclude in instability
regimes;

15

BUPT



in [Szal0], auxiliary variables are introduced in order to highlight if the
performances of the TP controller can or can not be improved.

The second classification criterion consists in the type of the initial model
which is used by the TP-based Model Transformation technique, namely: LPV model
(1) and qLPV model (I1).

(1) LPV models. Only the varying parameters are taken into consideration
when defining the transformation space used in the first step of the modeling
algorithm. The LPV models are derived in:

[Tik04], for a mass-spring system;

[Hual2], for a supersonic vehicle;

[Prel2], for an automatic transmission system;

[Barl8], in the generalized TP-based model transformation technique;
[lle21], for a tower crane system.

(11) gLPV models. Some of the varying parameters are also state variables of
the process. The gLPV models are derived in:

[Bar06b], for the TORA system;

[Hed19b] and [Hed19e], for a magnetic levitation system;

[Nag07a], [Nag07b], [Bar22a], [Kuc21] and [Hed21a], for a pendulum-
cart system;

[lle14] and [Hed21b], for a tower crane system;

[Szo14b], [Szol4c] and [Barl5], for an aeroelastic system.
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3. TP-based Model Transformation technique used in system
modeling

3.1. The TP-based Model Transformation modeling algorithm

The Tensor Product (TP)-based Model Transformation technique is a
numerical, non-heuristic method that is capable of transforming a dynamic system
model, into parameter-varying weighted combination of parameter independent
(constant) system models under the form of Linear Time Invariant (LTI) systems. It
has the advantage of allowing LMI and Parallel Distributed Compensation (PDC)
frameworks to be applied immediately to the resulting affine models. This leads to
tractable and improved control system performance.

The parameters introduced in the modeling algorithm are of two categories, (i)
and (ii):

(i) the extremities of the varying domains of the transformation space, which are
imposed according to the contratints applied to the process operation,

(ii)the number of varying parameters, the number of discretization points and the
number of singular values, which are chosen by the designer, and are directly
correlated to the complexity of computations and the number of LTI systems
of the TP model that will be derived by the algorithm.

The six steps of the TP-based Model Transformation modeling algorithm are
illustrated in Fig.3.1 and are presented in detail in the following paragraphs.

| 1.Defining the transformation spacel

Vv Q

2. Defining the discretization grid

v M

3. Finding the discretized system tensor

D
\ S

4 Application of Higher order
singular value decomposition on §

v o

5. Finding the values of
the weighting functions

v w(p)

6. Finding the core tensor

v

SLH
Fig.3.1. The TP-based model transformation diagram [Hed18a].

1. Defining the transformation space.
The transformation space denoted by @ is made of the intersection of the
varying domains of the model parameters. Therefore,
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Q =[a,b]x[a,,b,]x...x[a,,b,]= R", where the extremities of the intervals [a;,b],
with p,, p; €[a;,b] and i=1...n, are chosen depending on the restrictions applied to
the operation of the process. The parameter vector is denoted by
p=[p, p,...p,J' €@, where n indicates the number of parameters and the
superscript T denotes the matrix transposition. For example, in case of two varying
parameters p, €[a,,b,] and p, €[a,,b,] the transformation space © =[a,,b]x[a,,b,]
is illustrated in Fig.3.2.

2\
1 |
(3% A -
I I
' i
: =——o0
I I
I :
h—— 4 —————— == -
|
- |
: . rd
a a b

Fig.3.2. The transformation space for two parameters [Hed18a], [Hed19e].

2. Defining the discretization grid.
In the second step of the TP-based Model Transformation, every interval
[a,,b], i=1..n, of the transformation space € is discretized using a number of
discretization points denoted by M,, M, e N,M, >2 including the ends of each

interval. The discretization points have the following expression [Bar13]:
Jim =& + (b —a)(m; —1)/(M; -1),

: (3.1)
& <0, <b,m =1.M;i=1.n,
where a discretization point g, .\ Qg m,.m €L IS
gml,m2 ..... m, :[gl,m1 gZ,m2 gn,mn ]T' (32)

Thus, the discretization grid becomes:

me " (3.3)

IM=M,-M,-...-M

In the particular case of two varying parameters, for M, =8 and M, =6 the
discretization grid M with |[M |= M, - M, =8-6 points is illustrated in Fig.3.3.

n*
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Fig.3.3. The discretization grid for two parameters [Hed18a], [Hed19¢].

3. Finding the discretized system tensor.
In the third step of the TP-based Model Transformation, the discretized system
tensor is defined starting with the continuous state-space model representation of the
LPV process:

X(t) = A(P)x(t) + B(p)u(t), x(0) =X,,
y(t) = C(p)x(t) + D(p)u(t),
where x(t), x(t) e R? is the state vector, teR,t>0 is the time variable, x, € R? is

(3.4)

the initial state vector, q is the number of states, u(t) e R"™ is the input vector, m is
the number of inputs, y(t) e R' is the output process vector, | is the number of

outputs, and A(p) e RT?, B(p) e RY™, C(p) eR", D(p)cR"™are the system

matrices.
Thus, the following system matrix is defined [Bar13]:

S(p)= A(p) B(p) EER(Hq)X(erq)
C(p) D(p)

S(p) = [Sij (p)]izl...(l+q),j:l...(m+q)'
For each discretization point g, .
defined as:

(3.5)

€ M, the discretized system matrix is

D _ (1+g)x(m+q)
S _S(gml,mz mn) EER

my,m,,..m;,

(3.6)

D
momgem, = 185 Qg my.m, Mict g, j1.ne)

The main idea resulting from (3.6) is that the discretized system matrix
Sﬁl,m is in fact the system matrix s(p) in (3.5) computed for the parameter vector
equal to the discretization point p=g, . n =[91n Gom - gn]mn]T eM.
Finally, the discretized tensor s®, whose cells are the discretized system matrices
So.. is defined as:

2:-Mp

m,,..m, 1

n=1...

" (3.7)

SD c SRMlxM2><...><Mn><(|+q)><(m+q)

The discretized tensor computed for a system with two varying parameters has
the particular expression:
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SP = [S 31,m2 ]mlzl...s,mzzl...ﬁ
S St - St
_ SZD,l S?,z S?,e em8x6x(|+q)x(m+q). (3'8)
SBD1 S stg’:e
4. Application of the HOSVD on the tensor s°.

The discretized tensor SP e RMvMzxxMax(+ax(m+a) (3 8) can be written as
[Hed19e]:

S°=S®U,, (3.9)
where:
e U,=[u,, u,, .. u,, J,n=1.N is an orthonormal matrix meaning that it is
an orthogonal matrix made of unitary vectors, U, e ®""*""  u_, e ®R"* and
I, indicates the number of singular values;

e Sisareal tensor, Se RMyMzx-xMox(+a)(m+a) .
e ® indicates the n-mode product of a tensor defined as:

N
SQf)lUn:lele2U2><3 ...... xy Uy, (3.10)

which means the tensor S is multiplied along its n-th dimension with u, for
n=1.N.
The n-mode product of a tensor in (3.10), namely S® =Sx U, n=1.N,isa

matrix product obtained by first finding the n-mode matrix of tensor s, S, , then by
computing the matrix product S['m =U-S, and finally by finding the discretized
tensor S° in S, [Hed19e].

The n-mode matrix Sp,) e R Mtz 0290 s defined as:

Sty =[sP1, (3.11)
where s° e denote the column vectors of the M, dimension of tensor S° and
r=1.R,with R=M M, ,.(Mm+q)MM,..(1+0q).

The Higher Order Singular VValue Decomposition (HOSVD) applied on the

tensor S° implies n singular value decompositions (SVD) made for all the n-mode

matrices Sg). The SVD of the n-mode matrix S(Dn) makes use of with the following

theorem with the proof given in [Lat00].
Theorem 1. Whatever the matrix S(Dn) there are the orthogonal matrices

U,,V, such that

n+2*"

Ulst Vv, =%,
¥ 0
e (3.12)

X, =diag(o,,0,,....,0, ),

I
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where ¢, >0, >....>c, are the singular values.
The SVD of the n-mode matrix S, is then computed as:
Sty =U,Z,V/, (3.13)
where X is defined in (3.12) and u, and V, are the left and the right singular

matrices and they are unique. The singular values of the matrix S;, are the unique

PSP
(n>(n)

The SVD algorithm is presented as follows using the steps a), b) and c)
[Lat00]:

a) Computation of X =S

positive square roots of the eigenvalues of the matrix X =S

St
b) Computation of the eigenvalues A, of the matrix X(A,),r=2...,N .
c) Computation of the singular values of the matrix S(E;) (using only the
positive eigenvalues):
o, = A, r=1.1,. (3.14)
After finding the singular values of S;,, the matrices U, and V, are
computed after solving the system (3.14). The column vectors u,, in the matrix U,

are called weighting vectors and they are later used for finding the values of the
weighting functions (w.f.s).

5. Finding the values of the weighting functions.
The values of the column vectors u,, of U, define the values of the w.f.

Wn(pml,mz,...mn) for pml,mz,‘.mn :(gl,ml“"'gn,mn) [Hedlge]

Wn (pml,mz,...mn ) = un,ln ' (315)

6. Finding the core tensor.
The core tensor S, is computed by bringing to the left of the tensor S° the

singular matrices U, [Barl3]:
N

S, =sDn®:luTN =S x, U] x, U] x,....xy Uj,. (3.16)

For any parameter vector p < @, the core tensor S, is expressed as a convex

combination of the LTI system matrices S;I'm
systems:

n e R0 oalled also vertex

2,eem

Ml MZ Mn

N
Sf = Z Z ’ ZHWn (pml,mz,...mn )Srl;l—,lmz,...mn . (317)

m=lm,=1 m,=1n=1

Using the compact notation specified in (3.9), the following expression is
obtained [Bar04b]:

S(PM) =S OW, (P, m,. m): (3.18)
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3.2. The derivation of the TP model for Vertical Three Tank System

The Vertical Three Tank System (V3TS) is a laboratory equipment designed
for experiments which has the diagram of principle presented in Fig.3.4. The system
is made of four thanks: three of them (T1, T2 and T3) placed vertically and the fourth
one (T4) which is placed under the third tank. The system also contains a variable
speed pump driven by a DC motor and three electrical servo valves. Three piezo-
resistive pressure sensors PS1, PS2 and PS3are used to measure the water levels v, ,

y, and y,.

q
ps1 [t

Ps2

sV2

PS3

T3

pump

J
._ T4

Fig.3.4. Diagram of principle of V3TS [Int07].

The state-space equations of the process are [Int07]
Yy = q/Bl(yl) _Clyfl /Bl(yl)’
Yy, = C1y10t1 /Bz(yz)_czyg2 /Bz(y2)1 (3.19)
Y3 =C,Y;° /[33(5/3)_(:33/;X3 /B (Ya),
where q=0.435-10"* (m®/s) is the inflow rate, u is the control signal, i.e. the Pulse
Width Modulation (PWM) duty cycle of DC motor for the speed pump control,
ko, =1.6-10" (m®/s) is the pump gain, y,(m), i e{1,2,3}, is the fluid level of i"
tank with the maximum values V... = Yomax = Yamax = 0-32 (M), o, is the flow
coefficient for i™ tank with o, =, = o, = 0.5 (I/min), C, is the resistance of the
output orifice of i" tank with C,=C, =C, =11.08-10"° (kg/m?), B,(y;) is the
cross sectional area of i" tank computed at the level v, :
Bl(yl) =aw,
Bz(yz):CW"'(yzlyzmax)bW’ (3-20)

Bs(Y3) = W\/R2 _(R - y3)21
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and a=0.25 (m), b=0.345 (m), ¢c=0.1 (m), w=0.035 (m), R=0.364 (m)
represent the geometrical parameters of the three tanks. The three electrical servo
valves are closed. However, the manual valves are open.

In order to simplify the further development of control structures for the liquid
level control of V3TS, which will be presented in Chapter 4, the nonlinear model is

linearized around two operating points (0.p.s) PY =(y®, y,? y{ u@)" where

j =12 is the index of the 0.p.s. The o.p.s are chosen to cover the usual operating

regimes and to avoid the extremities of the input-output map, which create problems
in the computation of the process gains. Therefore, the two o0.p.s are

P®(0.1,0.1,0.1,0.4) and P®(0.21,0.21,0.21,0.4) [Boj18b], [B0j19].

Using the two 0.p.s, the following state-space linearized mathematical model
is obtained for V3TS:

{A)‘((” — AD AxD 4 pD Ay

AyD = CAxD

Ax(D = [Ayl“) Ay4D) Ayé”]T, (3.21)
a 0 o0 by 100

AD =g ald 0 |bP =l 0| C=[0 1 0]j=12
0 ay af 0 001

with the matrix parameters
a) =-Cio, l@awyy™),
a;) =Cio l@wyy,™),
1-a,

ag) =—CL0, [[W(C+b Yy ! Ysma) Yoo 2 1
aég) = CZOLZ /[W(C + b y20 / y2mal><)H;6Ocz ]!

all) = —Cyos IWyR? — (R—,)" y5™ ],

b =q/(aw), j=12,
where x=[x, X, X1 =[y, Y, VY,]I' e®R® is the process state vector, x, =y,
(m), x,=y, (m) and x, =y, (m) are the state variables, Ay’ =y -y,
Ay =y -y, Ay =y —y P AP =u —ufP are the differences of the
variables y@, y{», y& and y® with respect to the values at the operating points,

(3.22)

v, vy, vl and ul?, respectively.

After replacing the values of the two o0.p.s in (3.21), two linearized models are
obtained for VV3TS with the corresponding matrices given in Equation (1) in Appendix
1.

Next, the derivation of the TP model for V3TS is presented. It starts with the
gLPV model of V3TS:

X =A(p)x+b(p)u,

y =CX,
where p=p,=y, eR* is the bounded parameter vector, which contains the first state
variable, that is the reason why it is actually a scalar, y is the controlled output
variable, i.e. the tank fluid level, A(p),b(p),c result from [Int07]:

(3.23)
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a;(p) 0 O
Ap) = a21(p) ay O EERSXB,

0
a3 Ay (3.24)
by, 100
b=| 0 [eR¥™ C=|0 1 0|eR*®
0 0 0 1

and the elements of the matrices result from (3.21).
Introducing in (3.23) the system matrix

S(p)=[A(p) b]e®R™, (3.25)
the model is transformed in the LPV state-space form [Bar04b]
x=S(p)[x" ul',
y =Cx.
The idea of the TP-based Model Transformation is to obtain LTI models from
the gLPV model (3.23) as follows [Hed18a]:

X = S(p)) O W, ()K" U] = 3w, (p)S,, [x ],

my=1

(3.26)

(3.27)
y =Cx,

where the values of the continuous w.f.s are given by the row matrix w (p,), S is

the system tensor of dimension N , the initial state vector x, € ®" is not specified for

the sake of simplicity, and g=3. The LTI system matrices are S, =[A, b, ], with

M, =2 - the number of singular values, which is chosen by the designer such that to

ensure a small number of models in the TP. The resulted TP model is expressed as:

2
X= ) W A_X+b_u),
n; b (PD(A, X +Dp 1) (3.28)

y = Cx.
Using the TP Tool [Nag07c] the LTI system matrices are obtained for V3TS

[Hed18a] and are given in equation (1) in Appendix 2. The w.f.s are of canonic type
[Hed18a] and are illustrated in Fig.3.5.

0.2 P e —— P

T e B e

weighting functions

Py=Y,
Fig.3.5. Weighting functions obtained for the first parameter.
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One testing scenario was conducted in order to test the derived TP model for
V3TS given in (3.28). In order to compare the performance of the TP model with
other models derived for V3TS, four linear models are also tested in the same scenario
as the TP model using the testing block diagram illustrated in Fig.3.6. The first linear
model is represented by the first linearized model presented in (3.21) corresponding to
the first o.p. with the numerical values given in Equation (1) in Appendix 1, the
second linear model is represented by the second linearized model presented in (3.21)
corresponding to the second o.p. with the numerical values given in Equation (1) in
Appendix 1, the third linear model is represented by the LTI model resulting from the
TP model, characterized by the LTI system matrix s, given in Equation (1) in

Appendix 2 and the fourth linear model is represented by the LTI model resulting
from the TP model, characterized by the LTI system matrix s, given in Equation (1)

in Appendix 2.

—»  V3Ts |y

Nonlinear NM
> —» v,

model

Testing signal |—

—»»| TPmodel [Py

_’ Linear model —’ _],-'{.E'f

Fig.3.6. Testing block diagram for V3TS.

A Pseudo Random Binary Signal (PRBS) signal with a 0.2 amplitude, which is
illustrated in Fig.3.7, was applied to the V3TS laboratory equipment, to the nonlinear
model given in (3.19), to the TP model given in (3.26) and to the four linear models of
V3TS on the time horizon of 1000 s. The initial state vector matching the experiments
IS x,=[0 0 0.

0.65

V)] SR S— e

0.55 f—+rreoeeeeeenos froveees s R S A ) R ¢ s I .

0.5 P s T A ] s N I

Control signal (duty cycle)

045 e . e

0'40 100 200 300 400 500 600 700 800 900 1000

Fig.3.7. Control signal versus time used in the testing scenario.
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The corresponding outputs of the V3TS laboratory equipment, of the nonlinear
model, of the TP model and of the four linear models illustrated in Figs.3.8-3.10, were

collected and compared.

0.2

—V3TS
- Nonlinear model

----- TP model
1% Linear model

— 2™ inear model
A 3" Linear model

\ — 4" Linear model

/N

! Jill]l‘.lu

i
100 200

i
300

i
400 500 600
Time (s)

i
700 800 900 1000

Fig.3.8. First tank fluid level vs. time for V3TS laboratory equipment, nonlinear model, TP model, 1%
linear model, 2" linear model, 3" linear model and 4™ linear model in the testing scenario.

0.25

0.2

—V3TS
-+ Nonlinear model
----- TP model

15! Linear model

T

2™ Linear model
3" Linear model

— 4" Linear model

//

N

i
300

i
700 800 900 1000

0

|
100 200

400 500 600

Time (s)

Fig.3.9. Second tank fluid level vs. time for V3TS laboratory equipment, nonlinear model, TP model,
1% linear model, 2™ linear model, 3" linear model and 4" linear model in the testing scenario.
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; -y
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Fig.3.10. Third tank fluid level vs. time for V3TS laboratory equipment, nonlinear model, TP model, 1%
linear model, 2" linear model, 3" linear model and 4" linear model in the testing scenario.

Four performance indices, namely Root Mean Square Error (RMSE), Value of
Accounted For (VAF), Akaike Information Criterion (AIC) and Bayesian Information
Criterion (BIC), are measured in order to better highlight the performance of the TP
model derived for the V3TS in the testing scenario.

The RMSEs are computed as

RMSE = /%ieﬁ’z(k), (3.29)

where e (k) represent the modeling errors, which in case of V3TS are computed as
e/ =y/°" —yr,i=1.3. (3.30)

The superscript v = NM indicates the nonlinear model, y = TP indicates the
TP model, v = L, indicates the first linear model, v = L, indicates the second linear

model, y =L, indicates the third linear model, v =L, indicates the fourth linear

model, y'*™ are the outputs of the V3TS system (i.e. the real-world process), y' are

the outputs of the models, i represents the number of tank, M =10000 is the number of
samples and the sampling period T, =0.1 s.

The VAF values were computed in terms of [Sub12]
VARY =100-[1-c(e")/c*(y")],

o' () = {i(er’ () —éﬂ)ﬂ /[M -1], (3.31)

(1) = [i(ywk) - W)Z} /[M -1

where e’ results from (3.28), c°(e¥) represent the variances computed for the
modeling errors, and o (y") represent the general form of the variances computed
for the outputs of the models, respectively, €" are the means of the modeling errors
and y.” are the means of the outputs.
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The AIC introduced in [Aka73] and the BIC introduced in [Sch78] were also
computed for both models in terms of

v ol LS av? k"
AIC, _In(lvI Z‘ei (k)]+ % (3.32)
BICY = AICY +[In(M)/M],

where In() is the natural logarithm and k" represents the number of paramaters of
each model. In case of V3TS k™ =48 is the number of parameters of the TP model,
k™ =16 is the number of parameters of the nonlinear model, k* =k =16 is the
number of parameters of the first and second linear model, and k™ =k =6 is the

number of parameters of the third and fourth linear model. The values of the
performance indices are given in Table 3.2.1.

Table 3.2.1.
Values of performance indices for V3TS.
Model Criterion

RMSE (m) | VAF (%) AIC BIC
TP model/ 1% tank 0.0118 86.8403 15.1173 15.1182
TP model/ 2" tank 0.0148 82.9007 15.5675 15.5684
TP model/ 3" tank 0.0203 76.8452 16.2054 16.2063
Nonlinear model/ 1% tank 0.0356 73.1740 1.3314 1.3323
Nonlinear model/ 2™ tank 0.0277 55.3223 0.8287 0.8296
Nonlinear model/ 3™ tank 0.0222 92.4840 0.3862 0.3871
15t Linear model/1% tank 0.0174 91.1566 0.0937 0.0983
1t Linear model/2™ tank 0.0174 77.0904 0.1069 0.1078
1t Linear model/3 tank 0.0226 71.9618 0.4246 0.4255
2" Linear model/1% tank 0.0486 79.5526 1.9520 1.9503
2" Linear model/2™ tank 0.0904 44.4969 3.1931 3.1940
2" Linear model/3 tank 0.0773 30.5677 2.8808 2.8817
3 |inear model/1%t tank 0.0213 77.7836 4.6972 4,6981
3" Linear model/2™ tank 0.0311 63.8652 3.9405 3.9415
3" Linear model/3™ tank 0.0373 54.2338 3.5777 3.5786
4™ Linear model/15t tank 0.0085 94.8032 6.5353 6.5362
4™ Linear model/2" tank 0.0118 89.9512 5.8720 5.8729
4™ Linear model/3™ tank 0.0204 82.4868 4.,7855 4.7865

The best performance concerning the values of RMSE is obtained by the fourth
linear model in case of the first and second tank and by the TP model in case of the
third tank while, the best performamce in terms of VAF are obtained by the fourth
linear model in case of all three tanks. However, the TP model ensures better
performance than the nonlinear model and the four linear ones in terms of AIC and
BIC in case of all three tanks.

Therefore, the experimental results have shown that the derived TP model
expressed in (3.28) approximately mimics the behavior of the laboratory equipment,
but exhibiting numerical error. Other numbers of parameters of the TP model would
lead to other values in Table 3.2.1.
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3.3. The derivation of the TP model for a partial state feedback
controlled Magnetic Levitation System

The Magnetic Levitation System (MLS) from Inteco, illustrated in Fig. 3.11, is
a laboratory equipment based on the magnetic levitation principle, which includes a
metallic frame with one upper electromagnet, Electromagnet 1, and one lower
electromagnet, Electromagnet 2. A ferromagnetic sphere levitates between these two
electromagnets and its position is measured using position sensors. The
communication between the hardware and the software components is ensured by a
computer interface.

Electromagnet 1
o
PC
| Ul 23 |

Acquisition x Feml Sphere
board m ) ]
—_ | |[Fem2+Fg|
Connection
cable == 1
r S I i 0
A = —
I RT-DAC4PCT U2, 3t -~

Electromagnet 2/
Power supply unit

Fig.3.11. Experimental setup for MLS [Int08].

Due to the fact that the MLS is a nonlinear and unstable process, the design of
a control structure for the sphere position is a challenging task. So, in order to
simplify the further development of control structures, which will be presented in
Chapter 4, the fourth state variable of the process is first dropped out resulting the
following third-order system with the remaining state variables: the position x, the

speed v and the intensity of the current in the upper electromagnet i,,,, in terms of

neglecting the lower electromagnet. The intensitiy of the current and the signal
applied to the lower electromagnet were considered as disturbance inputs, with the
following constant numerical values: i, =0.039 and ug,, =0.005. Therefore, the

IEM2

reduced nonlinear state-space mathematical model of MLS is:

X, =V,
V=_ iéMl “Fempy 'exp(_xl / FemPZ) +g
m- I:emP2
+iéMza)'mefeXpG{Xd_»Q)/mez, (333)
m- FemPZ
i _ ki'“EMl*'Ci_iEM1
EM1 — f ]
IP1'eXp('_X1/fiP2)

fiPZ

Yy =X,

where: x, €[0,0.0016] (m) - the sphere position, ve R (m/s) - the sphere speed,
Iems lem, €[0.03884,3.28] (A) - the intensities of the currents in the top and bottom
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electromagnets, ug,,;,Ugy, €[0.00498,1] (V) - the control signals applied to the upper
and lower electromagnets, and y (m) - the process output. The MLS process includes
the actuators and sensors. The numerical values of the process parameters are
determined analytically and experimentally and are given in the following:
D, =0.06 m - the diameter of the sphere, x, =0.09 m - the distance between

electromagnets minus sphere diameter, g =9.81 m/s? - the gravity acceleration,

m = 0.0571 Kg - the sphere mass, the parameters k. =0.0243 (A) and ¢, = 2.5165 (A)
correspond the actuator dynamic analysis, F,,, =1.7521-107% (H) and
F..p, =5.8231-10"° (m) are the electromagnetic forces parameters, f,, =1.4142-10™
(ms), f., =4.5626-10"° (m) [Bojl18a].

The third order model given in (3.33) is next linearized at seven operating
points (0.p.s.) leading to a set of linearized models, which are controlled using state
feedback controllers as shown in [Boj18a], and one of the state feedback controllers is
further used. Therefore, the TP model derived in this sub-chapter is obtained for the
partial state feedback controlled MLS (psfcMLS).

The mathematical model of the psfcMLS is obtained following two steps, (1)
and (2).

Step (1). The third order nonlinear model of MLS (3.32) is linearized around
seven 0.p.s PW = (xD v@ i P ud )T where j=17 is the index of the current
0.p. The number of the 0.p.s is chosen such that they belong to the steady-state zone
of the sphere position sensor input-output map [Boj18a], to cover the usual operating
regimes and to avoid the extremities of the input-output map, which create problems
in the computation of the process gains. Therefore, the seven o.p.s are
P™®(0.0063, 0,1.128, 0.48), P?(0.007, 0,1.145, 0.45), P®(0.0077, 0, 1.07, 0.42),
P®*(0.0084, 0,1, 0.39), P®(0.009, 0, 0.9345, 0.36), P®(0.0098, 0, 0.89, 0.34) and
P((0.0105, 0, 0.83, 0.32).

Using the seven 0.p.s, the following state-space linearized mathematical model
is obtained for MLS:

() — A A (D) LD Ay
{Ax =AY AXY +bAuy

- )y (] ’

() _ () () TONl
AX _[Axl Av AV

AyD = AxDD, (3.34)
0 1 0 0

AV =[a) 0 al | bl =| 0 T “L o 0],
al) ay ay b{}

AD e RjR pD e TV e RjPP AxD e R AU e R,
with the matrix parameters
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al) = X3 Fenp1 efF::,z Xso Feupr 7% Gy _ 2X30 Fenpy 7F:,,1122
i t— 7 °© e ’
m FemPZ m FemPZ m FemPZ
) X X10 _ f X10
aé:lj.) = _(kiul +Ci - X30)ie fi ’ aéé) = ki ﬂe fiz ’ (335)
iP1 iP1
_ foo f =
aé?l’) — _ﬂ,e fip2 ,b?flJ) — ki ,ﬂ_e fip2 ’
iP1 iP1
where AXD = x) x| AV =y i) A =i i
Aul) =ul) —ul) and AyD =y —y() “are the differences of the variables x?,

v i u) and y@ with respect to the values at the operating points, x, v{,
()
i

 uld and yi, respectively.
Step (2). The models in (3.34) are stabilized using the pole placement method

[Boj18a] and finally the state feedback gain matrix
ki =[k, k, ks]=[66.63 1.62 -0.15] are obtained. Next, k! is applied to the reduced

nonlinear model of MLS (3.33) and the psfcMLS model is obtained as

X, =V,
V=— iéMl *Fempy -exp(=x, / FemPZ) "
m- I:emF’Z
.9 = B
+ IEM2 FemPl eXp( (Xd Xl)/ I:emPZ ’ (336)
m- FemPZ
i _ Ki Uy +K; Ky X +K; K V€ + (K Ky —1)igy,
EM1 — )
f.
flipl'exp(_xll fipz)
iP2
Yy =X,
where the control law is given as
Uemy =—u+kch1 +kczv+k03iEMl1 (3-37)

and it is also illustrated in the block diagram of the psfcMLS given in Fig. 3.12.

¥=X1
u UEM]

MLS

ke

Fig.3.12. Block diagram of psfcMLS.

The LPV model resulted from the psfcMLS model (3.34) is next used in the
derivation of the TP model. Therefore, the LPV model of psfcMLS is expressed as:
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X =A(P)X+b(pP)ugy;,
y=c'x, (3.38)
X=[X1 v iEMl]T' p:[pl pz]T :[X1 iEMl]T’
where p is the parameter vector, which contains the first state variable p, = x, and
the matrices A(p), b(p) and c', are [Boj18a]

0 1 0 0
A(p) = aZl(p) 0 azs(p) , b(p) = 0 |
a;(P) a,(P) as(p) by, () (3.39)
¢ =[10 0],

Ap) € R, b(p) e R¥™, ¢" e R™, Uy, € R,
with the elements:

2 Py Py
P2 Fewps 2p, Fopr F
a :——e emPZ’a :__—e emP21
=(P) m Feﬁ1P2 () m F, e,
Py [

i Pr i for T

a3l(p):_(kiulx +CI _IEMQ)f_.e e +66-33'k| ’ f -€ IPZ!
W Lo  (3.40)
33 (P) =1.62-k; 'h'eaﬂ%s(p) = _ﬁ'eE —-0.15-Kk, '—fipz 'GE,
iP1 iP1 iP1

f P
b31(p) = ki P2l
fiP1
Introducing in (3.38) the sistem matrix S(p) =[A(p) b(p)] € R>*,the model
is transformed in the gLPV state-space form
X= S(p)[XT UEM1]T1
y=c'x,
with the following LTI models [Hed17a], [Hed19e]:

N
X = S(p) n®:an (pn)[XT u EMl]T

(3.41)

Ml
= zwl,ml(pl)sml [XT uEMl]T7 (3.42)
m; =1

y=C'xX.
Finally the TP model derived for psfcMLS model is given as

3
X=> W A _X+b .U ,
n;_l l,ml(pl)( ml ml EMl) (343)

y=c'x
Using the TP Tool described in detail in [Nag07c], the LTI system matrices

are obtained and their values are given in Equation (2) in Appendix 2. The weighting
functions are illustrated in Fig.3.13.
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Fig.3.13. W.f.s obtained by TP-based model transformation
of psfcMLS [Hed17a], [Hed19e].

(=]

o

Four testing scenarios are conducted in order to test the derived TP model
expressed in (3.43) using the open-loop diagram illustrated in Fig.3.14. In order to
compare the performance of the TP model with other models derived for psfcMLS,
four linear models are also tested in the same scenario as the TP model. The first
linear model is represented by the first linearized model presented in (3.34)
corresponding to the first o.p. with the numerical values given in Equation (2) in
Appendix 1, the second linear model is represented by the second linearized model
presented in (3.34) corresponding to the second o.p. with the numerical values given
in Equation (2) in Appendix 1, the third linear model is represented by the LTI model
resulting from the TP model, characterized by the LTI system matrix s, given in

Equation (2) in Appendix 2 and the fourth linear model is represented by the LTI
model resulting from the TP model, characterized by the LTI system matrix s, given

in Equation (2) in Appendix 2.

psfcMLS _> y pafeMLS

Nonlinear , NM
model Y

Testing signal |—

TP model [P y'°

Y vV Vv v

Linear model + _],-'E'f

Fig.3.14. Testing block diagram for psfcMLS.

In the first testing scenario a Pseudo Random Binary Signal (PRBS) with a
0.008 m amplitude, which is illustrated in Fig.3.15, is applied to the psfcMLS
laboratory equipment, to the nonlinear model given in (3.36), to the TP model given
in (3.43) and to the four linear models of psfcMLS on the time horizon of 20 s. The
initial state vector matching the experiments is x, =[0 0 0]".
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Fig.3.15. PRBS control signal versus time used in the first testing scenario.

The corresponding plots of the sphere position versus time are illustrated in

Fig.3.16.

0.014

0.012

0.008

T
psfcMLS
TP model
Nonlinear model

15! Linear model [|
2" Linear model
3" Linear model
4™ Linear model H

Sphere position (m)

0.006 [ 7

0.004

0.002

0

0 2 4 6 8 10

Time (s)

18 20

Fig.3.16. Sphere position vs. time for psfcMLS, nonlinear model, TP model, 1% linear model, 2" linear

model, 3 linear model and 4™ linear model in the first testing scenario.

In the second testing scenario, a sine signal with a 0.0015 m amplitude, which
is illustrated in Fig.3.17, is applied as control signal and the corresponding plots are

illustrated in Fig.3.18.
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Fig.3.17. Sine control signal versus time used in the second testing scenario.

0.015

psfcMLS

=== Nonlinear model

1% Linear model
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Linear model
3" Linear model
4™ Linear model
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0.005

0

i
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Time (s)

Fig.3.18. Sphere position vs. time for psfcMLS, nonlinear model, TP model, 1%t linear model, 2" linear
model, 3 linear model and 4™ linear model in the second testing scenario.

In the third testing scenario, a chirp control signal with a 0.1 initial frequency,
which is illustrated in Fig.3.19, is applied as control signal. The plots of the sphere
position y versus time are illustrated in Fig.3.20.
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Fig.3.19. Chirp control signal versus time used in the third testing scenario.
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Fig.3.20. Sphere position vs. time for psfcMLS, nonlinear model, TP model, 1% linear model, 2" linear
model, 3™ linear model and 4" linear model in the third testing scenario.

In the fourth testing scenario a Pulse-Width Modulation (PWM) control signal
with a 0.0012 m amplitude and a 50 % pulse width, which is illustrated in Fig.3.21, is
applied as control signal. The plots of the sphere position y versus time are illustrated
in Fig.3.22.
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Fig.3.21. PWM control signal versus time used in the fourth testing scenario.
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Fig.3.22. Sphere position vs. time for psfcMLS, nonlinear model, TP model, 1% linear model, 2" linear
model, 3™ linear model and 4" linear model in the fourth testing scenario.

The four performance indices introduced in Sub-chapter 3.2, namely RMSE,
VAF, AIC and BIC are measured in order to better highlight the performance of the
TP model derived for the psfcMLS model in the testing scenario.

The RMSEs, VAF, AIC and BIC were computed using (3.29), (3.31) and
(3.32), where the modeling errors are defined as

g¥ =y _yv, (3.44)

The superscript y are the outputs of the psfcMLS (i.e. the real-world
process), v = psfcMLSm indicates the nonlinear psfcMLS model, v =TP indicates
the TP model, v =L, indicates the first linear model, v =L, indicates the second
linear model, y =L, indicates the third linear model, y =L, indicates the fourth
linear model, M =80001 is the number of samples and the sampling period
T, =0.0025 s, k™ =18 is the number of parameters of the TP model, k ™" =12 s
the number of parameters of the psfcMLS model, k" =k =k" =k =12 is the

number of parameters of the linear models. The values of the performance indices are
given in Table 3.3.1.

psfcMLS
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Table 3.3.1.
Values of performance indices for MLS.

Criterion
Model RMSE VAF
(m) (%) AIC BIC
TP model/ 1% testing scenario 27210 72.61 -7.41 -7.42
TP model/ 2™ testing scenario 2.05-10° 11.66 -7.98 -7.97
TP model/ 3" testing scenario 1.39-10° 78.91 -8.79 -8.78
TP model/ 4™ testing scenario 2.98-10" 83.20 -7.23 -7.21
psfcMLS model/ 1% testing scenario 7.83-10° 92.24 -8.30 -8.29
psfcMLS model/ 2™ testing scenario 6.20-10* 13.35 -8.77 -8.75
psfcMLS model/ 3™ testing scenario 456-10"* 56.75 -9.38 -9.39
psfcMLS model/ 4™ testing scenario 8.99-10°* 138.45 -8.02 -8.01
1%t Linear model/ 1 testing scenario 6-10° 6.20 -7.45 -7.44
1% Linear model/ 2™ testing scenario 5.04-10" -45.73 -7.79 -7.78
1%t Linear model/ 3 testing scenario 48210 8.48 -7.88 -7.89
1%t Linear model/ 4" testing scenario 1.8-10°° 66.53 -5.25 -5.26
2" Linear model/ 1% testing scenario 6.47-10" 7.52 -7.29 -7.28
2" Linear model/ 2™ testing scenario 77610 -38.49 -6.93 -6.94
2" Linear model/ 3" testing scenario 9.65-10™* 8.91 -6.49 -6.48
2" Linear model/ 4™ testing scenario 1.3-10° 63.61 -5.95 -5.94
3" Linear model/ 1% testing scenario 6.51-10" 24.79 -7.28 -7.27
3" Linear model/ 2" testing scenario 4.92.10° -23.66 -7.84 -7.85
3" Linear model/ 3" testing scenario 4.34.10° 13.99 -8.09 -8.08
3" Linear model/ 4™ testing scenario 2:10° 65.12 -5.04 -5.03
4" Linear model/ 1% testing scenario 5.17-10* 13.39 -1.74 -1.73
4" Linear model/ 2™ testing scenario 4.40-10™ -40.97 -8.06 -8.05
4" Linear model/ 3" testing scenario 4.78-10" 11.73 -7.91 -7.92
41 Linear model/ 4™ testing scenario 1710 67.73 -5.35 -5.36

The best performance concerning the values of RMSE is obtained by the TP
model in the third testing scenario. The best performance concerning the values of
VAF is obtained by the psfcMLS model in the first testing scenario. The third linear
model ensures the best performance in terms of both AIC and BIC in case of the
fourth testing scenario.

Therefore, the experimental results have shown that the derived TP model
expressed in (3.43) approximately mimics the behavior of the laboratory equipment,
but exhibiting numerical error. Other number of parameters of the TP model would
lead to other values in Table 3.3.1.

3.4. The derivation of the TP model for Pendulum Cart System

The Pendulum Cart System (PCS) is a challenging nonlinear Single Input-
Multi Output. The state-space model that describes the behavior of the nonlinear PCS
is [Fee98]:
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X, = X3,

X, =X,

i = (17 +J /m)(F =T, —uxZ sin le)erI cos X, (ugsin x, — f_x,)  (345)
J+ulsin® x,

~lcosx, (F—T, —px; sin x,) +pgsin x, — f x,

A J+ulsin? x, ’

Y =X,

where x =[x, X, X, X,]" is the state vector, x, = y, (m) is the first process output, i.e.
the cart position, x, (rad) is the angle between the vertical direction and the
pendulum, X, (m/s) is the cart velocity, x, (rad/s) is the cart pendulum angular
velocity, F = f,-u+ f, - x; (N) is the control force produced by a DC motor which is
controlled by a PWM signal with the notations u (%) e[-100,100] and next
uel[-0.50.5], f,=9.4 (N) is the control force to PWM signal ratio, f,=-0.548 (N)

is the control force to cart velocity ratio, 1 =0.011 (m) is the distance from axis of
rotation to center of mass of system, J =0.00282 (kg-m?) is the moment of inertia of

pendulum with respect to axis of rotation, m=0.872 (kg) is the equivalent mass of
cart and pendulum, p=m-l (kg-m) is the friction coefficient, g =9.81 (m/s?) is
gravitational acceleration and T, =1.203 (N) is the friction force.

The block diagram of the PCS laboratory equipment is shown in Fig. 3.23.

Personal
Computer

flat DC motor + belt

il.:li position sensor ‘

Power interface
+ RT-DAC/USB2

Fig.3.23. Block diagram of PCS [Hed21a].

The PCS has two operation modes, the crane mode and the self erecting mode,
which are illustrated in Fig. 3.24. The crane mode is considered in this thesis.

-

f A

e
[ o ol o o o]
R T
4—6+ L':':f*" ",‘=.‘r§‘;

Crane mode

Self erscting mode

Fig.3.24. Two control problems of PCS [Fee98].

In order to simplify the further development of control structures for the cart
position control of PCS, which will be presented in Chapter 4, the nonlinear model is
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linearized around one operating point (0.p.) P® =(y®,y,”, y®, y® u®)". The o.p. is
chosen to cover the usual operating regimes and to avoid the extremities of the input-
output map, which create problems in the computation of the process gains.
Therefore, the 0.p. is P®(0,7,0,0,0).

Using the o.p., the following state-space linearized mathematical model is
obtained for PCS:

{ AX® = AD AxD L hOALD

Ay® =CAx®Y
Ax® — [Axl(l) Axgl) AXél) Ax[(ll) 1]' j=1

0 0 1 0 0 1 00O (3.46)
A(l):o 0 0 1 b® _ 0 c 0100
0 a,” a,” a,”| b, “ | 001 0f
0 a42(1) a43(1) a44(1) b41(1) 0 0 01
AV e R pO cR™M CeR™, ueR,
with the matrix parameters
@ (17 + 37 m)(=T_ gl sin(2x,)) + lug cos(2x, ) (Il sin? (x,))
Ay = — . +
(I + dsin®(x,))
. lug cos(2x, )(1? g cos(x, ) sin(X, ) sin(2Xx,))
(J + g sin?(x,))? ’
@ _ (17 +J/m) o —leos(x,)f,
B @asin® (), T (Q+psin®(x,))? (3.47)
@ _ (Isin(x,)T,)(Judsin 2(x,)) _ (Hcos(x,)T, ) (244 sin(x,) cos(X,) + Jug cos(X,))
2 (3 + sin?(x,))? (3 + udsin?(x,))>

(=1 cos(x,)T,)(* gl cos(x,)sin?(x,) — 2%l cos(x, ) sin? (X, ))
- (3 + dsin’(x,))? ’
@ _ I cos(x,) o _ -f
@ +sin?(x,))2 " (3 + dsin?(x,))?
w__ (*+3/m) W _ I cos(x,)
@ +sin?() T (3 +sin?(x,))2 ),

43

31

where  AX® =x® —x® AxP =xP —x0, AXP =xP -xQ, AxP =x{P - x%),
Au® =u® —ul are the differences of the variables x®, x{’, x, x¥ and y® with

respect to the values at the 0.p., x{', x5, x§¥', x{¥ and u’, respectively.

After replacing the values of the o.p. in (3.46), one linearized model is
obtained for PCS with the corresponding matrices given in Equation (3) in Appendix
1.

Next, the derivation of the TP model for PCS is presented. It starts with the
gLPV model of PCS

X=A(p)x+b(p)u,  x(0) =x,

y =Cx, (3.48)

X:[Xl X, X3 X4]T,p:pl=X2,
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where X denotes the process state vector and p is the bounded parameter vector
(which contains only the second state variable). The matrices A(p), b(p),C have the
following expressions:

0 O 1 0 0
0 O 0
A(p) = , b(p) = :
0 a;(P) a;(E) az,(p) b, (P)
0 a,(E) a,E) a,p) b, (P)
1000 (3.49)
0100
C-= ,
0010
000 1

A(p) e R™, b(p) e R™, Ce R, uewR,
and the elements of the matrices are computed according to (3.47).
Introducing in (3.48) the system matrix
S(p) =[A(p) b(p)leR™, (3.50)
the model is transformed in the gLPV state-space form
x=S(P)Ix" ul", x(0) =x,,
y = Cx.

The purpose of TP-based Model Transformation is to obtain LTI models as
follows [Bar04b]:

(3.51)

M,
X=>w S [x" ul,
n;l m (P1)S [ ] (3.52)

y =Cx,
where S, =[A, b, ] are the LTI vertex systems from which the system tensor S is

made of, w,, (p;) are the values of the weighting functions, M, =5 is the number of

singular values.
The TP model derived for PCS is expressed as

5
X=> W A X" +b_u),

r;- ml(pl)( my my ) (353)
y = Cx.

Using the TP Tool described in detail in [Nag07c], the LTI system matrices
are obtained and their values are given in Equation (3) in Appendix 2. The weighting
functions are illustrated in Fig.3.25.
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Two testing scenarios were conducted in order to test the derived TP model for
PCS given in (3.53). In order to compare the performance of the TP model with other
models derived for PCS, the nonlinear model given in (3.45), the first linearized
model presented in (3.47) with the numerical values given in Equation (3) in
Appendix 1, the second linear model represented by the LTI model resulting from the
TP model, characterized by the LTI system matrix s, given in Equation (3) in

Appendix 2, the third linear model represented by the LTI model resulting from the
TP model, characterized by the LTI system matrix s, given in Equation (3) in

Appendix 2 and the fourth linear model represented by the LTI model resulting from
the TP model, characterized by the LTI system matrix s, given in Equation (3) in

Appendix 2, were also tested using the testing block diagram illustrated in Fig. 3.26.

— PCS —p 7

Nonlinear L NM
—> — 7

model

Testing signal |-

—P»| TP model [P 77

_b Linear model —’ _1,.-‘[-’

Fig.3.26. Testing block diagram for PCS.

In the first testing scenario a sine signal with a 0.4 m amplitude, which is
illustrated in Fig. 3.27, is applied to the PCS laboratory equipment, to the nonlinear
model given in (3.45), to the TP model given in (3.53) and to the four linear models of
PCS on the time horizon of 20 s. The initial state vector matching the experiments is

x,=[0 n 0 0.
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The plot of the cart position obtained after conducting the first testing scenario
is illustrated in Fig. 3.28.
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Fig.3.28. Cart position vs. time for PCS, nonlinear model, TP model, 1% linear model, 2" linear model,
3 linear model and 4" linear model in the first testing scenario.

In the second testing scenario a random signal, which is illustrated in Fig.
3.29, is applied to the PCS laboratory equipment, to the nonlinear model given in
(3.45), to the TP model given in (3.53) and to the four linear models of PCS on the
time horizon of 20 s. The initial state vector matching the experiments is
X,=[0 = 0 O].

The plot of the cart position obtained after conducting the second testing
scenario is illustrated in Fig. 3.30.
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Fig.3.30. Cart position vs. time for PCS, nonlinear model, TP model, 1% linear model, 2" linear model,

3 linear model and 4™ linear model in the second testing scenario.

The four performance indices introduced in Sub-chapter 3.2, namely RMSE,

VAF, AIC and BIC are measured in order to better highlight the performance of the
TP model derived for the PCS model in the testing scenarios.

The RMSEs, VAF, AIC and BIC were computed using (3.29), (3.31) and

(3.32), where the modeling errors are defined as

POy, (3.54)
are the outputs of the PCS (i.e. the real-world process),

e’ =y

The superscript y°*

v = NM indicates the nonlinear PCS model, v =TP indicates the TP model, v =L,
indicates the first linear model, v =L, indicates the second linear model, vy =L,
indicates the third linear model, v =L, indicates the fourth linear model, M = 2001
is the number of samples and the sampling period T, =0.01 s, k™ =40 is the number

of parameters of the TP model, k™ =8 is the number of parameters of the psfcMLS

model, k* =k =k"“ =k =8 is the number of parameters of the linear models.
The values of the performance indices are given in Table 3.4.1.
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Table 3.4.1.
Values of performance indices for PCS.

Criterion
Model R?r"nS)E VAF (%) | AIC BIC
TP model/ 1% testing scenario 0.1707 | 41.8467 16.4648 | 16.4686
TP model/ 2™ testing scenario 0.1822 -429.3567 | 16.5949 | 16.5987
PCS model/ 1% testing scenario 0.2127 21.7093 0.9046 | 0.9084
PCS model/ 2™ testing scenario 0.1904 | -969.8976 | 0.6825 | 0.6863

15t Linear model/ 1% testing scenario 0.2895 14.6536 1.5207 1.5245
15t Linear model/ 2™ testing scenario 0.2125 | 42.1668 0.9028 | 0.9066
2" Linear model/ 1% testing scenario 0.3269 | 27.0985 1.7638 | 1.7676
2" Linear model/ 2™ testing scenario 0.2092 | 44.2180 0.8106 | 0.8744
3" Linear model/ 1% testing scenario 0.1242 52.7107 -0.1714 | -0.1676
3" Linear model/ 2™ testing scenario 0.1949 -495.4938 | 0.7295 0.7333
4™ | inear model/ 1% testing scenario 0.1385 | 40.9879 0.0457 | 0.0495
4™ |_inear model/ 2" testing scenario 0.1561 | -58.6528 | 0.2849 | 0.2887

The best performance concerning the values of RMSE is obtained by the third
linear model in the first testing scenario and concerning the VAF is obtained by the
third linear model in the first testing scenario.The best values for AIC and BIC are
obtained for the fourth linear model in the first testing scenario. Therefore, the
experimental results have shown that the derived TP model expressed in (3.53)
approximately mimics the behavior of the laboratory equipment, but exhibiting
numerical error. Other number of parameters of the TP model would lead to other
values in Table 3.4.1.

3.5. Chapter conclusions

In this chapter the main steps of the TP-based Model Transformation modeling
algorithm along with the derivation of TP models for three systems, namely Vertical
Three Tank System, partial state feedback controlled Magnetic Levitation System and
Pendulum Cart System were presented.

In Sub-chapter 3.1, the steps of the TP-based Model Transformation modeling
algorithm were presented in detail using some particular examples for a better
illustration.

In Sub-chapter 3.2, the derivation of the TP model for a Vertical Three Tank
System was presented. In order to carry out a comparative analysis, four linear models
were also derived for V3TS: the first two linear models were obtained by linearization
around two o0.p.s and the next two linear models were extracted from the LTI system
matrices of the TP model. Finally, the derived TP model was tested along with the
nonlinear model of the V3TS, with four linear models and with the laboratory
equipment using a PRBS and four performance indices, namely RMSE, VAF, AIC
and BIC were computed. The experimental results and the values of the performance
indices, given in Table 3.2.1, have shown that the TP model ensures good modeling
performance but exhibiting numerical error. The best performance concerning the
values of RMSE is obtained by the fourth linear model in case of the first and second
tank and by the TP model in case of the third tank while, the best performamce in
terms of VAF are obtained by the fourth linear model in case of all three tanks.
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However, the TP model ensures better performance than the nonlinear model and the
four linear ones in terms of AIC and BIC in case of all three tanks.

In Sub-chapter 3.3, the derivation of the TP model for a partial state feedback
controlled Magnetic Levitation System was presented. In order to carry out a
comparative analysis, four linear models were also derived for psfcMLS: the first two
linear models were obtained by linearization around two o.p.s and the next two linear
models were extracted from the LTI system matrices of the TP model. Finally, the
derived TP model was tested along with the nonlinear model of the psfcMLS, with
four linear models and with the laboratory equipment in the same four testing
scenarios using PRBS, sine, chirp and PWM input signals. Also the four performance
indices, namely RMSE, VAF, AIC and BIC were computed. The best performance
concerning the values of RMSE is obtained by the TP model in the third testing
scenario. The best performance concerning the values of VAF is obtained by the
psfcMLS model in the first testing scenario. The third linear model ensures the best
performance in terms of both AIC and BIC in case of the fourth testing scenario. The
experimental results and the values of the performance indices, given in Table 3.3.1,
have shown that the TP model ensures good modeling performance but exhibiting
nonzero numerical errors.

Sub-chapter 3.4 was dedicated to the derivation of the TP model for a
Pendulum Cart System. In order to carry out a comparative analysis, four linear
models were also derived for PCS: the first linear model was obtained by linearization
around one o.p. and the next three linear models were extracted from the LTI system
matrices of the TP model. Finally, the derived TP model was tested along with the
nonlinear model of the PCS, with four linear models and with the laboratory
equipment in the same two testing scenarios using sineand random input signals. Also
the four performance indices, namely RMSE, VAF, AIC and BIC were computed.
The experimental results have shown that the derived TP model expressed in (3.53)
approximately mimics the behavior of the laboratory equipment, but exhibiting
numerical error. Other number of parameters of the TP model would lead to other
values in Table 3.4.1.

The experimental results have shown that:

e Both the accuracy and the performance of a TP model depend the most
on how well the LPV model, which is used in the TP-based Model
Transformation modeling algorithm, mimics the behavior of the real
world process. Therefore, the best results have been achieved by the TP
model derived for the V3TS.

e The performance of the TP model also depends on other elements such
as: the number of varying parameters, the number of singular values or
the types of weighting functions.

The contributions presented in this chapter are:

e The derivation and validation of a TP model for a Vertical Three Tank
system laboratory equipment.

e The derivation and validation of a TP model for a partial state feedback
controlled Magnetic Levitation System.

e The derivation and validation of a TP model for a Pendulum Cart
system laboratory equipment.
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4. TP-based Model Transformation technique used in control system
design

4.1. The TP-based Model Transformation control algorithm

Based on the Linear Time Invariant (LTI) system matrices resulted from the
Tensor Product (TP)-based Model Transformation, the Parallel Distributed
Compensation (PDC) technique along with Linear Matrix Inequalities (LMIs) are
involved in the TP controller design and tuning. Therefore, the input of the TP
controller design approach is the core tensor made by the LTI system matrices, and
the outputs are the LTI feedback gains which are stored in the tensor of the TP
controller. Therefore, the steps of the TP-based model transformation control
algorithm, illustrated in Fig. 4.1, are considered and are presented in detail in the
following paragraphs. The PDC technique and the LMIs are used in order to design a
TP-based controller which can fulfill the following control system performance
specifications:

1. Defining the LMIs

v

2. Solving the LMIs

¢ X, Mm1,m2

3. Computing the LTI feedback gains

¢ Km1m2

4. Applying the PDC technigue

%

urp
Fig.4.1. The TP-based model transformation control algorithm diagram.

i. The asymptotic stability of the control system;

ii. Constraints on the control signal.

In this regard, the following controller design approach steps are detailed in the
following paragraphs. In order to ensure homogeneity of presentation, the same
particular case a process with two varying parameters, presented in Sub-chapter 3.1, is
used.

The two parameters, ¢ and p, introduced in the first step of the TP-based

model transformation control algorithm are used as initial data of the controller design
algorithm. They are chosen by the designer in order to express the control system
performance specifications i. and ii.

The number of LMIs is not a parameter imposed as initial data of the controller
design algorithm. This number depends on the dimension of the core tensor s of the
derived TP model according to the modeling algorithm presented in Sub-chapter 3.1.
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1. Defining the LMls.

Let us consider the TP-based model given in (3.18) for a particular system
with two varying parameters. The goal of the LMI-based controller design is to
determine one LTI feedback gain, which is stored in tensor K of the controller, for
each LTI system matrix, which is stored in tensor s of the TP model given in (3.18).
Therefore, in order to design a TP-based controller which fulfills the two requirements
presented above, the following LMIs are defined.

The control system specification i., namely the asymptotic stability of the
closed-loop control system, is equivalent to the existence of X =P >0 (where p is
a positive definite matrix) and M that satisfy the following LMIs [Bar13]:

ml,m2

- XALLmz - Aml,mZX + M-r:ﬂ,mZX;l,mZ + Bml,szml,mz >0,
B XA-rI;wl,mZ - Aml,mzx B XA: - Asx + Ml— Bmlez + Bml,szs (41)
+ M;l,mZBI + Bstl,mZ 2 0’

where ml=1..M;,m2=1..M, and the matrices A
Sub-chapter 3.1.

Next, the objective of the control system performance specification ii., i.e. to
constrai the control signal, is considered. Assuming that || x(0) ||, < ¢, where x(0) is

unknown, but the upper bound ¢ is known, the constraint |u|<p is enforced at all
time moments if the following LMIs are satisfied [Bar13]:

and B, ., are defined in

mlm2

o’ < X,
T 4.2
3< Mmzl,mZ Z 0, ( )
Mml,mZ pl

where m1=1..M,;,m2=1..M,.

2. Solving the LMIs.

The LMIs defined in step 1 are solved using a dedicated LMI software or
toolbox. In this thesis the YalmipR2015 solver was used. Therefore, the two matrices
M., ., and X are computed as solutions of the LMIs.

ml,m

3. Computing the LTI feedback gains.
Based on the solutions of the previous LMIs, the LTI feedback gains are
computed and stored in the TP controller tensor as

Kml,mz = Mml,mzx_l' (4.3)
4. Applying the PDC technique.
Finally, the control signal applied to the process with two varying parameters

Is expressed as:

u=r- qu ]

. (4.4)
uTP = |:Z Zwl,ml( pl)WZ,mZ ( pz)Kml,mZ :|X’

ml=1m2=1

where r is the reference input and u;, is the control law of the TP controller based on
the feedback gain tensor obtained after the application of the PDC technique.
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4.2. The TP-based Model Transformation used for level control of
Vertical Three Tank System

Starting with the TP model derived for the V3TS given in Equation (3.26) in
Sub-chapter 3.2 and following the control design steps given in Sub-chapter 4.1, the
PDC technique is applied as follows in order to design a TP-based controller for the
level control of V3TS.

Since, as shown in Sub-chapter 3.1, the parameter vector consists of one
parameter, that means M, =1 in the design approach and all subscripts m1, m2 of the
matrices in the design approach will be replaced in this sub-chapter with ml1. This is
justified because m2 =1, so it does not make sense anymore to use the subscript m2
as follows.

The two control system performance specifications presented in the previous
sub-chapter are considered. The control system performance specification i., which
consists in guaranteeing the asymptotic stabilization of the control system, is solved
using the PDC design framework. Therefore for each LTI vertex system of the convex
TP model one LTI feedback gain is determined. The asymptotic stability of the

closed-loop control system is equivalent to the existence of X=P™ >0 (where P is a
positive definite matrix) and M, that satisfy the LMIs given in (4.1) [Bar13].

The state feedback gain matrices K _, that correspond to each LTI vertex
system are next computed as [Hed17b], [Hed19a]:

K,=M_X* (4.5)

The objective of the control system performance specification ii. is to
constrain the control signal. It is assumed that || x(0) ||,< ¢, where x(0) is unknown,
but the upper bound ¢ is known. The constraint |u|<p is enforced at all time

moments if the LMIs given in (4.2) are satisfied [Bar13].
Considering the following numerical values for ¢ =0.05>0 and =1, the

matrices X and M, , are computed by solving the seven LMIs, namely two plus two

in (4.1) plus one plus two in (4.2), using the YalmipR2015 solver. The solutions are
next substituted in (4.5) leading to the values of the LTI feedback gains which are
given in Equation (1) in Appendix 3.

Finally, the resulted TP controller is introduced in the Single Input Multiple
Output  (SIMO) closed-loop control  system  structure (TPCS), where
y© = [ylT YA ysTP]T represents the controlled output vector. The TPCS is

illustrated in Fig. 4.2.

TP

30—y VITS |d

T "F%TP
P

TP controller

u

Fig.4.2. Block diagram of the TPCS designed for V3TS [Hed19a].
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Using the PDC technique, the following state feedback control law results for
V3TS [Hed17b], [Hed19a]:
U=r-—up,

Upp = [Zwl,ml( pl)Kml]X'

ml=1
In order to compare the performance of the TP-based controller designed for
V3TS with similar control structures, four state feedback control structures (SFCSs)
are designed considering the same control performace specifications as the ones
considered for the TP-CS, i.e. the asymptotic stabilization of the control system and
the constraint applied to the control signal.

(4.6)

The general block diagram of the four SFCSs is illustrated in Fig.4.3,
where j =1,4 denotes the number of linear models, u'” is the control signal, r is the

reference input, ul” is the state feedback controller matrix product output,

yD :[yl“’ y) ygj)]T is the controlled output vector.

W
O P VITS =

(x) kg’

ul’

Fig.4.3. General block diagram of the four SFCSs designed for V3TS [Hed17b], [Hed19a].

The fair comparison of the TP controller and the linear state feedback
controller makes use of the same design approach applied in the nonlinear case (i.e.
the TP controller) and the four linear cases. In this regard, the computation of the state

feedback gain matrices k‘s"F)T is similar with the one of the LTI feedback gains of the

TP controller. These matrices result after solving the following LMIs that correspond
to (4.1):

_XWAD Z ADXD 4 MUXDT 4 hDOMD 5 0
_XDAD Z AXD _xDADT _ ADXD L pOT 0T (4.7)
L IOMD LMD DT LMD >0

in order to ensure the asymptotic stabilization of the control system (i.e. the

performance specification i.), and the following LMIs that correspond to (4.2):
¢2h£X“)
(i) (7 4.8
Xt T M (4.8)
MU) Mq
in order to fulfill the constraint imposed to the modulus of the control signal in terms

of the control system performance specification ii., where AY and b result in
accordance with Sub-chapter 3.2, and ¢ and p are the same parameters as the ones

chosen in the design of the TP controller.
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Finally the state feedback gain matrices are computed for each of the four
linear models of VV3TS derived in Sub-chapter 3.2, as:

kP =MOXO™, (4.9)
Considering the same numerical values as in case of the TPCS, i.e. ¢=0.05
and p =1, which take into consideration the real operating conditions of the world

laboratory equipment, the matrices X and MY are computed, after solving four
LMIs for each linear model of V3TS, namely two in (4.7) plus one plus one in (4.8),
using the YalmipR2015 solver. The solutions are next substituted in (4.9) leading to
the values of the state feedback gains which are given in Equation (1) in Appendix 4.
In order to highlight the performance of the five CSs designed for V3TS,
namely the first one represented by the TPCS, the second one represented by the first
SFCS, the third one represented by the second SFCS, the fourth one represented by
the third SFCS and the fifth one represented by the fourth SFCS, two testing scenarios
(simulation and experiment) were considered by employing a staircase change for the
reference input (r,=0.2 m, r, =0.4 m, r, =0.1 m) on the time horizon of 3000 s. In
case of the simulation scenario each controller is tested on its corresponding derived

model presented in Sub-chapter 3.2 and in case of the experimental scenario each
controller is tested on the V3TS laboratory equipment. The initial state vector

matching the simulations and experiments is x, =[0 0 0]". The responses of the

controlled outputs and control signals of the control structures responses are plotted in
Figs.4.4-4.7 in the simulation scenario and in Figs. 4.8-4.11 in the experimental

scenario.
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Fig.4.4. First tank fluid levels (y1) versus time in case of TPCS and the four SFCSs with staircase
reference input in the simulation scenario.
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Fig.4.5. Second tank fluid levels (y-) versus time in case of TPCS and the four SFCSs with staircase

reference input in the simulation scenario.
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Fig.4.6. Third tank fluid levels (ys) versus time in case of TPCS and the four SFCSs with staircase

55

reference input in the simulation scenario.

BUPT



o
[N
=S

e

————— TPCS
0.22} | ——sFes”
—sFcs®

02} sFes®

4  |—sFcs®

e
N
@
!
f
i

Control signal (PWM duty cycle)

0.14
0.12 N
0.1
0.081"
0.085 500 1000 1500 2000 2500
Time (s)

3000

Fig.4.7. Control signal versus time in case of TPCS and the four SFCSs with staircase reference input
in the simulation scenario.
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Fig.4.8. First tank fluid levels (y1) versus time in case of TPCS and the four SFCSs with staircase
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Fig.4.9. Second tank fluid levels (y2) versus time in case of TPCS and the four SFCSs with staircase

0.16

reference input in the experimental scenario.
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Fig.4.10. Third tank fluid levels (ys) versus time in case of TPCS and the four SFCSs with staircase

reference input in the experimental scenario.
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Fig.4.11. Control signal versus time in case of TPCS and the four SFCSs with staircase reference input
in the experimental scenario.

The simulation and the experimental results show that all the five CSs
designed for V3TS fulfill the control system performance specification i., i.e. the
stabilization of the CS, and the control system specification ii., i.e. the control signal
is constrained. However, they do not ensure zero steady-state control error. Therefore,
each of the five CSs is included in a cascade control system structure with a PID
controller the outer control loop.

At first the TPCS, considered as controlled plant, is included in three Single
Input Single Output (SISO) cascade control system (PID-TPCS) structures with PID
controllers in the outer control loop. The state feedback gain matrices given in
Equation (1) in Appendix 3 are employed in the computation of the following third-
order benchmark type closed-loop t.f.s of the inner control loop, Hqpeg (S) with

respect of each of the three outputs of V3TS [Hed19a]:
Hipcs, (8) = Krpes L+ T ) A+ T V) L+ TETs)], (4.10)
where the numerical values of the parameters are given in Table 4.2.1 and are

obtained after a simple least-squares-based experimental approximation of the inner
control loop illustrated in Fig. 4.12.

(TPCS;)
o TPCS) u , Vi

n, " 2O~  V3TS

¥-
. HTP
TP controller

Fig.4.12. Block diagram of the SISO PID-TPCSs designed for V3TS [Hed19a].

Table 4.2.1.
Values of parameters of the third order t.f.s. computed for TPCS.
TPCSoutput, yi | Kipcs T TE T
Y1 0.17 12 3 2
Yo 0.11 25 22 3
Y3 0.21 52 48 4
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The PID controllers were designed using Kessler’s Modulus Optimum method
(MO-m), having the general t.f.s:
Hep 2 (8) = k(™™ @+ sTTF) L+ sT S ) s+ sTT)], - (4.11)

where the tuning parameters were computed as [Kes55]:
kr(TPCSi) — O 1/(2kTpCSi TC(STPCSi) ),
Tr(lTPCSi) =-|-C(1TPCSi)’ Tr(ZTPcsi) =-|-C(;'PCSi)' -I-d(TPCSi) _ 0.1-TC(3TPCS‘).

(4.12)

The numerical values of the parameters are given in Table 4.2.2.

Table 4.2.2.
Values of parameters of the PID controllers designed for TPCS.
TPCS Output, Yi kr(TPCS,) Tr(lTPcs,) Tr(;rpcs,) Td(TPCS‘)
Y1 0.1471 12 3 0.2
Y2 0.1515 25 22 0.3
Y3 0.0595 52 48 0.4

The control signals applied to V3TS are computed by combining the output of

the TP-based controller, u.,, and the outputs of the PID controllers, u{ o .

Next, the four SFCSs, as controlled plants, are also included in twelve Single
Input Single Output (SISO) cascade control system (PID-SFCS) structures with PID
controllers in the outer control loop. The equivalent state feedback gain matrices
given in Equation (1) in Appendix 4 are employed in the computation of the following
third-order benchmark type closed-loop t.f.s of the inner control loop, H{ (s) with

respect of each of the three outputs of V3TS [Hed19a]:
H{s, (8) = keles A+ T ) A+ TS s)A+ TS s)], (4.13)

FCS;
where the numerical values of the parameters are given in Table 4.2.3. These

parameters are obtained by a simple least-squares-based experimental approximation
of the inner control loop illustrated in Fig. 4.13.

230w, |“23.0-2 3] V3TS

Fig.4.13. Block diagram of the SISO PID-SFCSs designed for V3TS [Hed19a].

The four PID controllers are also designed using the MO-m, with the general
t.f.:
HEL (8) =k @+ sT D)0+ sT,Y) [[s@+ T, (4.14)
where the tuning parameters were computed as [Kes55]:
kD = 0.1/(2Kgpes TS
TP =T, 79 =7P 17V =017
The numerical values of the parameters are given in Table 4.2.4.

(4.15)
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Table 4.2.3.
Values of parameters of the third order t.f.s. computed for SFCSs.

SFCSY SFCS output, k&l T T iE
Yi
Y1 0.25 57 55 2
SFCS® Y2 0.29 48 41 2.5
Y3 0.39 56 55 9
Y1 0.27 45 41 3
SFCS® Y2 0.25 54 47 2
Y3 0.78 64 61 2
Y1 0.42 55 51 15
SFCS® Y2 0.21 39 35 4
Y3 0.28 59 58 4
Y1 0.21 65 61 3
SFCS® Y2 0.21 55 51 15
Y3 0.23 65 57 8
Table 4.2.4.
Values of parameters of the PID controllers designed for SFCSs.
PID-SFCS® Vi k{? T ik L
Y1 0.1 57 55 0.2
PID-SFCS® Y2 0.0690 48 41 0.25
Y3 0.0142 56 55 0.9
Vi 0.0617 45 41 0.3
PID-SFCS® Y2 0.1 54 47 0.2
Y3 0.0321 64 61 0.2
Y1 0.0794 55 51 0.15
PID-SFCS®) Y2 0.0595 39 35 0.4
Y3 0.0446 59 58 0.4
Y1 0.0794 65 61 0.3
PID-SFCS® Y2 0.1587 55 51 0.15
Y3 0.0272 65 57 0.8

The control signals applied to V3TS are computed by combining the output
variable of the state feedback controller, ul” , and ones of the PID controllers, ué’,g .

The five control structures, namely PI-TPCS and the four PID-SFCSs, were
tested in the same two testing scenario used for TPCS and the four SFCSs, i.e.
simulation and experiment. Each PID controller is tested on its corresponding control
structure with the t.f.s. given in (4.10) and (4.13) as resulting from the block diagrams
in Figs. 4.12 and 4.13. The same values of the parameters of the PID controllers were
used both in simulations and experiments. The initial state vector matching the
simulations and experiments is x,=[0 0 0]". The responses of the controlled

outputs and the control signals of the control structures are plotted in Figs. 4.14-4.19
in the simulation scenario and in Figs. 4.20-4.25 in the experimental scenario.
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Fig.4.14. First tank fluid levels (y1) versus time in case of PID-TPCS and the PID-SFCSs designed for

the liquid level control of the first tank in the simulaton scenario.
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Fig.4.15. Second tank fluid levels (y2) versus time of PID-TPCS and the PID-SFCSs designed for the
liquid level control of the second tank in the simulaton scenario.
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Fig.4.16. Third tank fluid levels (ys) versus time of PID-TPCS and the PID-SFCSs designed for the
liquid level control of the third tank in the simulaton scenario.
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Fig.4.17. Control signal versus time in case of PID-TPCS and the PID-SFCSs designed for the level
control of the first tank in the simulaton scenario.
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Fig.4.18. Control signal versus time in case of PID-TPCS and the PID-SFCSs designed for the level

control of the second tank in the simulaton scenario.
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Fig.4.19. Control signal versus time in case of PID-TPCS and the PID-SFCSs designed for the level

control of the third tank in the simulaton scenario.
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Fig.4.20. First tank fluid levels (y1) versus time in case of PID-TPCS and the PID-SFCSs designed for
the liquid level control of the first tank in the experimental scenario.
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Fig.4.21. Second tank fluid levels (y2) versus time of PID-TPCS and the PID-SFCSs designed for the

liquid level control of the second tank in the experimental scenario.
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Fig.4.22. Third tank fluid levels (ys) versus time of PID-TPCS and the PID-SFCSs designed for the
liquid level control of the third tank in the experimental scenario.
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Fig.4.23. Control signal versus time in case of PID-TPCS and the PID-SFCSs designed for the level

control of the first tank in the experimental scenario.
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Fig.4.24. Control signal versus time in case of PID-TPCS and the PID-SFCSs designed for the level
control of the second tank in the experimental scenario.
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Fig.4.25. Control signal versus time in case of PID-TPCS and the PID-SFCSs designed for the level
control of the third tank in the experimental scenario.

The simulation and the experimental results show that all the CSs designed for
V3TS fulfill both the control system performance specifications, i.e. the stabilization
of the CS and the constraint applied on the control signal and they also ensure zero
steady-state control error.

In order to highlight the performance of the ten derived control structures for
V3TS, four performance indices, namely the Mean Square Error (MSE), the Mean
Square Control Effort (MSU), the settling time and the overshoot are computed.

The MSEs are computed as

13 2
MSE =—>"e"" (k), (4.16)
Mg
where e represents the control error, which in case of V3TS is defined as
e =r-y’. (4.17)
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The superscript yw =TPCS indicates the TP-based control structure,
v = SFCS indicates the four state feedback control structures, y = PID —TPCS,
indicates the PID and TP-based control structures, y = PID — SFCS? indicates the

PID and state feedback control structures, y,” are the outputs of the V3TS system, r

is the reference input, i represents the number of tank, M =30001 is the number of
samples and the sampling period T, =0.1 s.

The MSUs are computed as
M
MSU = izuyz(k), (4.18)
M=

where u,” represents the control signal applied in case of the control structures

designed for V3TS.
The values of the three performance indices are given in Table 4.2.5 in the
simulation scenario and in Table 4.2.6 in the experimental scenario.

Table 4.2.5.
Values of control system performance indices for V3TS in the simulation scenario.

Control Performan_ce iqdices
structures | Y, MS;E MSU Settling time (s) Overshoot (%)
(m?) r r rs r I rs
y: | 6620° | 00425 | 150 | 150 | 150 | 0 [ 0 | ©
TPCS y2 | 5710° | 00425 | 300 | 300 | 200 [ 0 [ 0 | 0
ys | 57.10° | 00425 | 400 | 400 | 400 [ 0 [ 0 | 0
y: | 10110° | 00099 | 250 | 200 | 200 [ 0 [ 0 | ©
SFCS® |y, | 10210° | 00099 | 250 | 250 | 250 | 0 | 0 | ©
ys | 10310° | 0.0099 | 300 | 300 | 300 [ 0 [ 0 | 0
y: | 910° | 00073 | 500 | 500 | 500 | 0 [ 0 | 0
SFCS® |y, | e510° | 00073 | 450 | 450 | 450 | 0 | 0 | ©
ys | 7.810° | 00073 | 600 | 600 | 600 | 0 [ 0 | ©
yi | 11.110° | 0.0100 | 50 50 50 0o oo
SFCS® |y, | 10410° | 0.0100 | 70 70 70 0o oo
ys | 1010° | 00100 | 100 | 100 | 100 [ 0 [ 0 | ©
y: | 10910° | 00102 | 150 | 150 | 100 | 0 [ 0 | ©
SFCS® |y, | 10010° | 00102 | 250 | 250 | 250 | 0 | 0 | ©
ys | 10110° | 00102 | 250 | 250 | 250 | 0 | 0 | ©
yi | 962.10° | 03443 | 250 | 250 | 250 | 10 | 5 | 5
PID-TPCS | y, | 133.10° | 0.2642 | 500 | 500 | 500 | 15 | 10 | 10
ys | 275.10¢ | 0.2606 | 500 | 500 | 450 | 20 | 10 | 10
PID. y: | 4810° | 02459 | 600 | 600 | 600 | 0 [ 0 | ©
SFcs® | Y2 | t43-10° | 02496 | 650 | 650 | 650 [ 0 | 0 | ©
ys | 849.10° | 0.2210 | 1000 | 1000 | 1000 | 0 [ 0 | ©
y: | 7910° | 01174 | 600 | 600 | 600 | 0 [ 0 | ©
PID- y» | 1210° | 00534 | 650 | 650 | 650 | 10 | 7 | 7
SFCS® [ y; | 51610 | 0.0764 | 1000 | 1000 | 1000 | 25 | 15 | 15
yi | 78710° | 03946 | 600 | 600 | 600 | 0 | 0 | ©
PID- y2 | 11420° | 02426 | 650 | 650 | 650 | 0 | 0 | ©
SFCS® [y; | 146.10° | 0.2364 | 900 | 900 | 600 | 0 | 0 | ©
y: | 686.10° | 03467 | 600 | 600 | 600 | 0 | 0 | ©
PID- y2 | 412.10° | 02488 | 550 | 650 | 650 | 0 | 0 | ©
SFCS® [ y; | 395.10¢ [ 02367 | 900 | 800 | 800 [ 0 [ 0o [ 0
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Table 4.2.6.
Values of control system performance indices for V3TS in the experimental scenario.
Performance indices
MSE Settling time (s) Overshoot (%)
> MSU
(m?) r r rs r I rs

Y1 | 55-10° 0.1394 200 250 300 10 10 10

Control
structures Yi

TPCS Y2 4.1-10°° 0.1394 200 250 250 5 5
ys | 61-10° 0.1394 250 300 250 0 0

y1 | 97107 0.1123 200 250 300 10 10

SFCS®W Y2 | 88107 0.1123 100 200 250 5 5
Ys | 69-10° 0.1123 100 200 100 0 0

y1 | 98-10° 0.1133 200 250 300 10 10

SFCS®@ Y2 | 82107 0.1133 100 200 250 5 5
Ys | 69-10° 0.1133 100 200 100 0 0

y1 | 98-10° 0.1123 200 250 300 10 10

SFCS® y> | 9810° | 01123 [ 100 | 200 | 250
Y3 6.9-10° 0.1123 100 200 100
yi | 109.10° | 01261 [ 200 | 250 | 300
SFCS® y> | 6610° | 01261 [ 100 | 200 | 250
Y3 7.1.10°° 0.1261 100 200 100
yi | 120.10¢ | 0.1663 | 500 | 450 | 300
PID-TPCS | vy, | a413.10¢ | 0.2146 | 300 | 500 | 400
ys | 485.10¢ | 0.1567 | 550 | 600 | 550
PID- yi | so410° | 0.1647 | 500 | 450 | 300
SFCS® y> | 25010 | 0.1882 | 300 | 500 | 400
ys | 29510¢ | 0.1753 | 550 | 600 | 550

yi | 7e410° | 0.1656 | 500 | 450 | 300
PID- y> | 1710¢ | 0.1643 | 300 | 500 | 400
SFCS®@ ys | 460-10¢ | 0.1538 | 550 600 550
y1 | 7.68-10° | 0.1661 500 450 300
PID- y> | 15010 | 0.2478 | 300 | 500 | 400
SFCS® ys | 312.10* | 0.1882 | 550 | 600 | 550
y1 | 7.00-10° | 0.1674 500 450 300
PID- y2 | 314.10° | 0.0953 | 300 | 500 | 400
SFCS® | y; | 694.10* | 01482 | 550 | 600 | 550

N N N N =
olo|Rolo|Ro|lo|No|lolololoRloloBlo|lojojojo|o|o|u|o|o|w

(BN (BN = = =
ololhlo|lohlo|lolk|o|lo|lolo|lolG|o|lu|lBlo|v
[E=Y [E=Y [B=Y [B=Y (BN
ololBlolo|Blolo|B|lo|lo|lo|lo|loBlo|lu|E|o|u

The best performance concerning the MSE is achieved by the first PID-SFCS
for the first tank in the simulation scenario and by the fourth PID-SFCS for the second
tank in the experimental scenario. The best settling time is achived by the third SFCS
in case of all three tanks in the simulation scenario and by the four SFCSs for the third
tank in the experimental scenario. The best performance in terms of MSU is obtained
by the second SFCS in case of all three tanks in the simulation scenario and by the
fourth PID-SFCS for the second tank in the experimental scenario. The overshoot is
present in case of the PID-TPCS and the second PID-SFCS in the simulation scenario
and in case of TPCS and the four SFCSs for the first and second tank and by the PID-
TPCS, the second, the third and the fourth PID-SFCS for the first tank in the
experimental scenario. Its smallest value is obtained for the PID-SFCS in case of the
first two tanks, by the PID-TPCS in case of the third tank in the simulation scenario
and by the TPCS and the four SFCSs for the second tank in the experimental scenario.
The first five CSs, namely the TPCS and the SFCSs do not ensure zero steady-state
control error. Therefore, the implementation of the cascade control system structures
is justified. Other numbers of parameters of the TP model derived for V3TS would
lead to other values of the LTI feedback gains which would lead to other values of the
performance indices given in Table 4.2.5 and Table 4.2.6.
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4.3. The TP-based Model Transformation used for position control of
a partial state feedback controlled Magnetic Levitation System

The Magnetic Levitation System is an important benchmark used to test
various linear and nonlinear modeling and control approaches. Some representative
control approaches are state-Pl and PID feedback control [Wib13], [Boj16], fuzzy
control [Yul0], [Mahl5], [Zho18], gain scheduling control [Boj18a] and neural
networks control [Mill7]. The combination of the tensor product-based model
transformation technique with the gain scheduling technique applied to the postion
control of the psfcMLS is given in [Hed18b] and with fuzzy control is presented in
[Hed18c] and [Hed19c]. The big number of control solutions for the Magnetic
Levitation System shows the increasing interest in this field.

In this Sub-chapter, several TP-based and state feedback-based control
solutions designed for the sphere position control of psfcMLS are presented.

Starting with the TP model derived for psfcMLS given in Equation (3.43) in
Sub-chapter 3.3 and following the control design steps given in Sub-chapter 4.1, the
PDC technique is applied as follows in order to design a TP-based controller for the
sphere position control of psfcMLS.

Since, as shown in Sub-chapter 3.1, the parameter vector consists of one
parameter, that means M, =1 in the design approach, all subscripts m1,m2 of the
matrices in the design approach will be replaced in this Sub-chapter with m1. This is
justified because m2 =1, so it does not make sense anymore to use the subscript m2
as follows.

The two control system performance specifications presented in the previous
Sub-chapter are considered. The control system performance specification i., which
consists in guaranteeing the asymptotic stabilization of the control system, is solved
using the PDC design framework. Therefore for each LTI vertex system of the convex
TP model one LTI feedback gain is determined. The asymptotic stability of the
closed-loop control system is equivalent to the existence of X=P™ >0 (where P is a
positive definite matrix) and M, that satisfy the LMIs given in (4.1) [Bar13].

The state feedback gain matrices K, that correspond to each LTI vertex
system are next computed as [Hed17a], [Hed19d]:

K.,=M_X™ (4.19)

The objective of the control system performance specification ii. is to

constrain the control signal. It is assumed that || x(0)||,< ¢, where x(0) is unknown,

but the upper bound ¢ is known. The constraint |u|<p is enforced at all time

moments if the LMIs given in (4.2) are satisfied [Bar13].
Considering the numerical values ¢ =0.0001 >0 and p =1, the matrices X

and M_, are computed by solving the seven LMIs, namely three plus three in (4.1)

plus two plus three in (4.2), using the YalmipR2015 solver. The solutions are next
substituted in (4.5) leading to the values of the LTI feedback gains which are given in
Equation (2) in Appendix 3.
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Finally, the resulted TP controller is introduced in the Single Input Multiple
Output (SIMO) closed-loop control system structure (TPCS), where y™ represents
the controlled output. The TPCS is illustrated in Fig. 4.26.

TP

")C U P psfeMLS .

T ' x=p®
4P

TP controller

Fig.4.26. Block diagram of the TPCS designed for psfcMLS [Hed17a].

Using the PDC technique, the following state feedback control law results for
psfcMLS [Hed17a], [Hed19d]:
U=r—=ugy,

Urp = [Zwl,ml( p)K s IX

ml=1
In order to compare the performance of the TP-based controller designed for
psfcMLS with similar control structures, four state feedback control structures
(SFCSs) are designed considering the same control performace specifications i. and ii.
as the ones considered for the TP-CS, i.e. the asymptotic stabilization of the control
system and the constraint applied to the control signal.

(4.20)

The general block diagram of the four SFCSs is illustrated in Fig.4.27, where
j=14 denotes the number of linear models, u® is the control signal, r is the
reference input, u'” is the state feedback controller matrix product output, y*” is the
controlled output.

:?- ' x=y0

up, 7

Fig.4.27. General block diagram of the four SFCSs designed for psfcMLS.

The fair comparison of the TP controller and the linear state feedback
controller makes use of the same design approach applied in the nonlinear case (i.e.
the TP controller) and the four linear cases. In this regard, the computation of the state

feedback gain matrices kng)T is similar with the one of the LTI feedback gains of the

TP controller. These matrices result after solving the following two LMIs (for each j)
that correspond to (4.1):

_XDAG) Z AXD L pMOXDT LpDOMD s 0
_XWDAD Z A x () _ D ADT _ A x() L (DT DT (4.21)
L IOMD L MDD LMD >0
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in order to ensure the asymptotic stabilization of the control system (i.e. the
performance specification i.), and the following two LMIs (for each j) that correspond
to (4.2):

¢2| < X(J)l

{X(J) M(i)TJ (4.22)

- >0

M HZI
in order to fulfill the constraint imposed to the modulus of the control signal in terms
of the control system performance specification ii., where AY and b result in
accordance with Sub-chapter 3.3, and ¢ and p are the same parameters as the ones
chosen in the design of the TP controller.

Finally the state feedback gain matrices are computed for each of the four
linear models of psfcMLS derived in Sub-chapter 3.3, as:

kng)T =MIXDT, (4.23)
Considering the same numerical values as in case of the TPCS, i.e. ¢ =0.0001
and p=1, which take into consideration the real operating conditions of the world

laboratory equipment, the matrices X and MY are computed, after solving four
LMIs for each linear model of psfcMLS, namely two in (4.21) plus one plus one in
(4.22), using the YalmipR2015 solver. The solutions are next substituted in (4.23)
leading to the values of the state feedback gains which are given in Equation (2) in
Appendix 4.

In order to highlight the performance of the five CSs designed for psfcMLS,
namely the first one represented by the TPCS, the second one represented by the first
SFCS, the third one represented by the second SFCS, the fourth one represented by
the third SFCS and the fifth one represented by the fourth SFCS, two testing scenarios
(one simulation one plus one experimental one) were considered by employing a
staircase change for the reference input (r, =0.006 m, r, =0.008 m, r, =0.007 m) on
the time horizon of 20 s. In case of the simulation scenario each controller is tested on

its corresponding derived model presented in Sub-chapter 3.3 and in case of the
experimental scenario each controller is tested on the psfcMLS laboratory equipment.

The initial state vector matching the simulations and experiments is x, =[0 0 0] .

The responses of the controlled outputs and the control signals (or control inputs) of
the control structures are plotted in Fig.4.28 and Fig. 4.29 in the simulation scenario
and in Fig.4.30 and Fig.4.31 in the experimental scenario.
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Fig.4.28. Sphere position versus time in case of TPCS and the four SFCSs with staircase reference

input in the simulation scenario.
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Fig.4.29. Control signal versus time in case of TPCS and the four SFCSs with staircase reference input

in the simulation scenario.
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Fig.4.30. Sphere position versus time in case of TPCS and the four SFCSs with staircase reference
input in the experimental scenario.
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Fig.4.31. Control signal versus time in case of TPCS and the four SFCSs with staircase reference input
in the experimental scenario.

The simulation and the experimental results show that all the five CSs
designed for psfcMLS fulfill the control system performance specification i., i.e. the
stabilization of the CS, and the control system specification ii., i.e. the control signal
Is constrained. However, they do not ensure zero steady-state control error. Therefore,
each of the five CSs is included in a cascade control system structure with a Pl
controller in the outer control loop.

At first the TPCS, considered as controlled plant, is included in a Single Input
Single Output (SISO) cascade control system (PI-TPCS) structure with PI controller
in the outer control loop. The state feedback gain matrices given in Equation (2) in
Appendix 3 are employed in the computation of the following second-order
benchmark type closed-loop t.f.s of the inner control loop, H;pes(S):

HTPCS (S) = kTPCS /[(1 + Tc(lTPCS)S)(l + Tc(zTPCS)S)]’ (4-24)
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where the numerical values of parameters are obtained by a simple least-squares-
based approximation of the inner control loop illustrated in Fig. 4.32 and the

following parameters are obtained: kypeq =2, T{F® =055, TP =0.01 s.

(TPCS )
! TPCS) U Vv

r aees) | U pr u - )
_>O_ H,, _>O_> psicMLS )

2
uﬂ’
TP controller

Fig.4.32. Block diagram of the SISO PI-TPCSs designed for psfcMLS.

Due to the fact that the Pl controller designed for TPCS in the simulation
scenario did not ensure good performance when tested on the real time laboratory
equipment, another simple least-squares-based experimental approximation of the
inner control loop illustrated in Fig. 4.32 is applied using the experimental data
presented in Fig. 4.30, and the following values of the parameters of the second-order
benchmark type closed-loop t.f.s of the inner control loop are obtained: Ko =4.2,

T(P® =07 s, T"® =0.03 s.
The PI controllers are designed using Kessler’s Modulus Optimum method
(MO-m), with the general t.f.s:
H |S)'II'PCS) (S) — kr(TPCS) (1+ STr(TPCS)) /(STr(TPCS)), (425)
where the tuning parameters were computed as [Kes55]:
K r(TPCS) -1 /(ZkTPCST Z(TPCS) )’

(TPCS) __ 7T (TPCS) (TPCS) __ 71 (TPCS)
Tr - Tcl ' TZ - Tcz .

(4.26)

The numerical values of the parameters are k™ =25 T =05 s in the

simulation scenario and k{™"“=3.96 and T =0.7 s in the experimental
scenario.

The control signals applied to psfcMLS are computed by combining the output
of the TP-based controller, u,,, and the output of the PI controller, u$;™® .

Next, the four SFCSs designed above, as controlled plants, are also included in
four Single Input Single Output (SISO) cascade control system (PI-SFCS) structures
with PI controllers in the outer control loop. The equivalent state feedback gain
matrices given in Equation (2) in Appendix 4 are employed in the computation of the
following second-order benchmark type closed-loop t.f.s of the inner control loop,
Htes (5):

H{es (8) = ktes A+ TP8)A+ TS s)], (4.27)
where the numerical values of the parameters are given in Table 4.3.1 in the

simulation scenario. These parameters are obtained by a simple least-squares-based
experimental approximation of the inner control loop illustrated in Fig. 4.33.
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Fig.4.33. Block diagram of the SISO PI-SFCSs designed for psfcMLS.

Table 4.3.1.
Values of parameters of the second order t.f.s. computed for SFCSs
in the simulation scenario.

SFCSU e 9 ) 00
SFCS® 0.55 0.60 0.030
SFCS®@ 0.41 0.57 0.035
SFCS® 2.35 0.75 0.028
SFCS® 2.50 0.65 0.040

Due to the fact that the PI controllers designed for SFCSs in the simulation
scenario did not ensure good performance when tested on the real time laboratory
equipment, another simple least-squares-based experimental approximation of the
inner control loop illustrated in Fig. 4.33 is applied using the experimental data
presented in Fig. 4.30, and the values of the parameters of of the second-order
benchmark type closed-loop t.f.s of the inner control loop are given in Table 4.3.2.

Table 4.3.2.
Values of parameters of the second order t.f.s. computed for SFCSs
in the experimental scenario.

SFCS0 s 70 () 79 )
SFCS® 1.55 0.8 0.020
SFCS®@ 241 0.54 0.026
SFCS® 0.85 0.65 0.040
SFCS® 1.50 0.76 0.034

The PI controllers are also designed using the MO-m, with the general t.f.:
H (s) =k @+sTD)I(sT,D), (4.28)
where the tuning parameters were computed as [Kes55]:
kr(j) :1/(2kSchTz(j))’
TO=TH 7O =T,
The numerical values of the parameters are given in Table 4.3.3 in the
simulation scenario and in Table 4.3.4 in the experimental scenario.
The control signals applied to psfcMLS are computed by combining the output
variable of the state feedback controller, u'”, and the output variables of the PI
controllers, ul .

(4.29)
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Table 4.3.3.

PI-SFCSO k() T (s)

PI-SFCS® 30.3 0.6

PI-SFCS @ 34.84 0.57

PI-SFCS® 7.59 0.75

PI-SFCS® 5 0.65
Table 4.3.4.

in the experimental scenario.

PI-SFCS O k® T (S)
PI-SFCS®™ 16.12 0.8

P1-SFCS® 7.97 0.54
PI-SFCS® 14.70 0.65
PI-SFCS® 9.80 0.76

and in Fig. 4.36 and Fig. 4.37 in the experimental scenario.

Sphere position (

Fig.4.34. Sphere position versus time in case of PI-TPCS and the PI-SFCSs designed for the sphere
position control of psfcMLS in the simulation scenario.

Values of parameters of the Pl controllers designed for psfcMLS
in the simulation scenario.

Values of parameters of the PI controllers designed for psfcMLS

The five control structures, namely PI-TPCS and the four PI-SFCSs, were
tested in the same two testing scenario used for TPCS and the four SFCSs, i.e.
simulation and experiment. Each PI controller is tested on its corresponding control
structure with the t.f.s. given in (4.24) and (4.27) as resulting from the block diagrams
in Figs. 4.32 and 4.33. The initial state vector matching the simulations is

X, =[0 0 0]". The responses of the controlled outputs and the control signals of
the control structures are plotted in Fig. 4.34 and Fig. 4.35 in the simulation scenario
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Fig.4.35. Control signal versus time in case of PI-TPCS and the PI-SFCSs designed for the sphere
position control of psfcMLS in the simulation scenario.
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Fig.4.36. Sphere position versus time in case of PI-TPCS and the PI-SFCSs designed for the sphere
position control of psfcMLS in the experimental scenario.

The simulation and the experimental results show that all the CSs designed for
psfcMLS fulfill both the control system performance specifications i. and ii., i.e. the
stabilization of the CS and the constraint applied on the control signal and they also
ensure zero steady-state control error.

In order to highlight the performance of the ten derived control structures for
psfcMLS, four performance indices, namely the Mean Square Error (MSE), the Mean
Square Control Effort (MSU), the settling time and the overshoot are computed.

The MSEs are computed as using (4.16), where e’ represents the control

error, which in case of psfcMLS is defined as
e =r—-y". (4.30)
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Fig.4.37. Control signal versus time in case of PI-TPCS and the PI-SFCSs designed for the sphere
position control of psfcMLS in the experimental scenario.

The MSUs are computed using (4.18) where u¥ represents the control signal
applied in case of the control structures designed for psfcMLS.
The superscript v =TPCS indicates the TP-based control structure,

v =SFCSY indicates the four state feedback control structures, y =Pl —TPCS
indicates the Pl and TP-based control structure, y = Pl — SFCS " indicates the PI
and state feedback control structures, y" is the first output of the psfcMLS system,

i.e. the sphere position, r is the reference input, M =80001 is the number of samples
and the sampling period T, = 0.00025 s.

The values of the four performance indices are given in Table 4.3.5 in the
simulation scenario and in Table 4.3.6 in the experimental scenario.

Table 4.3.5.
Values of control system performance indices for psfcMLS
in the simulation scenario.

Control Performapce i_ndices
structures | MSE (m?) ?él/fzgj Srlettlmgrztlme (I’Sg,) fl)vershrjot (0/2
TPCS 2.62-10° 3.96-10™ 2 2 2 0 0 0
SFCS® 4.48.10° 157-10° 1 1 1 0 0 0
SFCS®@ 4.35.10° 220-10° 1 1 1 0 0 0
SFCS® 450-10°° 137-10° 1 1 1 0 0 0
SFCS® 4.47.10°° 155.10°° 1 1 1 0 0 0
PI-TPCS 3.84-107 38-10° 4 3 3 0 0 0
PI-SFCS®W | 2.28.107 7.8-107 4 3 4 0 0 0
PI-SFCS® | 1 55.107 6.6-10° 4 | 3|1 4000
PI-SFCS® | 1g9.10° 6.4-10° 8 71 4] 010 0
PI-SFCS® | 55710 6-10° 8 7141010 0
78

BUPT



Table 4.3.6.
Values of control system performance indices for psfcMLS
in the experimental scenario.

Control Performa.nce i_ndices
structures | MSE (m?) I(\él/sz)J Srtlattlmgrztlme (rsg) Svershrcz)ot (%2
TPCS 1.99-10°° 1.91.10% 2 2 2 0 0 0
SFCS®W 456-10° 24-107 2 2 2 0 0 0
SFCS®@ 5.85-10° 403107 2 2 2 0 0 0
SFCS® 6.13-10° 5.86-107 2 2 2 0 0 0
SFCS® 3.98-10° 19210 2 2 2 0 0 0
PI-TPCS 4.68-10°° 43-10™ 2 2 2 20 2 2
PI-SFCS®W | 4.90.10° 5.0-10° 2 2 2 5 0 0
PI-SSFCS® | 315.107 | 1s6.20" | 2 2 2 |10 0 5
PI-SSFCS® | 560107 | 860202 | 2 | 2 | 2 | 5 | 0 | 2
PI-SFCS® 2.60-107 1.97-107" 6 2 2 0 0 0

In the simulation scenario, the best performance concerning the MSE is
achieved by the second PI-SFCS while in the experimental scenario the best
performance in terms of MSE is achived by the PI-TPCS. The best performance in
terms of MSU is obtained by the first SFCS in the simulation scenario and by the
TPCS in the experimental scenario. The best settling time is achived by all the four
SFCSs in the simulation scenario and the settling time was similar for all CSs in the
experimental scenario. The overshoot was present only in case of the PI-TPCS and of
the first three SFCSs in the experimental scenario. The first five CSs, namely the
TPCS and the SFCSs do not ensure zero steady-state control error in both testing
scenarios. Therefore, the implementation of the cascade control system structures is
justified. Other numbers of parameters of the TP model derived for psfcMLS would
lead to other values of the LTI feedback gains which would lead to other values of the
performance indices given in Table 4.3.5 and Table 4.3.6.
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4.4. The TP-based Model Transformation used for position control of
Pendulum Cart System

Starting with the TP model derived for PCS given in Equation (3.53) in Sub-
chapter 3.4 and following the control design steps given in Sub-chapter 4.1, the PDC
technique is applied as follows in order to design a TP-based controller for the cart
position control of PCS.

Since, as shown in Sub-chapter 3.1, the parameter vector consists of one
parameter, that means M, =1 in the design approach, all subscripts m1,m2 of the
matrices in the design approach will be replaced in this sub-chapter with ml1. This is
justified because m2 =1, so it does not make sense anymore to use the subscript m2
as follows.

The two control system performance specifications presented in the previous
Sub-chapter are considered. The control system performance specification i., which
consists in guaranteeing the asymptotic stabilization of the control system, is solved
using the PDC design framework. Therefore for each LTI vertex system of the convex
TP model one LTI feedback gain is determined. The asymptotic stability of the
closed-loop control system is equivalent to the existence of X=P™ >0 (where P is a
positive definite matrix) and M, that satisfy the LMIs given in (4.1) [Bar13].

The state feedback gain matrices K, , that correspond to each LTI vertex
system are next computed as [Hed21a]:

K,=M_X" (4.31)

The objective of the control system performance specification ii. is to

constrain the control signal. It is assumed that || x(0) ||,< ¢, where x(0) is unknown,

but the upper bound ¢ is known. The constraint |u|<p is enforced at all time

moments if the LMIs given in (4.2) are satisfied [Bar13].
Considering the numerical values ¢ =0.01>0 and p =1, the matrices X and

M, are computed by solving the seven LMIs, namely three plus three in (4.1) plus

two plus three in (4.2), using the YalmipR2015 solver. The solutions are next
substituted in (4.5) leading to the values of the LTI feedback gains which are given in
Equation (3) in Appendix 3.

Finally, the resulted TP controller is introduced in the Single Input Multiple
Output (SIMO) closed-loop control system structure (TPCS), where y'" represents
the controlled output. The TPCS is illustrated in Fig. 4.38.

TP

r U PCS )

4- ¥

ur
TP controller

Fig.4.38. Block diagram of the TPCS designed for PCS [Hed21a].

80

BUPT



Using the PDC technique, the following state feedback control law results for
PCS [Hed21a]:
U=r-—Up,

Upp = [z Wl,ml( pl)Kml]X'

ml=1
In order to compare the performance of the TP-based controller designed for
PCS with similar control structures, four state feedback control structures (SFCSs) are
designed considering the same control performace specifications i. and ii. as the ones
considered for the TP-CS, i.e. the asymptotic stabilization of the control system and
the constraint applied to the control signal.
The general block diagram of the four SFCSs is illustrated in Fig. 4.39, where

j=14 denotes the number of linear models, u” is the control signal, r is the
reference input, u'’ is the state feedback controller matrix product output, y? is the
controlled output.

(4.32)

- =yl
uWT ’ Y

) k2"
Fig.4.39. General block diagram of the four SFCSs designed for PCS.

The fair comparison of the TP controller and the linear state feedback
controller makes use of the same design approach applied in the nonlinear case (i.e.
the TP controller) and the four linear cases. In this regard, the computation of the state

feedback gain matrices kng)T is similar with the one of the LTI feedback gains of the

TP controller. These matrices result after solving the following two LMIs (for each j)
that correspond to (4.1):

_XWAD Z ADXD 4 MAOXDT L pDMD 5 0
_XDAD Z A () _ D AMDT _ A x() 4 pDT DT (4.33)
b IOMD L MDD LMD >0

in order to ensure the asymptotic stabilization of the control system (i.e. the

performance specification i.), and the following two LMIs (for each j) that correspond
to (4.2):

¢2| < x(i)'
YO YN -0 (4.34)
M7 w2l -

in order to fulfill the constraint imposed to the modulus of the control signal in terms
of the control system performance specification ii., where AY and b result in
accordance with Sub-chapter 3.3, and ¢ and p are the same parameters as the ones

chosen in the design of the TP controller.
Finally the state feedback gain matrices are computed for each of the four
linear models of PCS derived in Sub-chapter 3.3, as:
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ki =MOXD™, (4.35)
Considering the same numerical values as in case of the TPCS, i.e. ¢ =0.01
and p =1, which take into consideration the real operating conditions of the world

laboratory equipment, the matrices X and M are computed, after solving four
LMls for each linear model of PCS, namely one in (4.33) plus one plus one plus one
in (4.34), using the YalmipR2015 solver. The solutions are substituted in (4.35)
leading to the values of the state feedback gains in Equation (3) in Appendix 4.

In order to highlight the performance of the five CSs designed for PCS,
namely the first one represented by the TPCS, the second one represented by the first
SFCS, the third one represented by the second SFCS, the fourth one represented by
the third SFCS and the fifth one represented by the fourth SFCS, two testing scenarios
(a simulation one plus an experimental one) were considered by employing a staircase
change for the reference input (r, =0.2 m, r, =0.4 m, r, =0.1 m) on the time horizon
of 20 s. In case of the simulation scenario each controller is tested on its
corresponding derived model presented in Sub-chapter 3.4 and in case of the
experimental scenario each controller is tested on the PCS laboratory equipment. The
initial state vector matching the simulations and experiments is x, =[0 = 0 0].
The responses of the controlled outputs and the control signals (or control inputs) of

the control structures are plotted in Fig. 4.40 and Fig. 4.41 in the simulation scenario
and in Fig. 4.42 and Fig. 4.43 in the experimental scenario.

0.5

— Reference input
S S TPeS
/ —sFcs™
04 —sFcs?
sFcs®
/ /T\ .
0.35 —SFCS
/ el —

7T A—

%
74
/

o
w

o
[N

Cart position (m)

o
-
w

0 2 4 6 8 10 12 14 16 18 20
Time (s)
Fig.4.40. Cart position versus time in case of TPCS and the four SFCSs with staircase reference input
in the simulation scenario.

82

BUPT



0.3

o
o

=4

i

!
A

[=]

—sresh
—sFcs@]
—sFes®
—sFcs?| |

Control signal (PWM duty cycle)

'

o

w
I

-0.4
0

4

6

8 10 12 14

Time (s)

16

18

20

Fig.4.41. Control signal versus time in case of TPCS and the four SFCSs with staircase reference input

in the simulation scenario.
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Fig.4.42. Cart position versus time in case of TPCS and the four SFCSs with staircase reference input

in the experimental scenario.
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Fig.4.43. Control signal versus time in case of TPCS and the four SFCSs with staircase reference input
in the simulation scenario.

The simulation and the experimental results show that all the five CSs
designed for PCS fulfill the control system performance specification i., i.e. the
stabilization of the CS, and the control system specification ii., i.e. the control signal
is constrained. However, they do not ensure zero steady-state control error. Therefore,
each of the five CSs is included in a cascade control system structure with a Pl
controller in the outer control loop.

At first the TPCS, considered as controlled plant, is included in a Single Input
Single Output (SISO) cascade control system (PI-TPCS) structure with PI controller
in the outer control loop. The state feedback gain matrices given in Equation (3) in
Appendix 3 are employed in the computation of the following second-order
benchmark type closed-loop t.f.s of the inner control loop, Hqpes(S) :

H TPCS (5) = kTPCS /[(1 + Tc(lTPCS)S)(l + Tc(zTPCS)S)]v (4-36)

where the numerical values of parameters are obtained by a simple least-squares-
based approximation of the inner control loop illustrated in Fig. 4.44. The parameters

Krpes =0.001, TP =15 sand T =0.004 s are obtained.

_ (TPCS )
o(TPCS) 2] V

H;;Pcs; PI I O i ) PCS - )

LpO—
i uI? ] ’ -

TP controller

Fig.4.44. Block diagram of the SISO PI-TPCSs designed for PCS.

The PI controllers are designed using Kessler’s Modulus Optimum method
(MO-m), with the general t.f.s:

H 'gII'PCS) (S) — k(TPCS) (1+ ST (TPCS))/(ST (TPCS)) (437)
where the tuning parameters were computed as [Kes55]:
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kr(TPCS) _ 1/(2kTPCSTZ(TPCS) )’

(TPCS) __ — (TPCS) (TPCS) __ = (TPCS)
Tr - Tcl ' TZ - Tcz '

(4.38)

The numerical values of the parameters are k(™ =125, T =15 s,
The control signals applied to PCS are computed by combining the output of
the TP-based controller, u.,, and the output of the PI controller, ul"* .

Next, the four SFCSs designed above, as controlled plants, are also included in
four SISO cascade control system (PI-SFCS) structures with PI controllers in the
outer control loop. The equivalent state feedback gain matrices given in Equation (3)
in Appendix 4 are employed in the computation of the following second-order

benchmark type closed-loop t.f.s of the inner control loop, H{\. (s):
kr(TPCS) _ 1/(2kTPCSTZ(TPCS) )1

(TPCS) __ 7 (TPCS) (TPCS) __ = (TPCS)
Tr _Tcl ’ TZ _Tcz

(4.39)
where the numerical values of the parameters are given in Table 4.4.1. These
parameters are obtained by a simple least-squares-based experimental approximation
of the inner control loop illustrated in Fig. 4.45.

(i} il
i) ”.Jf . 1_..?

J‘i O e Hg; Pl , O u , PCS - ,

i
u;

Fig.4.45. Block diagram of the SISO PI-SFCSs designed for PCS.

Table 4.4.1.
Values of parameters of the second order t.f.s. computed for SFCSs.
SFCS® k& T (5) TI(s)
SFCS® 25.7 197 0.025
SFCS® 25 212 0.25
SFCS® 70 200 15
SFCS® 21 78 0.25
The PI controllers are also designed using the MO-m, with the general t.f.:
H (s) =k @+ sTD)I(sT,D), (4.40)

where the tuning parameters were computed as [Kes55]:
KD =1/(2Kgees TV
TO=TO 7O =T,
The numerical values of the parameters are given in Table 4.4.2.
The control signals applied to PCS are computed by combining the output

variable of the state feedback controller, u, and the output variables of the PI
controllers, ul .

(4.41)
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Table 4.4.2.
Values of parameters of the Pl controllers designed for PCS.

PI-SFCS® kD T0(s)
PI-SFCS® 0.77 197
PI-SFCS® 0.08 212
PI-SFCS®) 0.004 200
PI-SFCS® 0.095 78

The five control structures, namely PI-TPCS and the four PI-SFCSs, were
tested in the same two testing scenario used for TPCS and the four SFCSs, i.e.
simulation and experiment. Each PI controller is tested on its corresponding control
structure with the t.f.s. given in (4.36) and (4.39) as resulting from the block diagrams
in Figs. 4.42 and 4.43. The same values of the parameters of the PI controllers were
used both in simulations and experiments. The initial state vector matching the

simulations and experiments is x, =[0 © 0 0]". The responses of the controlled

outputs and the control signals of the control structures are plotted in Fig.4.46 and
Fig.4.47 in the simulation scenario and in Fig. 4.48 and Fig. 4.49 in the experimental
scenario.
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Fig.4.46. Cart position versus time in case of PI-TPCS and the PI-SFCSs designed for the cart position
control of PCS in the simulation scenario.
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Fig.4.47. Control signal versus time in case of PI-TPCS and the PI-SFCSs designed the cart position
control of PCS in the simulation scenario.

0.6 .
— Reference input
----- PI-TPCS
0.5 —rpisres
—pPI-sFcs®?
. _sFos®
9 M S Prost
. - I e ) PI-SFCS
E
S 03 1
= y i
= o
2 :
- 0.2 7
©
O
0.1
0.#
01y 2 4 6 8 10 12 14 16 18
Time (s)

Fig.4.48. Cart position versus time in case of PI-TPCS and the PI-SFCSs designed for the cart position

control of PCS in the experimental scenario.
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Fig.4.49. Control signal versus time in case of PI-TPCS and the PI-SFCSs designed the cart position
control of PCS in the experimental scenario.

The simulation and the experimental results show that all the CSs designed for
PCS fulfill both the control system performance specifications i. and ii., i.e. the
stabilization of the CS and the constraint applied on the control signal and they also
ensure zero steady-state control error.

In order to highlight the performance of the ten derived control structures for
psfcMLS, four performance indices, namely the Mean Square Error (MSE), the Mean
Square Control Effort (MSU), the settling time and the overshoot are computed.

The MSEs are computed as using (4.16), where e represents the control error,

which in case of PCS is defined as
eV =r—y". (4.42)

The MSUs are computed using (4.18) where u” represents the control signal
applied in case of the control structures designed for PCS.
The superscript w =TPCS indicates the TP-based control structure,

v =SFCSY indicates the four state feedback control structures, y =Pl —TPCS
indicates the Pl and TP-based control structure, y = Pl — SFCS indicates the PI

and state feedback control structures, y"* is the first output of the PCS system, i.e. the
cart position, r is the reference input, M = 2001 is the number of samples and the
sampling period T, =0.01 s.

The values of the four performance indices are given in Table 4.4.3 in the
simulation scenario and in Table 4.4.4 in the experimental scenario.

In the simulation scenario, the best performance concerning the MSE is
achieved by the PI-TPCS while in the experimental scenario the best performance in
terms of MSE is achived by the first PI-SFCS. The best performance in terms of MSU
Is obtained by the third PI-SFCS in the simulation scenario and by the TPCS in the
experimental scenario. The best settling time is achived by the PI-TPCS in both the
simulation scenario and the experimental one. The overshoot was present only in case
of the third and the fourth PI-SFCS in the simulaton scenario and in case of the PI-
TPCS and the four PI-SFCS in the experimental scenario. The first five CSs, namely
the TPCS and the SFCSs do not ensure zero steady-state control error in both testing
scenarios, i.e. simulation and experiment. Therefore, the implementation of the
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cascade control system structures is justified. Other numbers of parameters of the TP
model derived for PCS would lead to other values of the LTI feedback gains which
would lead to other values of the performance indices given in Table 4.4.3 and Table
444,

Table 4.4.3.
Values of control system performance indices for PCS
in the simulation scenario.

Control Performar?ce ir_1dices
structures | MSE (m?) z\gl/sz)J rlSettllnrg2 time (sr)3 (r)lversl’rlzoot ((ﬁ)
TPCS 9.3.107° 4.10-10™* 1 1 1 0 0 0
SFCS® 19.3-10° 8.18-10°° - 10 1 0 0 0
SFCS®@ 15.1-10°3 12.10° - 10 1 0 0 0
SFCS® 141107 2.70-10° - 10 1 0 0 0
SFCS® 17.4-10° 9.58-107 - 10 1 0 0 0
PI-TPCS 432.10™ 6.75-10™* 0.5 0.5 0.5 0 0 0
PI-SFCS®W | 582.10™ 3.52.10™ 0.7 0.7 0.7 0 0 0
PI-SFCS® | 1g.40~ 121.10° | 15 | 15 15 | 0| 0| O
PI-SFCS® | 579.104 | 131.10% 2 2 2 50 | 50 | 50
PI-SFCS® 18-10™* 161-10° 1 1 1 5 5 5

Table 4.4.4.

Values of control system performance indices for PCS
in the experimental scenario.

Control Performahce i_ndices
structures | MSE (m?) E\él/sz)J rlSettlmrgi time (sr)3 r(l)versrr;oot ((ﬁ)
TPCS 0.0360 | 00073 | 2 2 2 o o] o
SFCS® 00264 | 00134 | 3 5 3 lo|lo| o
SFCS® 00117 | 00436 | 6 4 4 oo | o
SFCS® 00161 | 00272 | 4 5 4 oo | o
SFCS® 0.0208 | 00185 | 2 6 4 oo | o
PI-TPCS | 0.0047 | 00745 | 2 2 2 | 25| 25 | 30
PI-SFCS®W | 00041 | 00706 | 2 2 2 | 0| 25| 30
PI-SSFCS® | 00052 | 00628 | 2 2 2 |10] 5 | 35
PI-SFCS® | 00049 | 00782 | 2 2 2 | 25| 25 | 30
PI-SFCS® | 90071 | 00650 | 1 3 1 [0 o0 10
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4.5. Chapter conclusions

In this chapter, the main steps of the TP-based Model Transformation control
algorithm along with the design of TP controllers for three systems, namely Vertical
Three Tank System, partial state feedback controlled Magnetic Levitation System and
Pendulum Cart System. The TPCSs were compared with state feedback control
structures (SFCSs) which were designed aiming the same control design performance
as in case of the TPCSs.

In Sub-chapter 4.1, the steps of the TP-based Model Transformation control
algorithm were presented in detail.

In Sub-chapter 4.2, the validation through simulation and experiments of the
TP controllers designed for Vertical Three Tank System was presented. At first the
TP-based control structure (TPCS) was designed. Then the TPCS was compared with
four state feedback control structures (SFCSs), which were designed aiming the same
control performance as in case of the TPCS, and they were tested in the same
scenario. Moreover, in order to improve the control system performance, i.e. to ensure
zero steady-state control error, the TPCS and the four SFCS were included into 15
SISO CCSs designed for each of the three tanks. All control structures were tested in
the same scenario and four performance indices, namely MSE, MSU, settling time
and overshoot were computed and are given in Table 4.2.5 and 4.2.6. The best
performance concerning the MSE is achieved by the first PID-SFCS for the first tank
in the simulation scenario and by the fourth PID-SFCS for the second tank in the
experimental scenario. The best settling time is achived by the third SFCS in case of
all three tanks in the simulation scenario and by the four SFCSs for the third tank in
the experimental scenario. The best performance in terms of MSU is obtained by the
second SFCS in case of all three tanks in the simulation scenario and by the fourth
PID-SFCS for the second tank in the experimental scenario. The overshoot is present
in case of the PID-TPCS and the second PID-SFCS in the simulation scenario and in
case of TPCS and the four SFCSs for the first and second tank and by the PID-TPCS,
the seond, the third and the fourth PID-SFCS for the first tank in the experimental
scenario. Its smallest value is obtained for the PID-SFCS in case of the first two tanks,
by the PID-TPCS in case of the third tank in the simulation scenario and by the TPCS
and the four SFCSs for the second tank in the experimental scenario. The first five
CSs, namely the TPCS and the SFCSs do not ensure zero steady-state control error.
Therefore, the implementation of the cascade control system structures is justified.

In Sub-chapter 4.3, the validation through simulation and experiments of the
TP controllers designed for partial state feedback controlled Magnetic Levitation
System was presented. At first a TPCS was designed. The TPCS was next compared
with four state feedback control structure (SFCS), which were designed aiming the
same control performance as in case of the TPCS. In the next step, in order to improve
the control performance, i.e. to ensure zero steady state control error, the TPCS and
the four SFCS were included into five SISO CCSs with a PI controller in the outer
control loop. The ten control structures, namely the TPCS, the four SFCSs, the Pl-
TPCS and the four PI-TPCS were tested in the same two scenarios (simulation and
experiments) and the same performance indices as in case of psfcMLS were computed
and are given in Table 4.3.5 and Table 4.3.6. In the simulation scenario the best
performance concerning the MSE is achieved by the second PI-SFCS while in the
experimental scenario the best performance in terms of MSE is achived by the PI-
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TPCS. The best performance in terms of MSU is obtained by the first SFCS in the
simulation scenario and by the TPCS in the experimental scenario. The best settling
time is achived by all the four SFCSs in the simulation scenario and the settling time
was similar for all CSs in the experimental scenario. The overshoot was present only
in case of the PI-TPCS and of the first three SFCSs in the experimental scenario. The
first five CSs, namely the TPCS and the SFCSs do not ensure zero steady-state control
error in both testing scenarios. Therefore, the implementation of the cascade control
system structures is again justified.

In Sub-chapter 4.4, the validation through simulations and experiments of the
TP controllers designed for Pendulum Cart System in the crane operation mode was
presented. At first a TPCS was designed. The TPCS was next compared with four
state feedback control structure (SFCS), which were designed aiming the same control
performance as in case of the TPCS. In the next step, in order to improve the control
performance, i.e. to ensure zero steady state control error, the TPCS and the four
SFCS were included into five SISO CCSs with a Pl controller in the outer control
loop. The ten control structures, namely the TPCS, the four SFCSs, the PI-TPCS and
the four PI-TPCS were tested in the same two scenarios (simulation and experiments)
and the same performance indices as in case of PCS were computed and are given in
Table 4.4.3 and Table 4.4.4. In the simulation scenario, the best performance
concerning the MSE is achieved by the PI-TPCS while in the experimental scenario
the best performance in terms of MSE is achived by the first PI-SFCS. The best
performance in terms of MSU is obtained by the third PI-SFCS in the simulation
scenario and by the TPCS in the experimental scenario. The best settling time is
achived by the PI-TPCS in both the simulation scenario and the experimental. The
overshoot was present only in case of the third and the fourth PI-SFCS in the
simulaton scenario and in case of the PI-TPCS and the four PI-SFCS in the
experimental scenario. The first five CSs, namely the TPCS and the SFCSs do not
ensure zero steady-state control error in both testing scenarios. Therefore, the
implementation of the cascade control system structures is once more justified. Other
numbers of parameters of the TP model derived for PCS would lead to other values of
the LTI feedback gains which would lead to other values of the performance indices
given in Table 4.4.3 and Table 4.4.4.

The experimental results have shown that:

e The accuracy and the performance of a TP controller designed for a
certain process depend on how good the TP model derived for that
process is. The best performance in terms of zero steady state control
error was achived by the TP controller designed for PCS.

e The performance of the TP controller can be improved by combining
the TP controller with other types of controllers such as Pl and PID
controllers into cascade control system structures.

The contributions presented in this chapter are:

e The derivation and validation of a TP controller for a Vertical Three
Tank system laboratory equipment and a comparative analysis with a
state feedback controller designed aiming the same control system
performance specifications.

e The derivation and validation of a TP controller for a partial state
feedback controlled Magnetic Levitation System and a comparative
analysis with a state feedback controller designed aiming the same
control system performance specifications.
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e The derivation and validation of a TP controller for a Pendulum Cart
System laboratory equipment and a comparative analysis with a state
feedback controller designed aiming the same control system
performance specifications.

These contributions were published in the papers:

1. E.-L. Hedrea, C.-A. Bojan-Dragos, R.-E. Precup and T.-A. Teban, "Tensor
product-based model transformation for level control of vertical three tank
systems," in Proc. IEEE 21% International Conference on Intelligent Engineering
Systems, Larnaca, Cyprus, 2017, pp. 113-118, indexed in Clarivate Analytics
Web of Science, cited in:

2. L. Kovacs and G. Eigner, "A TP-LPV-LMI based control for tumor growth
inhibition," IFAC Papers Online, vol. 51, no. 26, pp. 155-160, 2018, indexed
in Clarivate Analytics Web of Science,

3. L. Kovacs and G. Eigner, "Tensor product model transformation based
parallel distributed control of tumor growth,"Acta Politechnica Hungarica,
vol. 15, no. 3, pp. 101-123, 2018, indexed in Clarivate Analytics Web of
Science, impact factor = 1.806 according to Journal Citation Reports
(JCR) published by Clarivate Analytics in 2021.

2. E.-L. Hedrea, R.-E. Precup, C.-A. Bojan-Dragos, C. Hedrea, D. Ples and D.
Popovici, "Cascade control solutions for level control of vertical three tank
systems," in Proc. IEEE 13" International Symposium on Applied
Computational Intelligence and Informatics, Timisoara, Romania, 2019, pp.
353-358, indexed in Clarivate Analytics Web of Science,

3. E.-L. Hedrea, C.-A. Bojan-Dragos, R.-E. Precup, R.-C. Roman, E.-M. Petriu and
C. Hedrea, "Tensor product-based model transformation for position control of
magnetic levitation systems,” in Proc. IEEE 26th International Symposium on
Industrial Electronics, Edinburgh, Scotland, 2017, pp. 1141-1146, indexed in
Clarivate Analytics Web of Science, cited in:

1. G.H. Chen and D.X. Yang, "A unified analysis framework of static and
dynamic structural reliabilities based on direct probability integral method,"
Mechanical Systems and Signal Processing, vol. 158, 2021, indexed in
Clarivate Analytics Web of Science, impact factor = 6.823 according to
Journal Citation Reports (JCR) published by Clarivate Analytics in
2021,

2. Y.F. Yang, X.J. Ban, X.L. Huang and C.H. Shan, "A dueling-double-deep Q-
network controller for magnetic levitation ball system," in Proc. 39" Chinese
Control Conference, Shenyang, China, 2020, pp. 1885-1890, indexed in
Clarivate Analytics Web of Science,

7. L. Kovacs, G. Eigner, M. Siket and L. Barkai, "Control of diabetes mellitus
by advanced robust control solution,” IEEE Access, vol. 7, pp. 125609-
125622, 2019, indexed in Clarivate Analytics Web of Science, impact
factor = 3.367 according to Journal Citation Reports (JCR) published by
Clarivate Analytics in 2021,

8. L. Kovacs and G. Eigner, "Tensor product model transformation based
parallel distributed control of tumor growth,"Acta Politechnica Hungarica,
vol. 15, no. 3, pp. 101-123, 2018, indexed in Clarivate Analytics Web of
Science, impact factor = 1.806 according to Journal Citation Reports
(JCR) published by Clarivate Analytics in 2021.
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4. E.-L. Hedrea, C.-A. Bojan-Dragos, R.-E. Precup and E.-.M. Petriu, "Comparative
study of control structures for maglev systems,” in Proc. IEEE 18th
International Power Electronics and Motion Control Conference, Budapest,
Hungary, 2018, pp. 657-662, indexed in Clarivate Analytics Web of Science,

5. E.-L. Hedrea, R.-E. Precup, C.-A. Bojan-Dragos, R.-C. Roman, O. Tanasoiu and
M. Marinescu, "Cascade control solutions for maglev systems," in Proc. 22"
International Conference on System Theory, Control and Computing, Sinaia,
Romania, 2018, pp. 20-26, indexed in Clarivate Analytics Web of Science,

6. E.-L. Hedrea, R.-E. Precup, C.-A. Bojan-Dragos and C. Hedrea, "TP-based fuzzy
control solutions for magnetic levitation systems,” in Proc. 23" International
Conference on System Theory, Control and Computing, Sinaia, Romania, 2019,
pp. 809-814, indexed in Clarivate Analytics Web of Science,

7. E.-L. Hedrea, R.-E. Precup, E.M. Petriu, C.-A. Bojan-Dragos and C. Hedrea,
"Tensor product-based model transformation approach to cart position modeling
and control in pendulum-cart systems," Asian Journal of Control, vol. 23, no. 3,
pp. 1238-1248, 2021, indexed in Clarivate Analytics Web of Science, impact
factor = 3.452, Journal rank = Q2 according to Journal Citation Reports
(JCR) published by Clarivate Analytics in 2021.
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5. Conclusions and personal contributions

5.1. Personal contributions

This thesis was formulated in order to validate the Tensor Product (TP)-based
Model Transformation technique by obtaining TP models for various processes, other
that the ones already presented in the literature, and also to improve the control
performances of the TP-based control structures by combining the TP-based Model
Transformation technique with other control techniques in the design of cascade
control structures.

As specified in Chapter 1, the first objective of the thesis consisted in the
validation of the modeling algorithm of the TP-based Model Transformation
technique on many laboratory equipments. The corresponding derived TP models
were validated using many testing scenarios and they were compared with other
models of the same processes in order to highlight their performance. The first
objective was fulfilled by the validation of the TP-based model transformation
modeling algorithm on three laboratory equipments namely Vertical Three Tank
System (V3TS), the partial state feedback controlled Magnetic Levitation System
(psfcMLS) and the Pendulum Cart System (PCS).

As also specified in Chapter 1, the second objective of the thesis consisted in
the validation of the control algorithm of the TP-based Model Transformation
technique using LMIs and Parallel Distributed Compensation (PDC) framework.
Therefore, many conventional and cascade control structures were design for the
control of various laboratory equipments. The proposed control structures were tested
and compared with other similar ones and their performance was highlighted. The
second objective was fulfilled by the validation of the TP-based model transformation
control algorithm on three laboratory equipments namely V3TS, psfcMLS and PCS.

The personal contributions included in this thesis are presented as follows and
they result from the contributions presented in Chapters 3 and 4:

e The derivation of the TP model for the Vertical Three Tank System
(V3TS). This model vas validated and tested in one testing scenario. A
comparative analysis was done considering the corresponding outputs
of the derived TP model, the nonlinear model and four linear models of
the V3TS by computing four performance indices namely Root Mean
Square Error (RMSE), Value of Accounted For (VAF), Akaike
Information Criterion (AIC) and Bayesian Information Criterion (BIC)
for all the derived models of V3TS.

e The derivation of the TP model for the partial state feedback controlled
Magnetic Levitation System (psfcMLS). This model vas validated and
tested in four testing scenarios. A comparative analysis was done
considering the corresponding outputs of the derived TP model, the
nonlinear model and four linear models of the psfcMLS by computing
four performance indices namely RMSE, VAF, AIC and BIC for all the
derived models of psfcMLS.
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The derivation of the TP model for the Pendulum Cart System (PCS).
This model vas validated and tested in two testing scenarios. A
comparative analysis was done considering the corresponding outputs
of the derived TP model, the nonlinear model and four linear models of
the PCS by computing four performance indices namely RMSE, VAF,
AIC and BIC for all the derived models of PCS.

The design of a TP-based control structure, namely TPCS, for the
liquid level control of the V3TS. This structure was validated and
tested in both simulation and experimental scenarios. This structure
was compared with four state feedback control structures, namely
SFCSs, using LMI control design for the liquid level control of the
V3TS and aiming the same control performance as in case of TPCS;
four performance indices, namely Mean Square Error (MSE), Mean
Square Control Effort (MSU), settlig time and overshoot, were
computed and used in the comparison based on simulation and
experimental results and the corresponding output responses.

The design of three cascade control system structures, namely PID-
TPCS, with a PID controller in the outer control loop and a TP
controller in the inner control loop, for the liquid level control of V3TS.
These structures were validated and tested in both simulation and
experimental scenarios. These structures were compared with other 12
cascade control system structures, namely PID-SFCS, with a PID
controller in the outer control loop and a state feedback controller in the
inner control loop for the liquid level control of V3TS; four
performance indices, namely MSE, MSU, settlig time and overshoot,
were computed and used in the comparison based on simulation and
experimental results and the corresponding output responses.

The design of a TP-based control structure, namely TPCS, for the
sphere position control of the psfcMLS. This structure was validated
and tested in both simulation and experimental scenarios. This structure
was compared with four state feedback control structures, namely
SFCSs, using LMI control design for the sphere position control of the
psfcMLS and aiming the same control performance as in case of TPCS;
four performance indices, namely MSE, MSU, settling time and
overshoot, were computed and used in the comparison based on
simulation and experimental results and the corresponding output
responses.

The design of a cascade control system structures, namely PID-TPCS,
with a PID controller in the outer control loop and a TP controller in
the inner control loop for the sphere position control of psfcMLS. This
structure was validated and tested in both simulation and experimental
scenarios. This structure was compared with another cascade control
system structure, namely PI-SFCS, with a Pl controller in the outer
control loop and a state feedback controller in the inner control loop for
the sphere position control of psfcMLS; four performance indices,
namely MSE, MSU, settling time and overshoot, were computed and
used in the comparison based on simulation and experimental results
and the corresponding output responses.

The design of a TP-based control structure, namely TPCS, for the cart
position control of the PCS. This structure was validated and tested in
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both simulation and experimental scenarios. This structure was
compared with four state feedback control structures, namely SFCSs,
using LMI control design for the cart position control of the PCS and
aiming the same control performance as in case of TPCS; four
performance indices, namely MSE, MSU, settling time and overshoot,
were computed and used in the comparison based on simulation and
experimental results and the corresponding output responses.

The design of a cascade control system structure, namely PI-TPCS,
with a PI controller in the outer control loop and a TP controller in the
inner control loop for the cart position control of PCS. This structure
was validated and tested in both simulation and experimental scenarios.
This structure was compared with another cascade control system
structure, namely PI-SFCS, with a PI controller in the outer control
loop and a state feedback controller in the inner control loop for the cart
position control of PCS; four performance indices, namely MSE, MSU,
settling time and overshoot, were computed and used in the comparison
based on simulation and experimental results and the corresponding
output responses.

5.2. Dissemination of the results

The results presented in this thesis are published in 14 papers. The author of
the thesis is the first author of 12 out of the 14 published papers. The published papers
are grouped based on the databases they are indexed in:

4 papers in journals with impact factor indexed in Clarivate Analytics
Web of Science (with the former name ISI Web of Knowledge), with a
cumulative impact factor = 10.516 according to Journal Citation
Reports (JCR) published by Clarivate Analytics in 2021; 2 of these
papers are published in journals with Q2 ranks as the first author
and the other 2 ones are published in journals with Q3 ranks (one of
them as the first author).

10 papers in conference proceedings indexed in Clarivate Analytics
Web of Science (with the former name 1SI Web of Knowledge).

The published papers received a total number of 49 independent citations
(excluding the selfcitations and the citations of all the co-authors) with a cumulative
impact factor = 150.922.

The results were published in the following papers:

1. E.-L. Hedrea, R.-E. Precup, R.-C. Roman and E.M. Petriu, "Tensor product-based
model transformation approach to tower crane systems modeling,” Asian
Journal of Control, vol. 23, no. 3, pp. 1313-1323, 2021, indexed in Clarivate
Analytics Web of Science, impact factor = 3.452, Journal rank = Q2
according to Journal Citation Reports (JCR) published by Clarivate
Analytics in 2021, cited in:

1. H. Eivazi, S. Le Clainche, S. Hoyas and R. Vinuesa, "Towards extraction of
orthogonal and parsimonious non-linear modes from turbulent flows," Expert
Systems with Applications, vol. 202, 2022, indexed in Google Scholar,

96

BUPT



2. J. Ye, Z. Xu and X. Gou, "An adaptive Grey-Markov model based on
parameters Self-optimization with application to passenger flow volume
prediction,” Expert Systems with Applications, vol. 202, 2022, indexed in
Google Scholar,

3.J. Wang, Y, Liu, H. Wu, S. Lu and M. Zhou, "Ensemble FARIMA Prediction
with stable infinite variance innovations for supermarket energy
consumption,” Fractal and fractional, vol. 6, no. 5, 2022, indexed in Google
Scholar,

4. O. Gireesha, A.B. Kamalesh, K. Krithivasan and V.S. Shankar Sriram, "A
Fuzzy-multi attribute decision making approach for efficient service
selection in cloud environments,” Expert Systems with Applications, in
Press, 2022, indexed in Google Scholar,

5. H. Garg, R. Krishankumar and K.S. Ravichandran, "Decision framework with
integrated methods for group decision-making under probabilistic hesitant
fuzzy context and unknown weights," Expert Systems with Applications, vol.
200, 2022, indexed in Google Scholar,

6. D. Lee, J.W. Jeong and G. Choi, "Short term prediction of PV power output
generation using hierarchical probabilistic model,” Energies, vol. 14, no. 10,
2021, indexed in Clarivate Analytics Web of Science, impact factor =
3.004 according to Journal Citation Reports (JCR) published by
Clarivate Analytics in 2021,

7. X.L. Wang and L.Y. Hao, "Event-triggered fault detection for Takagi-Sugeno
fuzzy systems via an improved matching membership function approach,”
Information Sciences, vol. 593, pp. 35-48, 2022, indexed in Clarivate
Analytics Web of Science, impact factor = 6.795 according to Journal
Citation Reports (JCR) published by Clarivate Analytics in 2021,

8. V.M. Nejkovic, M.S. Milicevic, G. Janackovic and M. Grozdanovic,
"Application of fuzzy analytic hierarchy process to inductive steel tube
welding,"” Romanian Journal of Information Science and Technology, vol.
25, no. 1, pp. 3-19, 2022, indexed in Clarivate Analytics Web of Science,
impact factor = 0.643 according to Journal Citation Reports (JCR)
published by Clarivate Analytics in 2021,

9. S. Mishra, T. Ahmed, V. Mishra, M. Kaur, T. Martinetz, A.K. Jain and H.
Alshazly, "Multivariate and online prediction of closing price using kernel
adaptive filtering," Computational Intelligence and Neuroscience, vol. 2021,
2021, indexed in Clarivate Analytics Web of Science, impact factor =
3.633 according to Journal Citation Reports (JCR) published by
Clarivate Analytics in 2021,

10. M. Siket, K. Novak, H. Redjimi, J. Tar, L. Kovacs and G. Eigner, "Control
of type 1 Diabetes Mellitus using Particle Swarm Optimization driven
Receding Horizon controller,” IFAC Papersonline, vol. 54, no. 15, pp. 293-
298, 2021, indexed in Clarivate Analytics Web of Science,

11. 1. de-Paz-Centeno, M.T. Marcia-Ordas, O. Garcia-Olalla, J. Arenas and H.
Alaiz-Moreton, "M-SRPCNN: A fully convolutional neural network
approach for handling super resolution reconstruction on monthly energy
consumption environments,” Energies, vol. 14, no. 16, 2021, indexed in
Clarivate Analytics Web of Science, impact factor = 3.004 according to
Journal Citation Reports (JCR) published by Clarivate Analytics in
2021,
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12. H. Zhao, J. Zhang and Y. Ge, "Operation mode selection of NIMBY facility
Public Private Partnership projects,” Plos One, vol. 16, no. 7, 2021, indexed
in Clarivate Analytics Web of Science, impact factor = 3.24 according to
Journal Citation Reports (JCR) published by Clarivate Analytics in
2021,

13. Q. Shi, S. Yin, K. Wang, L. Teng and H. Li, "Multichannel convolutional
neural network-based fuzzy active contour model for medical image
segmentation,” Evolving Systems, doi: 10.1007/s12530-021-09392-3, 2021,
indexed in Clarivate Analytics Web of Science, impact factor = 1.908
according to Journal Citation Reports (JCR) published by Clarivate
Analytics in 2021,

14. J. Awrejcewicz, G. Sypniewska-Kaminska and O. Mazur, "Analysing
regular nonlinear vibrations of nano/micro plates based on the nonlocal
theory and combination of reduced order modelling and multiple scale
method,” Mechanical Systems and Signal Processing, vol. 163, 2021,
indexed in Clarivate Analytics Web of Science, impact factor = 6.823
according to Journal Citation Reports (JCR) published by Clarivate
Analytics in 2021,

15. A.A. AbdullaS. Graovac, V. Papic and B. Kovacevic, "Triple-feature-based
particle filter algorithm used in vehicle tracking applications,” Advances in
Electrical and Computer Engineering, vol. 22, no. 2, pp. 3-14, 2021, indexed
in Clarivate Analytics Web of Science, impact factor = 1.221 according
to Journal Citation Reports (JCR) published by Clarivate Analytics in
2021,

16. A. Volovyk, V. Kychak and D. Havrilov, "Discrete Kalman filter invariant
to perturbations,” Acta Polytechnica Hungarica, vol. 18, no. 10, 2021,
indexed in Clarivate Analytics Web of Science, impact factor = 1.806
according to Journal Citation Reports (JCR) published by Clarivate
Analytics in 2021,

17. H. Yildiz, E. Uzal and H. Calik, "An analytical solution of a multi-winding
coil problem with a magnetic core in spherical coordinates,” Acta
Polytechnica Hungarica, vol. 18, no. 10, 2021, indexed in Clarivate
Analytics Web of Science, impact factor = 1.806 according to Journal
Citation Reports (JCR) published by Clarivate Analytics in 2021,

18.H.Y. Jiang, S.Y. Yu, C.M. Lin, Y. Chen and S.P. Huang, "Torque prediction
of ankle joint from surface electromyographic using recurrent cerebellar
model neural network,"” Acta Polytechnica Hungarica, vol. 18, no. 8, 2021,
indexed in Clarivate Analytics Web of Science, impact factor = 1.806
according to Journal Citation Reports (JCR) published by Clarivate
Analytics in 2021,

19. B. Jaksic, J. Todorovic, D. Bandur, B. Gvozdic and M. Bandur, "Outage
performance of macrodiversity reception in the presence rayleigh short-term
fading and co-channel interference,” Acta Polytechnica Hungarica, vol. 18,
no. 7, 2021, indexed in Clarivate Analytics Web of Science, impact factor
= 1.806 according to Journal Citation Reports (JCR) published by
Clarivate Analytics in 2021.

2. E.-L. Hedrea, R.-E. Precup, E.M. Petriu, C.-A. Bojan-Dragos and C. Hedrea,
"Tensor product-based model transformation approach to cart position modeling
and control in pendulum-cart systems," Asian Journal of Control, vol. 23, no. 3,
pp. 1238-1248, 2021, indexed in Clarivate Analytics Web of Science, impact
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factor = 3.452, Journal rank = Q2 according to Journal Citation Reports
(JCR) published by Clarivate Analytics in 2021.

3. E.-L. Hedrea, R.-E. Precup and C.-A. Bojan-Dragos, "Results on tensor product-
based model transformation of magnetic levitation systems,” Acta Polytehnica
Hungarica, vol. 16, no. 9, pp. 93-111, 2019, indexed in Clarivate Analytics
Web of Science, impact factor = 1.806, Journal rank = Q3 according to
Journal Citation Reports (JCR) published by Clarivate Analytics in 2021,
cited in:

1. X. Liu, N. Wang, D. Molina and F. Herrera, "A least square support vector
machine approach based on bvRNA-GA for modeling photovoltaic systems,"
Applied Soft Computing, vol. 117, doi: 10.1016/j.as0c.2021.108357,
indexed in Clarivate Analytics Web of Science, impact factor = 6.725
according to Journal Citation Reports (JCR) published by Clarivate
Analytics in 2021,

2. X. Pan, Y. Wang, S. He and K.-S. Chin, "A dynamic programming algorithm
based clustering model and its application to interval type-2 fuzzy large-scale
group decision-making problem," IEEE Transactions on Fuzzy Systems, vol.
30, no.l, pp. 108-120, 2022, indexed in Clarivate Analytics Web of
Science, impact factor = 12.029 according to Journal Citation Reports
(JCR) published by Clarivate Analytics in 2021,

3. S. Yan, W. Sun, X, Yu and H. Gao, "Adaptive sensor fault accommodation
for vehicle active suspensions via partial measurement information,” IEEE
Transactions on Cybernetics, doi: 10.1109/TCYB.2021.3072219, 2021,
indexed in Clarivate Analytics Web of Science, impact factor = 11.448
according to Journal Citation Reports (JCR) published by Clarivate
Analytics in 2021,

4. Y.R. Liu, L. Wang, Z.P. Qiu and X. Chen, "A dynamic force reconstruction
method based on modified Kalman filter using acceleration responses under
multi-source uncertain samples,” Mechanical Systems and Signal Processing,
vol. 159, 2021, indexed in Clarivate Analytics Web of Science, impact
factor = 6.823 according to Journal Citation Reports (JCR) published by
Clarivate Analytics in 2021,

5. E. Nsugbe, O.W. Samuel, M.G. Asogbon and G.L. Li, "Contrast of multi-
resolution analysis approach to transhumeral phantom motion decoding,”
CAAI Transactions on Intelligence Technology, 2021, pp. 1-16, indexed in
Clarivate Analytics Web of Science, without impact factor,

6. C.J. Qin, G. Shi, J.F. Tao, H.G. Yu, Y.R. Jin, J.B. Lei and C.L. Liu, "Precise
cutterhead torque prediction for shield tunneling machines a novel neural
network,” Mechanical Systems and Signal Processing, vol. 151, 2021,
indexed in Clarivate Analytics Web of Science, impact factor = 6.823
according to Journal Citation Reports (JCR) published by Clarivate
Analytics in 2021,

7. Q. Zhang, J.H. Zhou, B. Zhang and E.H. Wu, "DsNet: Dual stack network for
detecting diabetes mellitus and chronic kidney disease,” Information
Sciences, vol. 547, pp. 945-962, 2021, indexed in Clarivate Analytics Web
of Science, impact factor = 6.795 according to Journal Citation Reports
(JCR) published by Clarivate Analytics in 2021,

8. A.B. Csapo, "Cyclical inverse interpolation: An approach for the inverse
interpolation of black-box models using tensor product representations,”
Asian Journal of Control, vol. 23, pp. 1301-1312, 2021, indexed in
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Clarivate Analytics Web of Science, impact factor = 3.452 according to
Journal Citation Reports (JCR) published by Clarivate Analytics in
2021,

9. K. Kluwak, M. Kulbacki and A. Kolcz, "Applications of Tags in Multimodal
Analysis of Motion Ergonomics for Healthcare Environments,” Acta
Polytechnica Hungarica, vol. 18, no. 10, indexed in Clarivate Analytics
Web of Science, impact factor = 1.806 according to Journal Citation
Reports (JCR) published by Clarivate Analytics in 2021,

10. T.T. Ngoc, L.V. Dai and C.M. Thuyen, "Support vector regression based on
grid gearch method of hyperparameters for load forecasting,” Acta
Polytechnica Hungarica, vol. 18, no. 2, 2021, indexed in Clarivate
Analytics Web of Science, impact factor = 1.806 according to Journal
Citation Reports (JCR) published by Clarivate Analytics in 2021,

11. A. Boonyaprapasorn, S. Kuntanapreeda, P.S. Ngiamsunthorn, E. Pengwang
and T. Sangpet, "Tensor product model transformation-based control for
fractional-order biological pest control systems,” Asian Journal of Control,
vol. 23, no. 2, pp. 1340-1351, 2020, indexed in Clarivate Analytics Web of
Science, impact factor = 3.452 according to Journal Citation Reports
(JCR) published by Clarivate Analytics in 2021,

12. Y.Y. He and W.Y. Zhang, "Probability density forecasting of wind power
based on multi-core parallel quantile regression neural network,"
Knowledge-Based Systems, vol. 209, no. 8, 2020, indexed in Clarivate
Analytics Web of Science, impact factor = 8.038 according to Journal
Citation Reports (JCR) published by Clarivate Analytics in 2021,

13. R.C. Suganthe, R.S. Latha, M. Geetha and G.R. Sreekanth, "Diagnosis of
Alzheimer's disease from brain magnetic resonance imaging images using
deep learning algorithms,” Advances in Electrical and Computer
Engineering, vol. 20, no. 3, pp. 57-64, 2020, indexed in Clarivate Analytics
Web of Science, impact factor = 1.221 according to Journal Citation
Reports (JCR) published by Clarivate Analytics in 2021,

14. T. Pramanik, G. Muhiuddin, A.M. Alanazi and M. Pal, "An extension of
fuzzy competition graph and its uses in manufacturing industries,”
Mathematics, vol. 8, no. 6, 2020, indexed in Clarivate Analytics Web of
Science, impact factor = 2.258 according to Journal Citation Reports
(JCR) published by Clarivate Analytics in 2021,

15. F. Christudas and A.V. Dhanraj, "System identification using long short
term memory recurrent neural networks for real time conical tank system,"”
Romanian Journal of Information Science and Technology, vol. 23, no. T,
pp. T57-T77, 2020, indexed in Clarivate Analytics Web of Science,
impact factor = 0.643 according to Journal Citation Reports (JCR)
published by Clarivate Analytics in 2021,

16. M. Turkiewicz, E. Prociow and A. Dziedzic, "Thermovoltaic effect in a
multilayer junction structure with an oxide insulation barrier,” Acta
Polytechnica Hungarica, vol. 17, no. 9, pp. 125-140, 2020, indexed in
Clarivate Analytics Web of Science, impact factor = 1.806 according to
Journal Citation Reports (JCR) published by Clarivate Analytics in
2021,

17. M. Seo, J. Ban, B.Y. Koo and S.W. Kim, "Static model identification for
Sendzimir rolling mill using noise corrupted operation data,” IEEE Acces,
vol. 8, pp. 150685-150695, 2020, indexed in Clarivate Analytics Web of
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Science, impact factor = 3.367 according to Journal Citation Reports
(JCR) published by Clarivate Analytics in 2021.

4. E.-L. Hedrea, R.-E. Precup, C.-A. Bojan-Dragos and C. Hedrea, "TP-based fuzzy
control solutions for magnetic levitation systems,” in Proc. 23" International
Conference on System Theory Control and Computing, Sinaia, Romania, 2019,
pp. 809-814, indexed in Clarivate Analytics Web of Science.

5. E.-L. Hedrea, R.-E. Precup, C.-A. Bojan-Dragos and O. Tanasoiu, "Tensor
product-based model transformation technique applied to modeling magnetic
levitation systems,"” in Proc. IEEE 23rd International Conference on Intelligent
Engineering Systems, Go6dollo, Hungary, 2019, pp. 179-184, indexed in
Clarivate Analytics Web of Science.

6. E.-L. Hedrea, R.-E. Precup, C.-A. Bojan-Dragos, E.M. Petriu and R.-C. Roman,
"Tensor Product-based model transformation and sliding mode control of
electromagnetic actuated clutch system,” in Proc. 2019 International Conference
on Systems, Man and Cybernetics, Bari, Italy, 2019, pp. 1402-1407, indexed in
Clarivate Analytics Web of Science, cited in:

1. A. Azizi, H. Mobki, H.M. Ouakad and O.R.B. Speily, " Applied
mechatronics: on mitigating disturbance effects in MEMS resonators using
robust nonsingular terminal sliding mode controllers,” Machines, vol. 10, no.
1, 2022, indexed in Clarivate Analytics Web of Science, impact factor =
2.428 according to Journal Citation Reports (JCR) published by
Clarivate Analytics in 2021.

2. Z. Zhao, X. Zhang and Z. Li, "Tank-level control of liquefied natural gas
carrier based on gaussian function nonlinear decoration,” Journal of Marine
Science and Engineering, vol. 8, no. 9, 2020, indexed in Clarivate
Analytics Web of Science, impact factor = 2.458 according to Journal
Citation Reports (JCR) published by Clarivate Analytics in 2021.

7. E.-L. Hedrea, R.-E. Precup, C.-A. Bojan-Dragos, C. Hedrea, D. Ples and D.
Popovici, "Cascade control solutions for level control of vertical three tank
systems," in Proc. 13" International Symposium on Applied Computational
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8. C.-A. Bojan-Dragos, M.-B. Radac, R.-E. Precup, E.-L. Hedrea and O.-M.
Tanasoiu, " Gain-Scheduling control solutions for magnetic levitation systems,"
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10. E.-L. Hedrea, R.-E. Precup, C.-A. Bojan-Dragos, R.-C. Roman, O. Tanasoiu and
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Web of Science, cited in:
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magnetic levitation systems,” in Proc. IEEE 26" International Symposium on

Industrial Electronics, Edinburgh, Scotland, 2017, pp. 1141-1146, indexed in

Clarivate Analytics Web of Science, cited in:

1. G.H. Chen and D.X. Yang, "A unified analysis framework of static and
dynamic structural reliabilities based on direct probability integral method,"
Mechanical Systems and Signal Processing, vol. 158, 2021, indexed in
Clarivate Analytics Web of Science, impact factor = 6.823 according to
Journal Citation Reports (JCR) published by Clarivate Analytics in
2021,
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Clarivate Analytics in 2021,
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5.3. Future research

The author proposes the following future research directions which are meant
to improve the results obtained and presented in this thesis:

e the improvement of the TP-based Model Transformation modeling
algorithm by using input-output data of the process in the derivation of
the TP model,

e the design of a modeling software and interface in order to ease the
acces of various types of users to the TP-based Model Transformation
modeling algorithm;

e the comparative analysis between the derived TP model and the TP
controller with similar nonlinear models and controllers, such as fuzzy
models and controllers, LPV models, with controller design using such
that to fulfil the same performance specifications (for a fair
comparison) and design approach based on LMIs;

o the development of hybrid control techniques with focus on the TP-
based model transformation but using fresh results transferred from
fuzzy control.
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Appendices

Appendix 1. The state-space system matrices of three linearized
processes

The state-space system matrices obtained after the linearization of V3TS at the
two 0.p.s are given as follows:

—0.0199 0 0 0.005
A® =| 0.0250 -0.0250 0 || b®= o |
0 -0.0198 -0.0198 0
-0.0137 0 0 0.005 @
A® =| 00112 -0.0112 0 || b®= 0
0 —-0.0104 -0.0104 0

The state-space system matrices obtained after the linearization of psfcMLS at
the two o.p.s are given as follows:

0 1 0 0
AV =14022 0 -41| b®=| 0 |
2150 523 -117 322
Z 2
0 1 0 0
AP=13886 0 -40| b®=|0
2275 523 -191] 337

The state-space system matrices obtained after the linearization of PCS at one
0.p. are given as follows:

0 0 1 0 0
Ao [0 0 0 1 | 0| .
0 5478 -256 00026 | 439.7
~1521.6 69.9 —0.0074 ~1200
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Appendix 2. The LTI system matrices of three processes

The LTI system matrices obtained after the derivation of the TP model for
V3TS are given as follows:

0 0 1 0 0
Ao |00 0 Lo el 0| o
0 5478 -256 0.0026 439.7
~1521.6 69.9 —0.0074 1200
0.0922 0 0 |-0.0198]
S,=|-00922 00794 0 0o |
0  -00794 00788 0 |
0.0288 0 0 |0.0055
S,=|-00288 -00220 0 0 | (1)

0 0.0220 -0.0218 0

The LTI system matrices obtained after the derivation of the TP model for the
psfcMLS are given as follows:

0 1 0 0 0 1 0 0
S, =|11864 0 -60.7 0 | S,=|5440 0 —-55.32 0 |
| 5385 131.51 -44.43|81.18 9388 229.24 -77.46 | 14151 )
0 1 0 0
S; =| 3566 0 —-36.26 0
125001 609.98 -—206.10 | 376.53

The LTI system matrices obtained after the derivation of the TP model for the
PCS are given as follows:

0 0 1 0 0 0 0 1 0 0
s [0 0 0 1 0 |, _|0 0 0 1 0
7|0 3385 -1427 -0.00315909[ ° |0 3465 —6018 0.0022| 329 [
|0 28647 81 -0.0010/1381 0 -1507.3 57  —0.0056—974
0 o 1 0 0 0 (3)
oo 0 1 1 0
Ss = 0 —3573 6745 —0.0010-317.4[ * |0 10732 —6024 0.0022 4226
0 6119 -26 -0.0054 451.4 0 5416 -0.0072|-977
0 0 1
s _|0 0 0 1 0
* |0 9789 1659 -0.0018144.7
0 —-12659 —48 —0.0025824.2
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Appendix 3. The LTI state feedback gain matrices of three processes

The LTI state feedback gain matrices obtained for the V3TS are given as
follows:

K, =[-5.7919 1.9751 -0.7096], o
K, =[-6.6004 3.3668 -1.4166]

The LTI state feedback gain matrices obtained for the psfcMLS are given as
follows:

K, =[-213.62 —2.80 1.86],
K, =[-156.72 —2.07 1.38], )
K, =[-117.35 -1.33 1.02].

The LTI state feedback gain matrices obtained for the PCS are given as
follows:

K,=[0 9.1676 26.9510 0.0103],

K,=[0 2.8438 8.6331 0.0025]

K,=[0 1.3043 2.7203 0.0022] ()
K,=[0 3.7069 9.8204 0.0030],

K,=[0 —0.0829 -2.7517 -0.0004]
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Appendix 4. The state feedback gain matrices of three processes

The state feedback gain matrices obtained for the four linear models of V3TS
are given as follows:

k@' =[0.5225 0.3251 0.2064]
k@' =[0.6101 0.3141 0.2013]
kQ" =[0.5841 0.33857 0.2030]

k¥ =[0.5378 0.3282 0.2031]

The state feedback gain matrices obtained for the four linear models of
psfcMLS are given as follows:

k@' =[34.19 0.77 -0.24]
k@' =[17.01 050 -0.11]
kQ' =[50.05 0.49 -0.36]
k¥ =[31.60 054 -0.21]

The state feedback gain matrices obtained for the four linear models of PCS
are given as follows:

kQ" =[3.9.107 124 00172 2.7-107]
k@' =[2.7-10° 062 00048 6.1.10*]
kQ' =[85.10° 121 -0.0012 15-10°]
k@' =[25-10* 1.33 00029 2.4-10°]

1)

)

©)
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