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1 Introduction
The research topic belongs to the field of modern control theory, more specifically to the
research area of the control of complex, multivariable, nonlinear systems. The introduction
is based on sources [1–9].

1.1 Preliminaries and scientific background
1.1.1 Multi-objective nonlinear control theory

The modeling and control of high-complexity, nonlinear systems with multiple objectives
is a current challenge in engineering. One actively researched focus point consists of quasi
Linear Parameter Varying (qLPV) state space modeling, Higher-Order Singular Value
Decomposition (HOSVD) based Tensor Product (TP) model transformation and Linear
Matrix Inequality (LMI) based design techniques [1–9].

Nonlinear modeling through qLPV models
This paragraph describes nonlinear modeling through qLPV models based on sources

[1–9]. The qLPV state-space representation of a model has the ability to describe nonlinear
systems. This is accomplished through a combination defined through nonlinear weighting
functions and linear time-invariant (LTI) vertexes. The system matrix S(p) incorporates
an affine parameter dependence via the vector p, which can contain both external and
internal dependencies - e.g. elements of the state vector. Additionally, the parameter
variance can hold constant but unknown uncertainties and both continuous functions
p1,2,...(t) or discrete state variables p1,2,...[k] as elements. The theory of qLPV system
representations appeared in various areas of control theory, such as gain scheduling control
for nonlinear systems (SHAMMA and ATHANS, 1991, [10]). Further advances extended
the topic of qLPV systems to passivity, H∞ theories and robust adaptive control LIM and
HOW, 2002, [11], BECKER and PACKARD, 1994, [12] and ATHANS et. al., 2005, [13] as
well as to switching control systems HESPANHA et. al., 2003, [14] and intelligent control
FENG and MA, 2001, [15], RAVINDRANATHAN and LEITCH, 1999, [16] through the
2000s. The method of qLPV representation can be applied to a wide range of problems
and applications.

Multi-objective control design theories through LMIs
This paragraph describes multi-objective control design theories through LMIs based on

sources [1–9]. Efficient numerical mathematical methods and algorithms were developed
for solving convex optimization problems in the form of LMIs through NESTEROV and
NEMIROVSKI [23, 24]. This provided a significant improvement, since stability questions
were formulated in a new representation, in the form of LMIs, and the feasibility of
Lyapunov-based stability criteria was reinterpreted as a convex optimization problem,
as well as extended to an extensive model class. Since the problems became efficiently
solvable, they gained focus: this new approach was established and elaborated through the
efforts of GAHINET, BALAS, CHILAI, BOYD, and APKARIAN, additionally, the complete

3



geometrical representation of convex optimization was established by BOKOR [17–22].
BOYD’s paper [21] states, that it is true for a wide class of control problems, that if the
problem is formulated in the form of LMIs, then the problem is practically solved. Soon, it
was also proved, that this new representation could be used for the formulation of different
control performances beyond the stability issues, together with the optimization problem.
Ever since then, the number of papers concerning LMIs are increasing drastically in various
topics, such as optimal LQ control, robust H∞ control / H∞ synthesis, µ-analysis, quadratic
stability, Lyapunov-based stability, multi-model and multi-objective state-feedback control
of parameter-dependent systems, control of stochastic systems. As a result, with the use
of numerical methods of convex optimization, we consider a large set of problems, that
require the resolution of a huge number of convex algebraic Ricatti-equations solved today,
in spite of the fact that the result of the obtained solution is not a closed (in its classical
sense) analytical equation.

1.2 Goals of the dissertation
Modern qLPV state-space model and LMI based multi-objective convex optimization
based control theories and design methods can be divided into the following steps:

1: Defining of the qLPV state-space model

2: Derivation of the polytopic representation from the qLPV model

3: Substitution of the polytopic representation into LMI based control design methods
in order to attain the controller and observer system components

The main focus in the scientific research initiatives was mostly on step 1 and 3, ad-
dressing the investigation of defining qLPV models and the investigation and manipulation
of LMIs to attain the optimized controller and observer performance. These achieved a
significant literature with several routine like algorithms and methodologies. In contrast,
step 2, the effect of the procedure deriving the polytopic model and its effect on the LMI
based control design methods was given less attention. As a result, the widely accepted
standpoint spread, that the LMI based control design methods give an optimal solution
on the qLPV model. A paper published in 2009 [25] draws attention and points out the
fact, that the procedure deriving and manipulating the polytopic representation in step 2 is
necessary and has relatively the same extent of significance as step 3. More specifically,
the LMI based control design methods do not give an optimal solution on the identified
qLPV model, but rather on the polytopic representation, since the polytopic representation
is not invariant. Examples published in highly ranked journals can be found to the present
day, where the polytopic representation is not taken into account during the LMI based
control design and are therefore questionable. Specific examples can be found in [26–30].
In this context, my goal was to investigate and confirm the hypothesis, that the polytopic
representation is not unique and that the LMIs are sensitive to it. More specifically, the
research goals consist of the following:
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1. Investigate the influence of different polytopic representations of the controller and
observer on the feasibility of the LMI based control design methods. Study the feasi-
bility of separately generated controllers and observers, how it varies according to
the polytopic representation. Investigate, how the polytopic representation executed
separately for the observer and controller design influences the achievable parameter
space of the design.

2. Investigate the influence of different polytopic representations of the controller on
the feasibility of the LMI based stability analysis methods. Study the feasibility
of LMI based stability analysis methods, how it varies according to the polytopic
representation.

3. Based on the results of the first two objectives, the third, application goal consists of
to attempt to improve the control solution of the 3-DoF qLPV state-space aeroelastic
wing section model.

The investigation of objective 1. and 2. is performed on the most recent version of the
3-DoF qLPV state-space aeroelastic wing section model including Stribeck friction [31,32],
which is an effective example for discussing the analysis and control design strategies of
aeroelasticity. The difficulties of the control design and stability of the aeroelastic wing
section include its complex dynamics, that is its complexity, nonlinearity and external
parameter dependence, which results in a complex, analytically challenging mathematical
description. Additionally, without control effort, the model’s behavior leads to limit cycle
oscillation and even chaotic behavior.

The methodological concepts of the investigations consist of TP model transformation,
which is able to numerically reconstruct the polytopic TP model representation of a
given model [1, 2, 33] and LMI based methods [34–36] utilized as tools. The different
polytopic representations required for the investigations are achieved through exploiting
the convex hull manipulation of the polytopic TP model representation. The LMI based
control methodologies were well researched in the last years, therefore their validity and
applicability analysis is not set as a goal.
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2 Preliminaries and applied mathematical methodologies
The section briefly recalls the definitions for the TP model transformation of qLPV models
based on sources [1–9].

Definition 2.1 (qLPV model). Consider a Linear Parameter Varying (LPV) state space
model: (

ẋ(t)
y(t)

)
= S(p(t))

(
x(t)
u(t)

)
, (1)

with input u(t) ∈ Rm, output y(t) ∈ Rl and state vector x(t) ∈ Rk. The system matrix

S(p(t)) =

(
A(p(t)) B(p(t))
C(p(t)) D(p(t))

)
, (2)

is a parameter-varying object, where p(t) ∈ Ω ⊂ RN is a time varying N -dimensional
parameter vector, where Ω = ω1 × ω2 × . . . × ωN = [ωmin1 , ωmax1 ] × [ωmin2 , ωmax2 ] ×
· · · × [ωminN , ωmaxN ] ⊂ RN is a closed hypercube. The size consists of S(p(t)) ∈
R(k+m)×(k+l)=O×I .

The parameter vector p(t) can include elements of the state vector x(t), in this case,
the system is termed as quasi LPV (qLPV) model. This type of model is considered to
belong to the class of non-linear models. Further parameter dependent channels, which can
represent also various control performance requirements can be incorporated into S(p(t)).

Notation 2.1. State variable vector x(t), output vector y(t) and input vector u(t) are all
dependent on time t. For a simpler notation the time dependency is not emphasized later
on. Notation x, y and u is considered equivalent to x(t), y(t) and u(t). On the other hand,
the emphasis, that the parameter vector p(t) and the weighting function w (pn (t)) are
time-varying, is kept.

Definition 2.2 (Finite element polytopic TP model). The qLPV model (1) can be defined
using a TP function structure as(

ẋ(t)
y(t)

)
= S �

n∈N
wn(pn(t))

(
x(t)
u(t)

)
, (3)

where the N + 2-dimensional core tensor S ∈ RI1×I2×···×IN×O×I is constructed from the
LTI system matrices Si1,i2,...,iN ∈ RO×I .

If the weighting functions define a convex combination of the vertexes for all n:(
ẋ(t)
y(t)

)
= S �

n∈N
wCo
n (pn(t))

(
x(t)
u(t)

)
, (4)

then the TP model consists of a polytopic representation. As a consequence, the system
matrix S(p(t)) is always within co{∀n, in : Si1,i2,...,iN}, where Si1,i2,...,iN are referred to as
the vertex LTI systems. The TP model is a higher structured polytopic representation as it
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can always be given as:

S(p(t)) = S �
n∈N

wCo
n (pn(t)) = (5)

=
R∑
r=1

wCor (p(t))Sr. (6)

Vertexes Sr are equivalent to the vertexes stored in tensor S, as Sr = Si1,i2,...,in and
wr(p(t)) = ΠN

n=1wn,in(xn). The finite index r is a linear equivalent of multidimensional
indexes i1, i2, . . . , iN .

Considering the control design, the aim is to control and observe the given qLPV model.
Cases exist where only a part of the state variables of the qLPV model are measurable.
In this case, an output feedback based control design structure can be applied, where the
immeasurable state variables can be approximated by an observer. In case the parameter
vector p(t) does not include elements from the estimated state-vector x̂(t), the following
controller and observer structure can be applied [1, 2, 34, 35]:(

ˆ̇x
ŷ

)
= S(p(t))

(
x̂
u

)
+

(
K(p(t))

0

)
(y − ŷ)

u = −F(p(t))x̂.
(7)

The observer is required to satisfy the convergence for stability x(t)− x̂(t)→ 0 as t→
∞. Here, F(p(t)) denotes the controller and K(p(t)) denotes the observer. The polytopic
TP model representation of the system, the controller and observer take the following form:

S(p(t)) = S �
n∈N

wCo
n (pn(t)), (8)

F(p(t)) = F �
n∈N

wCo
n (pn(t)), (9)

K(p(t)) = K �
n∈N

wCo
n (pn(t)). (10)

The controller and observer can be acquired from the polytopic TP model of the system
matrix (8) through various LMI based design techniques in a way that the stability and
the desired multi-objective control performance requirements are guaranteed. Specifically,
the aim through the LMI based design is to acquire controller vertex gains Fi1, i2, ..., iN

stored in F and observer vertex gains Ki1, i2, ..., iN stored in K from Si1, i2, ..., iN stored in
the system tensor S . The majority of LMI based methods are designed that the TP model
structures are convex polytopic models.
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2.1 TP model transformation
The higher structured polytopic TP model (6) can be further shaped as the following.
Assume a model given through a set of functions fl(x) ∈ ROl,1×...×Ol,Kl , x ∈ Ω ⊂ RN ,
l ∈ L. Irrespective what kind of functions or equations define the model (analytic closed
formulas (e.g. differential equations, (q)LPV state-space models, etc.) or soft-computing
techniques (e.g. fuzzy logic, neural network based methods, etc.)), if the functions can be
discretizable over the discretization space D(Ω, G), resulting in the discretized variants
FD(Ω,G)
l , then TP model transformation is able to numerically reconstruct the polytopic

TP model representation of a model. If no exact TP model representations exist for any of
the functions, then TP model transformation finds the best approximate through a trade-off
between approximation accuracy and the complexity of the model. Note, that since TP
model transformation incorporates the Pseudo TP model transformation [1–3, 5, 37], it can
be assumed that a set of previously derived one variable weighting functions wd(xd) for
dimensions d ∈ D ⊆ N are given, or that predefined characteristics defined by the specific
points of the functions wh(xh) expected for dimensions h ∈ H ⊆ N (D∩H = 0) are given
in the form W

D(ωh,Gh)
h .

Theorem 2.1 (General TP model transformation). Assume that the function Y belongs
to the class of TP functions with Y = fl(x) ∈ ROl,1×...×Ol,Kl , x ∈ Ω ⊂ RN , wd(xd),
d ∈ D ⊆ N, WD(ωh,Gh)

h , h ∈ H ⊆ N, D ∩ H = 0 and Ω are given and ∀l : FD(Ω,G)
l exists.

The transformation numerically reconstructs Y = fl(x) [38–40]:

fl(x) =

(
Sl �

n∈N
wn(xn)

)
�

N+(k∈Kl)
Tk, (11)

when the dimensions of Sl related to the dimensions Ol,1× . . .×Ol,Kl
of output Y are also

decomposed. The speed of the convergence is handled in paper [40]. The representation
can be further conditioned through the HOSVD based canonical form and the convex hull:

1. The HOSVD based canonical form of fl(x) means, that through performing a
HOSVD, the weighting functions wn(xn) form an orthonormal system and the
vertexes stored in the tensor Sl are ordered, according to the significance of each
component corresponding through the higher order singular values, where the
number of weighting functions and vertexes are minimized. Based on component
analysis, indicating the importance and contribution of each corresponding vertex,
a trade-off between complexity and accuracy in L2 norm is featured [1, 2, 41, 42]:
through disposing the components, which hold a small contribution, a complexity
decrease at the expense of accuracy is possible, and vice versa. The error of the
approximation can be estimated from the discarded singular values, but beyond this
it can be numerically calculated and evaluated at any instance on a large number of
random points.

2. The convex hull of fl(x) means, that a convex hull is formed around fl(x) through
the vertexes stored in the tensor Sl. The position of the vertexes and the weighting
functions wn(xn) are in direct relation to each other. Through manipulating the

8



weighting functions wn(xn), the position of the vertexes and thereby the convex
hull of fl(x) can be modified. Since the weighting functions are 1-dimensional, the
position of the vertexes of the polytopic representation can be manipulated for each
dimension, which features an optimization possibility. TP model transformation
can readily manipulate the convex hull of the polytopic TP model representation
and incorporates the following convex hull generation methods: Sum-Normalized
(SN), Non-Negative (NN), Normalized (NO), Close to NO (CNO), Inverse NO (INO),
Relaxed NO (RNO), Inverse RNO (IRNO) etc. [1, 2, 43–45].

Remark 2.1. If function Y = fl(x) does not belong to the class of TP functions, then
in some cases the function will have no finite rank, which means there will be no zero
singular values after executing HOSVD no matter how dense the sampling grid through the
discretization is. In this case, similarly to Taylor series expansion, some of the non-zero
singular values have to be discarded. Since the singular values are in descending order, the
approximation error based on the values of the discarded singular values can be estimated.
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3 Scientific Results
The following subsections describe the scientific contribution of the dissertation. The
scientific results of the following theses are published in [RJ-1 - RJ-3, RC-1 - RC-3].

3.1 Influence of the TP model representation’s non invariant attribute
on the feasibility of LMI based control design

The performed scientific work leading to the thesis
I performed a comprehensive, systematical investigation of the existence of the influence of
the vertexes of the polytopic TP model representation of a given qLPV state-space model
on the feasibility of LMI based control design methods.

I developed a method for the systematic investigation, which is based on a close to
real, complex control design example, where the influence of the factors can be clearly
indicated. For the example model the complex Nonlinear Aeroelastic Test Apparatus
(NATA) model of the 3-DoF aeroelastic wing section model including Stribeck friction
has been chosen and the control design method to be the TP model transformation based
Control Design Framework that supports the flexible investigation of these factors. The
3-DoF aeroelastic wing section is a complex, close to real engineering benchmark problem
having various control theory challenges. The challenges of the control design include
its complex dynamic behavior, i.e. complexity, non-linearity and external parameter
dependency resulting in a complex, analytically difficult mathematical representation.
Also, without control effort the model’s behavior results in limit cycle oscillation and even
chaotic behavior.

I developed the numerical implementation and I performed the investigation both for
the LMI based feasibility of the controller and the observer design. More specifically, I
investigated the factors including (i) the manipulation of the vertexes’ position and (ii) the
size and complexity of the TP model type polytopic representation, i.e. the number of the
vertexes contained in the TP model representation. Furthermore I investigated the maximal
parameter space of the controller and observer how it depends from these factors.

I executed the systematical manipulation of the TP model representation’s complexity
and convex hull, presented and analyzed the numerical results, how the feasibility regions
of the LMI based control design vary in this context. Based on the numerical results, I
presented the following statements about the polytopic TP model representation and its
influence on the feasibility regions of LMI based control design methods:

Thesis I: Design influence [RJ-1, RC-1, RC-2]
In contrast to previous control design solutions, where the polytopic representation is not
taken into account during the LMI based control design, I proved the existence of the
influence of the convex hull manipulation of the vertexes of tensor S ∈ RI1×I2×...×IN×O×I

of the polytopic TP model representation

S(p(t)) = S �
n∈N

wn(pn(t)) (12)
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on the feasibility of the LMI based design methods. Therefore, I proved, that the convex
hull manipulation is an important and necessary step to consider at LMI based control
design methods:

(i) The position of the vertexes of the polytopic TP model representation, more formally,
the values of elements Si1...iN ∈ RO×I , strongly influence the feasibility of LMI
based control design methods.

(ii) The complexity of the polytopic TP model representation, i.e. the number of the
vertexes contained in the TP model, more formally, the value of IN , also strongly
influence the feasibility of LMI based control design methods.

(iii) Statement (i) and (ii) is valid both for the feasibility of the controller and observer
design but in a separate, different way.

(iv) The position (the values of elements Si1...iN ∈ RO×I) and the number (the value of
IN ) of the vertexes of the polytopic TP model representation also influence the size
of the achievable parameter space p(t) ∈ Ωmax ⊂ RN , where the LMI based design
is feasible. Through manipulating the convex hull of the polytopic representation,
that is the position (the values of elements Si1...iN ∈ RO×I) and the number (the
value of IN ) of the vertexes of the polytopic TP model representation, the size of the
maximal achievable parameter space p(t) ∈ Ωmax ⊂ RN can be increased, where
the LMI based design is still feasible.

Additionally, I presented the hypothesis, that due to the different influence for the
controller and observer design, the system component dependent, i.e. the separate manip-
ulation of the TP type polytopic representation of the controller and the observer can be
important and necessary to achieve the optimal control results for the control design.

3.2 Influence of the TP model representation’s non invariant attribute
on the feasibility of LMI based stabiliy analysis

The performed scientific work leading to the thesis
In Thesis I. I showed the existence, that the manipulation of the vertexes of the polytopic
TP model representation - i.e. the convex hull, complexity and parameter space - influences
the LMI based control design’s feasibility differently for the controller and observer design.
I continued the study series on TP model transformation’s convex hull in the following.

I systematically investigated the influence of the vertexes of the polytopic TP model
representation of a given qLPV state-space model on the feasibility regions of LMI based
analysis methods. Moreover, I performed a systematical investigation to be able to perform
a comprehensive analysis and comparison between the convex hulls and the feasibility of
the LMI based stability analysis methods, that is a more specific tendency between the
convex hulls and LMI based stability analysis methods.

I developed the systematical investigation also based on a complex stability analysis
example of the same qLPV state-space model, consisting of the 3-DoF aeroelastic wing
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section model including Stribeck friction and the key ideas of TP model transformation’s
convex hull manipulation feature.

As a first step, I performed the investigation for numerous TP model type control
solutions holding different convex hulls. These were systematically derived of the qLPV
model via an LMI based control design method. I performed this step to indicate and
prove the influence on the feasibility of LMI based stability analysis methods. As a
second step, I equivalently transformed each control solution further for different TP model
representations holding different convex hulls. I carried out this step to be able to perform
a comprehensive analysis and comparison between the convex hulls and the feasibility
of the LMI based stability analysis method. Finally, I verified the stability of all control
solutions over all TP model representations via an LMI based stability analysis method.

I developed the numerical implementation and I executed the systematical investigation
and performed a comprehensive analysis. Based on the numerical results, I presented
the following statement regarding the convex hull, i.e. the weighting functions and the
position of the vertexes of the polytopic TP model representation of a given qLPV system
and control solution and its influence on the feasibility of LMI based stability analysis and
verification methods:

Thesis II: Stability analysis influence [RJ-3]
In contrast to previous control design solutions, where the polytopic representation is
not taken into account during the LMI based stability analysis and verification methods,
I proved the existence of the influence of the convex hull, i.e. the weighting functions
and the position of the vertexes, of the polytopic TP model representation of a given
qLPV system and control solution on the feasibility of LMI based stability analysis and
verification methods. Therefore I proved, that the convex hull manipulation is an important
and necessary step to consider at LMI based stability analysis and verification methods.
More formally, assume a given model and controller:

S(p(t)) = (S + ∆S) �
n∈N

(wn(pn(t)) + ∆wn(pn(t))) (13)

F(p(t)) = (F + ∆F) �
n∈N

(wn(pn(t)) + ∆wn(pn(t))) . (14)

In the following control structure of:(
ẋ
ŷ

)
= S(p(t))

(
x
u

)
u = −F(p(t))x,

(15)

I proved, that ∆wn(pn(t)), i.e. ∆Si1...iN , ∆Fi1...iN influences the feasibility of LMI based
stability verification methods.
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3.3 Improved control solution of the stability and performance of the
3-DoF aeroelastic wing section: a TP model based 2D parametric
control performance optimization

The performed scientific work leading to the thesis
In Thesis I., I proved that the manipulation of the TP type polytopic representation - i.e. the
convex hull, complexity and parameter space - influences the LMI based design’s feasibility
differently for the controller and observer design. Thus I proved, that the LMI based design
gives an optimal solution to the convex representation and not the given model. Also,
I formulated the statement that since a different influence exists for the controller and
observer design, the system component dependent, i.e. the separate manipulation of the
TP type polytopic representation is important and necessary to achieve the optimal control
results for the control design.

In order to employ the statements of Thesis I. and II. for control optimization, I derived
and further elaborated the concept of the separate controller and observer design introduced
in Chapter 5 of book [2]. I proposed a novel method, termed as a two dimensional (2D)
parametric convex hull manipulation based control design optimization method for TP
model transformation based Control Design Frameworks. The 2D parametric convex hull
manipulation based control design optimization method is based on the concept of the TP
model interpolation technique introduced in Chapter 2 of book [2]. Applying this method,
I achieved to overall improve the control performance of the most recent version of the
3-DoF aeroelastic wing section model including Stribeck friction available in the scientific
literature [32].

The approach - in contrast to existing solutions, which utilize one representation -
provides two TP model representations for the different requirements of the controller and
observer of a given model, opening the possibility to utilize the TP model transformation’s
convex hull manipulation potential in control performance optimization for a separate
optimization of the two polytopic TP model representations.

The separate design approach enables to separately optimize the two TP model repre-
sentations based on the TP model transformation’s convex hull manipulation potential in
control performance optimization. The optimal controller and observer, which provide not
only an optimal solution separately but also together is searched for in the 2D space.

I developed the numerical implementation of the proposed method, which I verified
and validated on the same qLPV model utilized previously, namely consisting of the 3-DoF
aeroelastic wing section model.

I provided and evaluated numerical simulation results to illustrate the control per-
formance improvements of the proposed method. The numerical results indicate, that I
achieved the best control performance result by a transitional, interpolated polytopic TP
model representation. I compared and evaluated the best achieved result to the most recent,
one TP model representation based solution found in the scientific literature. I showed, that
through the proposed method, a significantly better control performance can be achieved
in contrast to previous, one TP model representation based solution.

Based on the results, I present the following statements about the TP model type
polytopic representation and its influence on the control performance of LMI based control

13



design methods:

Thesis III: Improved control solution and method [RJ-2]
In order to employ the statements of Thesis I. and II. for control optimization, I derived and
further elaborated the concept of the separate controller and observer design introduced
in Chapter 5 of book [2]. I proposed a novel method, termed as a two dimensional (2D)
parametric convex hull manipulation based control design optimization method for TP
model transformation based Control Design Frameworks. The 2D parametric convex hull
manipulation based control design optimization method is based on the concept of the TP
model interpolation technique introduced in Chapter 2 of book [2]. Applying this method,
I achieved to overall improve the control performance of the most recent version of the
3-DoF aeroelastic wing section model including Stribeck friction available in the scientific
literature [32].
More formally, I introduced the subspace (λc, λo) ∈ [0, 1]× [0, 1] and the following steps:

S(p(t)) = λcS �
n∈N

λcwn(pn(t)) = λcS �
n∈N

λcwn(pn(t)) =

= λcS �
n∈N

[
(1− λc) · λcwn(pn(t)) + λc · λcwn(pn(t))

]
=

= λcS �
n∈N

λcwn(pn(t))

(16)

S(p(t)) = λoS �
n∈N

λown(pn(t)) = λoS �
n∈N

λown(pn(t)) =

= λoS �
n∈N

[
(1− λo) · λown(pn(t)) + λo · λown(pn(t))

]
=

= λoS �
n∈N

λown(pn(t)).

(17)

Through applying LMI based control design methods one attains the controller and observer
gains:

λcS −−→
LMI

λcF , thus F(p(t)) = λcF �
n∈N

λcwn(pn(t))

λoS −−→
LMI

λoK, thus K(p(t)) = λoK �
n∈N

λown(pn(t)).

Through applying a weighting function unification one attains the model S(p(t)), the
controller F(p(t)) and the observer K(p(t)) in a unified structure in order to apply LMI
based stability analysis and verification methods on the whole system:

S(p(t)) = S �
n∈N

wn(pn(t)) (18)

F(p(t)) = F �
n∈N

wn(pn(t)) (19)

K(p(t)) = K �
n∈N

wn(pn(t)) (20)

(i) In contrast to previous control design solutions, which utilized one representation
and designed the controller and observer together, the approach is capable to design
the controller and observer for a given control design task separately. Additionally,
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the approach is capable to perform the convex hull manipulation of the polytopic
representation utilized for the LMI based controller and observer design thereby
also separately. This enables to take into account the different requirements of the
controller and observer and allows thereby a separate optimization to find the best
controller and the best observer. In spite all of these, the method is able to generate
a common polytopic TP model structure for the LMI based design, which enables
an overall system optimization.

(ii) The improvement of the 3-DoF aeroelastic wing section’s complex, close to real
engineering benchmark problem was achieved according to the signals pitch, plunge,
trailing edge and control value, based on practical engineering criteria such as
overshoot, undershoot, signal initial values, signal end values and settling time.

(iii) Besides the theoretical significance of Thesis I. and II., I gave a practical example
and confirmed their practical significance and application possibilities. Therefore, I
proved, that the manipulation of the polytopic TP model representation is a necessary
and important step in reaching the optimal solution for the control performance.

3.4 Applicability of the results
One of the novelties of the dissertation consists of proving the existence of the influence
of the manipulation of the components of the polytopic TP model representation on the
feasibility of the LMI based methods. The proof of the existence of the influencing effect
enables to show another novelty of the dissertation, i.e. the manipulation of the components
of the polytopic TP model representation can be used for the optimalization of the control
performance.

Thesis III. provides a concrete method and example, that the results of the dissertation
can be directly and successfully applied to control theory engineering applications to attain
overall better control performance results: Thesis III. gives a concrete practical example for
the utilization of the optimization possibilities and confirms the significance of the practical
application. I exemplified the utilization of the results in Thesis III. based on the most recent
version of the 3-DoF aeroelastic wing section model including Stribeck friction available in
the scientific literature [32]. The model contains significant phenomena occurring in control
theory engineering applications: a high number of variables, complexity, non-linearity
and external and internal parameter dependencies, which can be effectively handled
with (q)LPV state-space modeling and LMI based methods. Besides the theoretical
significance the model holds practical significance as well: the model was part of an
intensively researched and later practically implemented project at NASA. Thus the model
represents a useful example model to demonstrate, that the results of the dissertation can be
successfully utilized in a wide spectrum of engineering applications. Applying the results
of the dissertation I showed, that an overall, significantly better control performance can be
achieved compared to previous results found in the scientific literature. Thus I proved, that
the manipulation of the polytopic TP model representation is an important and necessary
step to achieve the optimal control results at practical applications.
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The TP model transformation based approaches and modeling techniques, extended
with the proposed manipulation of the components of the polytopic TP model representation
based optimization can be successfully utilized to a wide set of nonlinear engineering
applications, such as the analysis and control of dynamical models of aviation, automotive,
maritime and chemical applications.
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Önkormányzatának együttműködésében” (Győr Knowledge Park - Formation of research-,
innvation and knowledge transfer activities in the Győr development zone in cooperation
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[38] P. Baranyi, L. Szeidl, P. Várlaki, and Y. Yam, “Definition of the HOSVD based
canonical form of polytopic dynamic models,” in Proceedings of the 2006 IEEE
International Conference on Mechatronics, pp. 660–665, 2006.

20
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