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1 Prologue

The motivation of the research concluded in this dissertation dates back to the RESCUER

(FP6-IST-2003-511492) international project, which was coordinated by the Department

of Manufacturing Sciences and Technology of BME. The project focused on the develop-

ment of intelligent information and communication technologies and a mobile robot for

emergency risk management, more specifically for improvised explosive device disposal

and civil protection rescue mission scenarios.

The RESCUER mobile robot is equipped with two simultaneously working 6-DoF

robot arms with teleoperated grippers. In this project, I dealt with the control design of a

two-fingered, force feedback capable master-slave gripperthat was mounted onto the left

arm of the mobile robot. I faced the challenging problem of force reflecting telemanipula-

tion where the stability of bilateral control and the realistic force sensation (transparency)

are contradicting requirements. Low communication bandwidth, varying time-delay of

the communication (jitter), nonlinearities in the mechanisms and the unknown remote en-

vironment cause unstable behaviour and degrade the transparency. Among these causes,

time-delay is crucial because this is an inherent property of distributed control systems.

Internet-based teleoperation is a typical example, where communication delay plays an

important role. In recent years, several approaches were published addressing the stability

problem of closed loop force reflecting telemanipulation over packet-switched network.

In the technical part of my research, I have been focusing on the coupled impedance con-

trol based approach for bilateral telemanipulation that was also utilized in the RESCUER

project.

The theoretical aspects of this work are inspired by the scientific workshop in MTA

SZTAKI where I have been working since 2009. The TP model transformation based

control and the underlying qLPV and LMI theories, which are strongly related to the

work of BOKOR and BARANYI , served as main background for the achievements of this

dissertation.
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2 Scientific background

The results presented in this Thesis are based on the substantive changes of system and

control theory and the underlying field of mathematics that continued in the last decades.

In this section the scientific background of the touched fields and the most important

achievements are introduced.

Multi-objective nonlinear control theory

The quasi Linear Parameter Varying (qLPV) representationsand Linear Matrix In-

equality (LMI) based analysis and system control design aresome of the topics, which

are in focus of modern control theories. qLPV systems appearin the form of Linear Time

Invariant (LTI) state-space representations where the elements of theS(p(t)) system ma-

trices can depend on an unknown, but at any time instant measurable vector parameter

p(t). This parameter can be a function of time or state variables.The parameters may

represent constant but unknown uncertainties or external time signals. These properties

show relations to the theory of uncertain systems with parametric uncertainties and to the

theory of LTV systems, too. The application of qLPV system representations appeared

in relation to aerospace control and it represents a systematic approach to gain schedul-

ing control for nonlinear systems (Shamma and Athans, 1991,[1]). Passivity andH∞

theory have been extended to design robust controllers for qLPV systems, see e.g. Lim

and How (2002), Becker and Packard (1994). Moreover, the study of qLPV systems

provides additional insight into some longstanding and sophisticated problems in robust

adaptive control (see Athans et. al., 2005 [2]), switching control systems (see Hespanha

et. al., 2003) and in intelligent control (see Feng and Ma, 2001, Ravindranathan and

Leitch, 1999). The appearance of Lyapunov-based stabilitycriteria in the form of LMIs

made a significant improvement. From this point on, stability questions were formulated

in a new representation, and the feasibility of Lyapunov-based criteria was reinterpreted

as a convex optimization problem, as well as extended to an extensive model class. The

pioneers Gahinet, Balas, Chilai, Boyd, and Apkarian were responsible for establishing

this new concept [3, 4, 5, 6, 7, 8], in Hungarian respective Bokor established the complete

geometrical representation of convex optimization. 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 about LMIs are increasing drastically in various topics such as optimal LQ con-

trol, robustH∞ control /H∞ synthesis,µ-analysis, quadratic stability, Lyapunov-based
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stability, multi-model and multi-objective state-feedback control of parameter-dependent

systems, control of stochastic systems. Boyd’s paper [7] states that it is true of a wide

class of control problems that if the problem is formulated in the form of LMIs, then the

problem is practically solved. In parallel, efficient numerical mathematical methods and

algorithms were developed for solving convex optimizationproblems-thus LMIs (Nes-

terov and Nemirovski). As a result, with the usage of numerical methods of convex opti-

mization, 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.

System modelling and identification theory

In the last decade, various new representations of dynamic models have emerged in the

systems theory. The origins of this paradigm shift can be linked with the famous speech

given by Hilbert in Paris, in 1900. Hilbert listed 23 conjectures and hypotheses concern-

ing unsolved problems which he believed would prove to be thebiggest challenge of the

20th century [9]. According to Hilbert’s 13th conjecture, there exist continuous multi-

variable functions which cannot be decomposed as the finite superposition of continuous

functions of a smaller number of variables. In 1957, Arnold disproved this hypothesis

[10]. Moreover, in the same year, Kolmogorov [11] formulated a general representation

theorem, along with a constructive proof, which allows for adecomposition into one-

dimensional functions (see also Sprecher [12] and Lorentz [13]). This proof justified the

existence of ”universal approximators”. Based on these results, starting from the 1980s,

it has been proved that universal approximators exist within the categories defined by ap-

proximation tools such as biologically inspired neural networks and genetic algorithms,

as well as fuzzy logic [14, 15]. As a result, these approximators have appeared in the

identification models of systems theory, and turned out to beeffective tools even for sys-

tems that can hardly be described in an analytical way. Basedon the above, we have

various effective identification techniques today. However, the identified models obtained

as a result of these alternative techniques are described informs that are from description

point of view quite far form the models given by analytical closed formulas derived via

physical considerations engendered by the system under scrutiny.

Tensor algebra

During the last 150 years several mathematicians (Beltrami, Jordan, Sylvester, Schmidt

and Weyl to name a few) were responsible for establishing thefoundations of the Singular
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Value Decomposition (SVD) and for developing its theory, which is one of the most fruit-

ful developments in linear algebra. A very recent result is the Higher-Order generation

of the SVD (HOSVD) to tensors (Lathauwer, 2000, SIAM journal[16]). The Workshop

on Tensor Decompositions and Applications held in Luminy, Marseille, France, 2005 was

the first event where the key topic was HOSVD. Its very unique power comes from the

fact that it can decompose a givenN-dimensional tensor into a full orthonormal system

in a special ordering of higher order singular values, expressing the rank properties of the

tensor in the order ofL2-norm. In effect, the HOSVD is capable of extracting the very

clear and unique structure underlying the given tensor.

HOSVD of continuous functions

HOSVD was applied for fuzzy approximation and fuzzy rule base reduction by Yam

[17, 18, 19]. Baranyi gave the concept of the HOSVD of continuous functions and in [20]

proposed the Tensor Product model transformation for numerical reconstruction of the

HOSVD of continuous functions, which can be scalar, vector or tensor function. Szeidl

et al. proved in [21] that the TP model transformation is capable of numerically recon-

structing the HOSVD-based canonical form of the functions.TP model transformation

is suitable of generating various convex forms of functionsbesides the HOSVD-based

canonical form. Tikk [22, 23, 24] investigated the tradeoffand other approximation capa-

bilities of TP model transformation.
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3 Goals of the dissertation

The goals of this dissertation can be summarized in three points:

• Control design for time-delay systems often requires case-specific solutions, and

rather complicated mathematical theories. Thus, there is agap between the engi-

neering solutions and the related scientific literature of control theory. Therefore,

my first goal was to investigate whether it is possible to extend the modern poly-

topic qLPV and LMI based control design methodologies already emerging in the

engineering solutions to a class of time-delay control design problems. My further

goal is to implement this possible extension in a numerically appealing, routine-like

solution.

• The stabilization problem of the mass-spring-damper impedance model based force

feedback capable bilateral master-slave tele-grasping system is very challenging

when the pocket switched communication between the master and slave devices in-

troduces varying time-delay. Since, this is a very up-to-date issue of Internet-based

teleoperation, my goal was to give a control design method tothis tele-grasping

problem.

• The Cognitive Infocommunications (CogInfoCom) is an interdisciplinary science

that has been developing via the synergy of cognitive science and infocommunica-

tions and primarily aimed at engineering solutions. One of the key research topic of

CogInfoCom is dealing with haptic remote sensation based onthe plasticity of the

human brain. Because this is a newly emerging science, my goal is to investigate

how the CogInfoCom theories may lead to alternative approaches in the field of

force feedback enhanced telemanipulation. Beside the conceptual reformulation of

this force feedback problem in terms of CogInfoCom, my further goal is to develop

different experimental testbeds and various evaluation techniques for the CogInfo-

Com based alternative solutions.
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4 Methods

4.1 Tensor Product model transformation-based control design

The TP model transformation was introduced to control by Baranyi in [25] as a method-

ology for system control design, based on the theoretical results of tensor algebra. It

is capable of transforming given qLPV models into proper polytopic forms, upon which

LMI-based design techniques are immediately executable. The qLPV and polytopic repre-

sentations of a given plant are not unique, and different representations of the same model

lead to different achievable performance when LMI techniques are used to design qLPV

controllers. Therefore, it is very important to define a unique representation that can be

derived from any polytopic or qLPV representation. Baranyiintroduced a definition for

the HOSVD canonical form of the qLPV models and showed that the TP model trans-

formation is capable of numerically reconstructing this unique form. Nagy investigated

computational relaxed TP model transformation of higher dimensional problems in [26],

while Petres in [27] by separation of constant and non-constant elements.

The mathematical background of the TP model transformationand TP model transfor-

mation based LMI controller design was introduced and elaborated in [25, 28, 29]. Let us

recall some of the related theorems and definitions:

Definition 4.1. (qLPV model): Consider the Linear Parameter Varying State Space model:

ẋ(t) = A(p(t))x(t) +B(p(t))u(t) (1)

y(t) = C(p(t))x(t) +D(p(t))u(t),

with input u(t) ∈ R
m, outputy(t) ∈ R

l and state vectorx(t) ∈ R
k. The system

matrix

S(p(t)) =

(

A(p(t)) B(p(t))

C(p(t)) D(p(t))

)

(2)

is a parameter-varying object, wherep(t) ∈ Ω is a time varyingN−dimensional

parameter vector, andΩ = [a1, b1]× [a2, b2] × .. × [aN , bN ] ∈ R
N is a closed hypercube.

p(t) can also include some elements ofx(t). In this case, (2) is referred to as a quasi

LPV (qLPV) model. This type of model is considered to belong to the class of non-linear

models. The size of the system matrixS(p(t)) is (k + l)× (k +m).
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A wide class of LMI based control design techniques are available for convex poly-

topic model representations; thus the finite element convexpolytopic form of (1) is de-

fined as:

Definition 4.2. (Finite element polytopic model):

S(p(t)) =
R
∑

r=1

wr(p(t))Sr. (3)

wherep(t) ∈ Ω. S(p(t)) is given for any parameter vectorp(t) as the parameter varying

combinations of LTI system matricesSr ∈ R
(k+l)×(k+m) called LTI vertex systems. The

combination is defined by weighting functionswr(p(t)) ∈ [0, 1]. The term finite means

that R is bounded.

Definition 4.3. (Finite element TP type polytopic model):S(p(t)) in (3) is given for any

parameter as the parameter-varying combination of LTI system matricesSr ∈ R
(k+l)×(k+m)

.

S(p(t)) =

I1
∑

i1=1

I2
∑

i2=1

..

IN
∑

iN=1

N
∏

n=1

wn,in(pn(t))Si1,i2,..,iN , (4)

applying the compact notation based on tensor algebra (Lathauwer’s work [16]) one has:

S(p(t)) = S
N

⊠
n=1

wn(pn(t)) (5)

where the (N+2) dimensional coefficient tensorS ∈ R
I1×I2×···×In×(m+k)×(m+k) is con-

structed from the LTI vertex systemsSi1,i2,...,iN (5) and the row vectorwn(pn(t)) contains

univariate and continuous weighting functionswn,in(pn(t)), (in = 1 . . . IN).

Remark4.1. : TP model (5) is a special class of polytopic models (3), where the weighting

functions are decomposed to a Tensor Product of univariate functions.

Definition 4.4. (TP model transformation): TP model transformation is a numerical

method that transforms qLPV models given in the form of (1) tothe form of (5), so

that a large class of LMI based control design techniques canbe applied to the resulting

model. Detailed description of TP model transformation andapplication examples can be

found in [25]. The TP model transformation gives a trade-offbetween the accuracy of the

resulting model and the number of required vertexes for the LMI control design. The TP

model transformation is also capable of providing a convex hull manipulation tool during

execution. For further details please read papers [30, 31].
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Various polytopic forms of the same model affect the performance of LMI-based con-

trollers (see [32, 29] for more information), thus TP model transformation has to be ca-

pable of systematic generation of different convex hulls for tensor functions and qLPV

models. This way TP model transformation introduces an additional possibility to multi-

objective control optimization techniques, namely the convex hull manipulation-based

optimization, which is the key property of TP model transformation in control design.

Control design optimization can be done in three main steps altogether.

i The first step is the correct construction of the system matrix S(p(t)) to avoid nu-

merical anomalies (this is not real optimization, but it does affect the feasibility of

LMIs).

ii The second step of optimization is the convex hull manipulation.

iii The third step is the LMI-based convex optimization.

4.2 Impedance control in telemanipulation

Since the extensive work of Hogan [33, 34, 35], wherein the concept of impedance control

and its application was formulated, this control strategy became one of the key technology

of modern robot control. Some areas of robotics where impedance control is widely used

are telerobotics, dexterous manipulation [36, 37], and flexible joint robots [38].

The corresponding chapter of the Thesis focuses on the classof impedance model

based robot control that is schematically illustrated in figure 1.

Figure 1: Schematic structure of impedance control of robots

Figure 2 illustrates the operation of such algorithms in teleoperation scenario. A com-

mon property of these interaction control systems, that thetime-delay whilst the acting

force is being measured and transmitted to the impedance model, makes the control per-

formance weaker and over a critical delay, the system becomeunstable.

In this dissertation, I consider a control structure that manipulates the dissipative char-

acteristics of the system indirectly by an external damper force that is additional to the
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Figure 2: Scheme of coupled impedance force reflecting algorithm for bilateral telema-
nipulation

damping which is included in the impedance model itself. This structure is illustrated by

Figure 3.

Figure 3: Control scheme for the stabilization of force reflecting telemanipulation under
time-delay

Based on this structure, the following DDE can be formulatedas the equation of mo-

tion of the impedance model which to be stabilized by the appropriate design ofFc(t).
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ẍ(t) =
Fh(t)

m
+

Fc(t)

m
−

b

m
ẋ(t)−

k

m
x(t− τ(t)) (6)

The theoretical contribution of this work is focused on a design methodology that

is appropriate to find the delay dependent control law that maintain the stability of the

impedance model without unnecessary degradation of the transparency.

4.3 Cognitive Infocommunications

Cognitive infocommunications (CogInfoCom) is an emergingresearch discipline that in-

vestigates synergies between infocommunications and cognitive sciences.

CogInfoCom is defined as follows [39]: “Cognitive Infocommunications (CogInfo-

Com) investigates the link between the research areas of infocommunications and the

cognitive sciences, as well as the various engineering applications which have emerged

as the synergic combination of these sciences

The primary goal of CogInfoCom is to provide a systematic view of how cognitive

processes can co-evolve with infocommunications devices so that the capabilities of the

human brain may not only be extended through these devices, irrespective of geographi-

cal distance, but may also interact with the capabilities ofany artificially cognitive system.

This merging and extension of cognitive capabilities is targeted towards engineering ap-

plications in which artificial and/or natural cognitive systems are enabled to work together

more effectively.”

Beside the control theoretical aspects, the stability question of force reflecting telema-

nipulation were investigated in the dissertation from the viewpoint of CogInfoCom.
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5 New scientific results

The following subsections briefly introduces the scientificcontribution of the dissertation.

5.1 TPτModel Transformation

I developed the theoretical foundations and the numerical implementation of the TPτmodel

transformation. I proved that the TPτmodel transformation is capable of transforming

time-delay systems into non time-delay TP-type polytopic qLPV forms, where time-delay

appears as an external parameter only. I also proved that theTPτ transformation preserves

several advantageous properties of the original TP model transformation, notably:

i Enables a directly controllable trade-off between the accuracy and complexity of

the resulting model.

ii The ability to reconstruct the HOSVD-based canonical form.

iii The possibility to manipulate the properties of the convex hull defined by the re-

sulting polytop through matrix operations executed on the core tensor of the TP

structure and on the single-variable weighting functions.

iv The LMI-based control methods are directly applicable to the resulting TP-type

polytopic qLPV form.

Thus, in a way analogous to the original TP model transformation based control

methodology, I proposed the TPτmodel transformation based control design methodology

that is conceptually consistent with the modern polytopic qLPV and LMI-based control

theory and hence extends its applicability onto the class ofcontrol problems comprising

so-called internal time delays that occurs in the followingcases:

• Time Delay take place in the feedback loop

• Systems with input/output delay are connected together

• Transforming a MIMO system with transfer delays into state space model

Brief description of the transformation

Assume that the time-delay qLPV model is given in the form of the following delay-

differential algebraic equation [40]
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ẋ(t) = A(p)x(t) +B1(p)u(t) +B2(p)w(t) (7)

y(t) = C1(p)x(t) +D11(p)u(t) +D12(p)w(t)

z(t) = C2(p)x(t) +D21(p)u(t) +D22(p)w(t),

where

w(t) = [z1(t− τ), ..., zN (t− τ)]T . (8)

To maintain the generality in the followings it is assumed that all elements of the

system matrices can be parameter dependent whether it has physical meaning or not. The

equation can be rewritten in compact matrix form such as







ẋ(t)

y(t)

z(t)






= S(p)







x(t)

u(t)

w(t)






, (9)

where

S(p) =







A(p) B1(p) B2(p)

C1(p) D21(p) D12(p)

C2(p) D21(p) D22(p)






. (10)

The goal of the TPτ is to transform the above delayed system (7,8) into

[

ẋ(t)

y(t)

]

= S(p′(t))

[

x(t)

u(t)

]

, (11)

where

S(p′(t)) = S
N

⊠
n=1

w (p′n (t))) (12)

and

p′ = [p, τ ]T ,p′
∈ R

N ,p′
∈ Ω. (13)

Thus,τ is transformed to be a simple element of the parameter vectorin a non-delayed

polytopic qLPV form.
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5.2 Polytopic reconstruction of the mass-damper impedancemodel

with retarded elastic force

I derived the non time-delayed TP type polytopic LPV forms ofthe mass-spring-damper

mechanical impedance model with retarded elastic force component. Using the TPτmodel

transformation I derived an exact HOSVD-based canonical form of this model, which

consisted of a 6-component vertex systems, and several further characteristic convex rep-

resentations (i.e. CNO, IRNO, SNNN). In order to obtain practically viable trade-offs

between the complexity and accuracy of these models, I determined the relationship be-

tween higher-order singular values of the system and the different types of convex repre-

sentations, and more importantly how these factors quantitatively affect model accuracy.

Based on these results, I derived various reduced TP type polytopic forms of the original,

time-delay impedance model. I demonstrated via numerical simulations and laboratory

measurements that for practical stabilization purposes, areduced model consisting of 3

vertices can be used to obtain a controller and observer of adequate performance.

In Figure 4, an overview of the transformation is illustrated.

Figure 4: Convex, polytopic reconstruction of the delayed impedance model via
TPτmodel transformation
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5.3 Control design for impedance controlled tele-grasping

As a practical specialization of the TPτmodel transformation based control design method-

ology, I proposed a numerical, non-heuristic control design method for a common impedance

model based bilateral telemanipulation task with known, varying time-delay. I applied the

proposed control design method to stabilize a 1-DoF servo-electric master-slave telema-

nipulation device with parallel jaws for force feedback enhanced remote grasping tasks. I

validated the effectiveness of the control design method under laboratory conditions on a

tele-grasping system through a series of experiments with varying stiffness in the remote

environment, and varying time-delay profiles.

Figure 5: Steps of the TPτmodel transformation based control synthesis

Figure 5 shows the series of steps of the control design methodology based on the

TPτmodel transformation. From the large amount of data captured from simulation and

laboratory experiments, an example is presented in Figure 6. The diagrams shows the

operation of the TPτbased controller in contrast to the case without stabilizing control.
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Figure 6: An example of the simulations conducted to affirm the fulfilment of the design
goals

5.4 Definition of the force feedback task as inter-cognitivesensor-

bridging channel

Based on the conceptual framework and characteristic methodologies of cognitive info-

communications (a newly emerging inter-disciplinary research field), I reformulated the

15



force feedback problem as an inter-cognitive and sensor-bridging application in which vi-

brotactile channels are used to convey force feedback perception. This replacement of the

force rendering by vibration leads to the decoupling of the position and force feedback,

hence, opening the closed control loop and considerably relaxes the stabilization problem

of force feedback enhanced tele-grasping. Based on this work, I re-contextualized the

problem of force feedback with time-delay in a way that is consistent with the cognitive

infocommunications perspective.

Figure 7 illustrates the difference between the conventional force-feedback and the

sensor bridging in bilateral tele-grasping.

(a) Bilateral force-feedback control loop (b) Force-feedback via inter-cognitive sensor bridging

Figure 7: Conventional and CogInfoCom-based force feedback approaches
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6 Theses

My new scientific results based on this dissertation are summarized by the following

theses:

Thesis I

The TPτmodel transformation extends the original TP model transformation to dynam-

ical systems with time-delay. The TPτmodel transformation is capable of transforming

time-delay systems into non time-delay TP-type polytopic qLPV forms, where time-delay

appears as an external parameter only. The TPτmodel transformation preserves several ad-

vantageous properties of the original TP model transformation, notably:

i Enables a directly controllable trade-off between the accuracy and complexity of

the resulting model.

ii The ability to reconstruct the HOSVD-based canonical form.

iii The possibility to manipulate the properties of the convex hull defined by the re-

sulting polytop through matrix operations executed on the core tensor of the TP

structure and on the single-variable weighting functions.

iv The LMI-based control methods are directly applicable to the resulting TP-type

polytopic qLPV form.

Analogously to the original TP model transformation based control methodology, the

TPτmodel transformation based control design methodology is conceptually consistent

with the modern polytopic qLPV and LMI-based control theoryand hence extends its

applicability onto the large class of control problems comprising internal time-delay.

Related publications: [J-2], [J-5], [C-1], [C-5], [C-7], [C-11], [C-13]

Thesis II

The mass-spring-damper mechanical impedance model with retarded elastic force com-

ponent can be transformed into non time-delayed TP type polytopic LPV form using the
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TPτmodel transformation. The HOSVD-based canonical form of this model consists 6-

component vertex systems. By the trade-off between the model accuracy and complexity

it is shown that a reduced model consisting 3 vertices can be used to obtain a controller

and observer of adequate performance. These results are validated via numerical simula-

tions and laboratory experiments.

Related publications: [J-2], [J-5], [C-1], [C-5], [C-7], [C-11], [C-13]

Thesis III

The TPτmodel transformation based control design methodology is appropriate to be spe-

cialized as a numerical, non-heuristic control design method for a common impedance

model based bilateral telemanipulation task with known, varying time-delay. This method

can be applied to stabilize a 1-DoF servo-electric master-slave telemanipulator device

with parallel jaws for force feedback enhanced remote grasping tasks. The effective-

ness of the control design method has been proofed under laboratory conditions on a

tele-grasping system through a series of experiments with various stiffness in the remote

environment, and various time-delay profiles.

Related publications: [J-1], [C-1], [C-11]

Thesis IV

Based on the conceptual framework and characteristic methodologies of cognitive info-

communications (a newly emerging inter-disciplinary research field), the force feedback

problem can be reformulated as an inter-cognitive and sensor-bridging application in

which vibrotactile channels are used to convey force feedback perception. This replace-

ment of the force rendering by vibration leads to the decoupling of the position and force

feedback, hence, opening the closed control loop and considerably relaxes the stabiliza-

tion problem of force feedback enhanced tele-grasping. Based on this work, the problem

of force feedback with time-delay is re-contextualized in away that is consistent with the

cognitive infocommunications perspective.

Related publications: [J-3], [C-1], [C-6], [C-8], [C-9], [C-18]
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[C-15] P. Galambos, B. Reskó, and P. Baranyi, “Introduction of virtual collaboration

arena (VirCA),” inThe 7th International Conference on Ubiquitous Robots and

Ambient Intelligence, Busan, Korea, Nov. 2010, pp. 575–576.

22



independent citations: 4
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