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Abstract

Thesis Tittle: Hybrid control structures of complex mechatronic systems

Keywords: Switched systems, Frequency domain, Stability condition, Robust
control, Decentralized control, Hardware implementation

This thesis deals with development of hybrid control structures for complex
mechatronic systems in the frequency domain and their algorithmization for the
purposes of hardware implementation on FPGAs. The objective of the thesis
is to develop the robust control design procedure guaranteeing closed-loop sta-
bility and nominal performance for SISO and MIMO switched systems in the
frequency domain. New switched system stability condition is developed based
on the small gain theorem to guarantee closed-loop stability of the multi-model
plant in all operation modes as well as stability during arbitrary switching be-
tween individual operation modes. For multivariable systems a design approach
based on the previous is derived. The applied decentralized control structure is
based on the Equivalent Subsystems Method, which allows to design local SISO
controllers guaranteeing nominal performance of the full system. For uncertain
switched systems a robust control design procedure guaranteeing robust stabil-
ity in individual operation modes. Local controllers can be calculated using any
frequency design method. This thesis also deals with a development of control
design procedure for complex systems with multiple inputs and outputs based
on identification of equivalent subsystems and independent design of local SISO
predictive controllers while considering given performance specifications for in-
dividual subsystems. Presented control approaches serve as a basis for design
of control algorithms and their hardware implementation on FPGA platforms.
The respective control algorithms are developed using VHDL language and ex-
perimentally tested on real laboratory plants.



Anotacia dizertacnej prace

Nazov dizertacnej prace: Hybridné struktiry riadenia zlozitych mechatronickych
systémov

) /s~ z ’ ’ ’ ’ ~ Ve ) . o7
Klucové slova: Systémy s prepinanim, Frekvencénd oblast, Podmienka stability,
Robustné riadenie, Decentralizované riadenie, Hardvérova implementécia

Cielom préce je vyvoj postupov pre navrh robustného riadenia garantujiceho
stabilitu uzavretého regulacného obvodu a kvalitu pre SISO a MIMO systémy
s prepinanim vo frekvencnej oblasti. Pouzitim tedérie malého zosilnenia je odvo-
dend nova podmienka stability pre systémy s prepinanim, ktord garantuje stabi-
litu uzavretého regula¢ného obvodu vo vSetkych rezimoch ako i pocas prepinania
medzi jednotlivymi rezimami. Pre mnohorozmerné systémy je odvodend metéda
navrhu zalozena na predchadzajicich pracach. Pouzita decentralizovand struktira
riadenia je zalozena na metode ekvivalentnych podsystémov umoznujicej navrh
lokalnych SISO regulatorov s predpisanou kvalitou riadenia ktora je garantovana
i pre plny systém. Pre systémy s neuréitostami je odvodeny postup névrhu ro-
bustného riadenia pre systémy s prepinanim zabezpecujici robustnu stabilitu v
jednotlivych rezimoch systému. Na ndvrh lokdlnych reguldtorov je mozné pouzit
Iubovolni frekvenénd metédu. Praca sa dalej zaobera vyvojom metodiky névrhu
decentralizovaného riadenia pre zlozité mnohorozmerné systémy zalozenom na
identifikacii ekvivalentnych podystémov a nezavislym navrhom lokalnych SISO
prediktivnych regulatorov pri uvazovani danych poziadaviek na kvalitu riadenia v
ramci jednotlivych regulatorov. Prezentované metddy riadenia slizia ako zaklad
pre navrh algoritmov a ich hardvérovi implementaciu na FPGA struktiurach.
Prislusné algoritmy riadenia si napisané v jazyku VHDL a testované experi-
mentalne na redlnych laboratérnych procesoch.
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1 Introduction

One of the most important concepts in control design theory is the model of the
system. Basically, a model is an abstract, simplified representation of the real
system with the sufficient degree of complexity to describe the system behav-
ior. Traditionally, a model of the system is derived from known physical laws or
based on the time evolution of system parameters estimated from experimental
measurements. The study of dynamical systems has been traditionally focused
on two domains, systems continuous and discrete in time.

Recent years have witnessed an enormous growth of interest in dynamic sys-
tems that are characterized by a mixture of both continuous-time and discrete-
time dynamics. Such systems are commonly found in engineering practice, re-
ferred to as hybrid or switched systems. The widespread application of such
systems is motivated by ever increasing performance requirements and reducing
complexity which was and still is an important reason for dealing with hybrid
systems. This can be accomplished by switching between relatively simple linear
time-invariant (LTI) systems. In control engineering, switching between sim-
pler dynamical systems has been successfully used in practice for many decades.
However, the potential gain of switched systems is offset by the fact that the
switching action introduces a specific behavior in the overall system which is
not present in any of the composite subsystems. For example, it can be eas-
ily shown that switching between stable subsystems may lead to instability or
chaotic behavior of the overall system. On the other hand, switching between
unstable subsystems may result in a stable overall system. Recent efforts in hy-
brid systems research along these lines typically concentrate on the analysis of
the dynamic behaviors and design of controllers with guaranteed stability and
performance.

Switching between a number of control structures automatically results in

control systems that are no longer constrained by limitations of linear design. It
is therefore not surprising that switching-based control strategies might result in
algorithms offering significant performance improvements over traditional linear
control. For example, different controllers may be encoded within a single struc-
ture resulting in a control system with enhanced functionality by exploiting the
benefits of each of the constituent controllers.
Most of the results presented in the literature is dealing with the time-domain
approaches, however there are very little results developed in the frequency do-
main. Although most of the time-domain methods provide successful results, the
computation effort may become very high in the case of higher order systems
and therefore makes the solution to be very difficult. The frequency-domain
approaches are on the other hand very attractive to engineering community due
to the easy and more visual computation as well as implementation of the con-
trollers. Thus, the research in this domain may bring new ideas and methods,
which might become a worthy competitors to other time domain approaches.

Complex engineering systems are often designed in a decentralized manner.
Each component subsystem is usually designed in relative isolation, and the
overall system is constructed by combining the subsystems by means of some



appropriate supervisory logic. Multivariable or multi-loop control takes into con-
sideration interactions between loops which improves control performance unlike
the use of multiple single loop controllers, which represents the simplest, however
often not satisfactory solution. In many cases this approach leads to switched
linear control systems. The main advantage of a decentralized control scheme is
then in splitting of the whole control problem into several local control blocks
which only acquire local output measurements and calculation of local control
inputs, possibly supervised by some upper hierarchical control layer. This leads
to parallel computations and reduced communications, although all controllers
involved in controlling the process must be designed in regard to conditions under
which they stabilize the entire system. Besides advantages in controller imple-
mentation (parallel computation, reduced communications) a big advantage of
decentralized control is maintenance: while certain parts of the overall process
are interrupted, the remaining parts keep operating (possibly with reduced per-
formance) in closed-loop with their local controllers without the need of stopping
the overall process as in case of centralized control. Moreover, a partial redesign
of the process does not necessarily implies a complete redesign of the controller
as it would in case of centralized control.

Uncertainties in modeling of the complex dynamic behavior of the complex
systems together with high dimensions make a control problem much more dif-
ficult even using the centralized control structure. Therefore the need for design
of robust decentralized control schemes for applications in multivariable systems
is actual, as well as investigating the robust stability of interconnections of the
subsystems with local controllers.

The widespread availability of low cost digital platforms such as microcon-
trollers have allowed digital system implementation to evolve into more flexi-
ble digital form, exclusively employed in present applications (Paraskevopoulos,
1996; Forsythe and Goodall, 1991). Motivated by the practical success of con-
ventional control methods applied in industrial process control, there has been
an increasing amount of work on development of effective hardware realizations
of control algorithms.

Recently, it has been shown that Field Programmable Gate Arrays (FPGAs)
can pose an alternative solution for the realization of digital control systems,
offering re-programmable hardware logic with greater flexibility from the logic
complexity and development point of view. It allows designers to develop a fully
hardware architecture which is dedicated to the control algorithm to be imple-
mented. This leads to specific advantages to the controller, since the FPGAs
offers true parallel processing capabilities, which eliminate the issue of the com-
putational delay associated with the sequentially executing microprocessors or
Digital Signal Processors (DSPs). Moreover, increasing density of FPGAs along
with their high degree of flexibility pushes designers to employ them for design-
ing controllers used in a large range of industrial applications. Thus, FPGAs
provide a promising architectures for controllers implementation, making this
area very attractive and perspective for control engineers.



1.1 Objectives of the Thesis

Based on the review of existing design approaches and identified open issues we
can conclude that compared to time-domain design methods, frequency-domain
control design methods are better understood in control engineering community,
since it provide comprehensible insight on important concepts (e.g. bandwidth
and closed-loop peaks).

The primary aim of this work is to develop new application-oriented hybrid
control structures and approaches to the robust and decentralized control de-
sign in the frequency domain for complex systems involving hybrid (switched)
systems and dynamical systems with multiple input and multiple outputs which
will be suitable for hardware implementation on FPGA platforms to control pro-
cesses with fast dynamics.

The main objectives of the thesis can be summarized as follows:
1. Switched system controller design in the frequency domain.

e Development of control design procedure for switched systems in the
frequency domain guaranteeing closed-loop stability in individual op-
eration modes as well as stable switching between operation modes,
which will be applicable for both SISO and MIMO systems.

e Extension of the design procedure for switched systems to guarantee
robust stability in individual operation modes.

2. Decentralized model predictive control design.

e Development of decentralized model predictive control design proce-
dure for complex systems with multiple inputs and outputs based on
Equivalent Subsystem Method.

3. Verification of the proposed theoretical results on a series of examples and
case studies.

4. Hardware implementation of developed control algorithms.
e Algorithmization of the proposed control design methods for hardware

realization using FPGAs.

e Hardware implementation of developed control algorithms on FPGA
platform.

e Experimental verification and application of implemented control al-
gorithms on real laboratory plants.



2 Frequency-Domain Robust Switched System Controller
Design

A novel frequency-domain stability condition for continuous-time SISO and MIMO
switched systems represented in the affine form is presented. It is based on the
M — A structure and small gain theorem. The switched controller design pro-
cedure is derived for closed-loop stability in all operation modes as well as for
stable switching between them. By employing Equivalent Subsystems Method
(ESM) (Kozédkova, 2012), the design procedure is enhanced to guarantee robust
stability of the closed-loop system in individual operation modes allowing design
of robust decentralized controllers for SISO and MIMO plants.

Consider a MIMO (SISO) multi-model plant G(s) with m inputs and m
outputs (m > 1) which switches between p operation modes in the affine form
(Kozédkova, Vesely, and Krasnansky, 2014)

G( Goo -|- ZG qz, qi € 1, (2.1)

where G(s), Goo(s), Gi(s) are known m x m transfer function matrices, ¢; is a
scalar, which indicates the arbitrary switching signal and I, denotes the finite
set of indices given as follows

1 )
Iq:{QEp:qi:{ 0 z:1,2,...,p} (2.2)

where ¢; = 1 indicates when the switched system is described by the i-th oper-
ation mode, otherwise ¢; = 0. It is assumed that > P g = 1. The switched
controller R(s) € R™*™ is designed in a similar affine form

R(s) = Roo(s) + ZR s)qi, @i € Ig (2.3)

where R(s), Roo(s), Ri(s) are known m x m transfer function matrices. The
multi-model system (2.1) and the corresponding switched controller (2.3) can be
written in the matrix-vector form

G(s) = Goo(s) + Q" G(s) (2.4)
R(s) = Roo(s) + Q" R(s) (2.5)
where
G1(s) R1(s) q1lmxm
Ge)=| : |Re=| : [@=]| (26)
Gp(s) Rp(s) apImxm

G(s), R(s) are pm x m transfer function matrices, ¢;, i = 1,2, ..., p are scalars,
G(s), R(s) are pm x m transfer function matrices and @ is pm X m matrix



consisting of stacked m x m identity matrices, which reflects switching between
individual operation modes and corresponding controllers. Substituting transfer
function matrices (2.4) - (2.5) into standard feedback loop the feedback config-
uration in Fig. 1 is obtained.

Figure 1: Switching feedback loop

Using the notation
Yg = My(s)ug

w=li] =]

a new M, — Qg structure (Fig. 2) is obtained based on the input-output model
derived from Fig. 1, where

o s Goo(s) o s 1
M (3) B R( )I + Goo(S)Roo(S) G( )I + Goo(S)Roo(S)
J B 1 ROO(S) .
R(S) I+ Roo(S)Goo(S) _G(S) I+ Roo(S)Goo(S) (2 8)
My(s) € RHZ 2P
_ QT 0 2pm X2m
=% o] @em (29)

Theorem 1. (Small Gain Theorem) Suppose that the transfer function ma-
triz My (s) is a strictly bounded real transfer function matriz and Qg € Py, repre-
sents time-varying memoryless nonlinearity. Then the feedback interconnection
mn Fig. 2 is asymptotically stable.

The proof can be found in Haddad and Bernstein (1991). Considering the
spectral matrix norm

Umaac[Qg] Y/ (Q;QQ) -

(2.10)




Figure 2: M, — Qg4 structure

the closed-loop system stability condition

1
Omaz|[Mg(jw)] < e — R Yw (2.11)

is modified to strictly bounded realness of M,(s)
Omaz|[Mg(jw)] <1, Vw (2.12)

where parameters ¢; € {0,1} and > 7, ¢; = 1. Moreover, by factorization of the
matrix (2.8) into the following form

My (s) = Mi(s)Ma(s) (2.13)
where
_ Gools) B 1
T e I
I + Roo(s)Goo(s) I + Roo(s)Goo(s)
My (s) = Bs) 0 (2.15)
0 G(s)

the stability condition for switched closed-loop system can be expressed in the

form
. 1
Omaz [ M1 (jw)] < YA ) Vw (2.16)

2.1 Switched Controller Design Procedure:

The frequency-domain switched controller design procedure for arbitrary switch-
ing results from the above development in the following order:

1. From mathematical models in individual operation modes C_v‘i(s), 1=1,....p
the affine model of the switched system (2.1) is generated.

e Goo(s) is calculated e.g. as a mean value parameter model

Goo(s) = ZGI(S)/]? (2.17)



e (G(s) is calculated from differences between the nominal model and
models in individual operation modes

Gi(s) = Goo(s) = G'(s), i=1,..,p (2.18)

2. For each operation mode a controller Ri(s), 1 =1,...,p is designed using
any frequency domain design method. 1t is recommended to use a design
method, which allows output performance specification.

3. From controllers designed for individual operation modes, the controller in
the affine form (2.3) is generated.

e Roo(s) can be obtained in two ways:

- calculated as a mean value parameter controller
p
Roo(s) =Y R'(s)/p (2.19)
i=1

- or designed for Goo(s) such that it ensures stability of character-
istic equation det(I 4+ Goo(s)Roo(s))-
e assuming Goo(s) and G(s) are stable, R(s) is calculated from dif-
ferences between Roo(s) and the controllers designed for individual
operation modes.

Ri(s) = Roo(s) — R'(s), i=1,...p (2.20)

4. Closed-loop stability of the switched system is verified if the condition (2.12)
or (2.16) is met.

e if the stability condition is not passed, the algorithm start again from
step 2 and controllers R'(s), i = 1,...,p are designed with tuning
parameters ensuring better stability properties.

For MIMO systems the controller design is more complicated due to the
interactions. This problem is dealt using the ESM approach. The second
step in design procedure consists of the following:

e splitting of the full matrix C_T”(s)mxm of the model (2.1) in each
operation mode into diagonal Gy(s) and off-diagonal part G, (s),
1=1,...,p.

e calculation of characteristic loci gf,(jw), v=1,....m; ¢+ = 1,...,p of
the matrix of interactions G, (s)

e generating m equivalent subsystems G52V (s), i = Lo.,p j=1,...,m
for each operation mode using a selected fixed g;(jw) from the m

characteristic loci g’ (jw).

e Design of local robust SISO controllers independently for each equiv-
alent subsystem using frequency-domain control design method en-
suring required performance specifications.

The following steps remain the same.



2.1.1 Design Procedure for Robust Stability

Consider an uncertain system described by any unstructured uncertainty with
m > 1 subsystems given by a set of M transfer function matrices obtained by
identification in M working points for each mode ¢, where

Gi(s)ell, i=1,2,...p; 1=1,2,.. M (2.21)

represents a member of a set of possible plants. The nominal model in each
operation mode 7 is calculated as a mean value parameter model. Then the
overall design procedure is enhanced by the several initial steps to guarantee
robust stability in individual operation modes.

e (Calculation of scalar weight function for selected unstructured uncertainty
model (for additive uncertainty)

0 (w) = mlaxamaw{Gf(jw)—@é(jw)}, [=1,2,., M; i=1,...p (2.22)

e Calculation of upper bound for the nominal equivalent complementary sen-
sitivity function (for additive uncertainty)

Omin [G(z) (]w)]

7 (@) = Lgy(w), Yw (2.23)

Omax (Tg(jw)) <
or eventually for the nominal equivalent sensitivity function (for inverse
additive uncertainty)

1
S U (@) 0mar [Gh ()]

O (sg (jw)) — i (W), Vw (2.24)

Since the expressions on the r.h.s of (2.23) and (2.24) do not depend on
any particular controller, they can be evaluated prior to controller design.
The respective relations for other uncertainty models (input/output mul-
tiplicative) can be found in Kozdkovd and Vesely (2013).

e Performance specification in terms of minimal phase margin for equivalent

subsystems
PM; > 2 arcsin ( L ) > ;[rad] (2.25)
t = 2min(Lj(w))/ ~ min (L (w)) .
where ¢ = 1,...,p; k € {a,i,ia}. The design procedure now continues

from 1. step according to Section 2.1. The robust controller design can be
performed as follows:

— for SISO systems any robust design approach can be used, e.g. the
Edge Theorem and the Neymark D-partition method (Hypiusova and
Osusky, 2010), Small Gain Theorem (Bhattacharyya, Chapellat, and
Keel, 1995) or Bode design method (Bucz et al., 2010).

— for MIMO systems the ESM approach is used. Local robust SISO
controllers are designed independently for each equivalent subsystem
using design method ensuring required performance specifications.



The final step is enhanced by verification of the robust stability condition
(2.23) or (2.24) in individual operation modes.

2.2 Example

The practical application of the proposed control design technique was tested on
a MIMO plant with two inputs and two outputs. Two operation modes of the
plant are considered. In each operating mode, mathematical model of the plant
G (s) has been experimentally identified from I/O data measured in 3 working
points (I = 1,.., M) given by different values of loads.

Obtained mean value parameter nominal models in each operation mode
G'(s),i=1,2 are:

[ 0.06346s + 1.3 0.01814s + 0.3667
. 1.641s2 +2.382s+1 5.781s%? + 3.812s + 1
Go(s) = (2.26)
0.01863s + 0.3762 0.07511s + 1.544

[ 7.571s%2 +4.458s +1  1.354s2 +2.201s + 1.

[ 0.06058s + 1.239 i

y 1.582s2 + 2.145s5 + 1
G2(s) = (2.27)
0.01792s + 0.3362 0.07027s + 1.441
| 6.187s2 +4.03s+ 1 1.219s2 + 1.871s + 1

The controller design has been performed according to the design procedure
2.1.1. Using additive uncertainty model, an upper bound for equivalent comple-
mentary sensitivity functions 7§ (s), ¢ = 1,2 has been evaluated to obtain the
required minimal values of phase margins PM*, i = 1,2, for which the robust
stability is guaranteed. Obtained minimal values are: PM"' = 54°, PM? = 45°.

Nominal controllers were designed for individual equivalent subsystems using
Bode design approach (Kuo and Golnaraghi, 2003) with selected required phase
margins of 65°. Fulfillment of robust stability condition (2.23) for each mode is
examined in Fig. 3. The closed-loop switched system stability condition (2.12)

30
20 Ll H LZ
a a
1
15 S Gmax(TO) 120 Gmax(T(z)) I
10
10
5 i
—
0 or

10 10° 10 10 10° 10
o [rad/s] o [rad/s]

Figure 3: Verification of the robust stability condition in each mode (2.23)
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has been examined in Fig. 4. The switched system is stable in all modes includ-
ing the switching between individual controllers. The designed robust switched

0.5

0.4

M

max

0.1

10 10° 10
o [rad/sec]

Figure 4: Verification of the switched stability condition (2.12)

controller was implemented on the real plant and tested by switching between
individual operation modes (realized by connecting/disconnecting the interac-
tion). Moreover, during experiment the loads were being changed independently
within the range in both DC motors.

The results of experiments shown in Fig. 5 and Fig. 6 confirm stability and
achieving desired performance under load and set-point changes in both opera-
tion modes as well as during switching between individual operation modes.

0 100 200 300 400 500 600

time [s]

Figure 5: Time responses of measured system outputs, loads and operation mode
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0 100 200 300 400 500 600

time [s]
Figure 6: Time response of measured inputs and operation mode

3 Decentralized Model Predictive Control: Frequency Do-
main Approach

A novel hybrid control structure combining model predictive control strategy
and frequency-domain strategy is introduced. The methodology for synthesis of
decentralized control yields a highly effective control for complex multi-input and
multi-output systems with the presence of strong couplings. The overall system is
decomposed into single subsystems separated by control structure. A predictive
control theory is used to formulate a set of local controllers for the control of
individual subsystems. The presented DMPC scheme offers an effective solution
of incorporating the non-diagonal system parts into the controller design using
finite horizon objective functions to eliminate such conservatism. Stability and
performance in individual subsystems are fulfilled for the full system.

Consider the discrete-time linear multivariable system (3.1) obtained from
continuous-time version which is discretized with an appropriate sampling time
Ts. Assume a discrete frequency response is periodic with respect to the sampling

frequency ws = 27 /Ts and represented only for frequencies up to half of the
sampling frequency, i.e. w € (0;ws/2).
y(t) = G(2)u(t) (3.1)

For given discrete-time transfer function matrix G(z) € R™*™ with z =
e*Ts it is possible to plot the frequency response either in a complex plane or
in logarithmic coordinates considering z = e*7s = €/“Ts by analogy with the
continuous-time case. We study the problem to find a decentralized controller

R(z) = diag{R;(2) }mxm (3.2)

to guarantee specified performance of the full system. Assume, that G(z) can
be split into diagonal and off-diagonal parts describing respective models of de-

11



coupled subsystems G4(z) and interactions G, (z)
G(z) =Ga(z) + Gu(2) (3.3)

where

Ga(z) = diag{Gi(2) }mxm, detGq(z) #0 (3.4)

Guw(z) = G(2) — Ga(z) '
Controller design is performed using Equivalent Subsystems Method (Kozakova,
2012) which allows independent controller design for local equivalent subsystems
generated based on the full system transfer function matrix.

3.1 Identification of Equivalent Subsystems

The generated equivalent subsystems stored in the form of vectors of real and
imaginary parts depend on the frequency. From real and imaginary parts of
individual equivalent subsystems the respective values of moduli and phases are
obtained. Subsequently, from these values complex frequency response data
models (IDFRD) are obtained using the frequency range determined by the
sampling time T,. The equivalent subsystems are identified as linear models

) = pgul) + e (35)
To estimate the model a cut curve fitting approach (Ljung, 2004) based on least-
squares method to estimate the model was used (more details about available
software tools can be found in Ljung (2008)).

Diagonal system transfer function matrix is composed of m identified equiv-
alent subsystems obtained in the form of discrete-time transfer function models,
for which a set of local SISO predictive controllers are designed.

G{(2) 0 e 0
0 Gyl (z) ... 0
G™(z) = : : : : (3.6)
0 0 0 Gz

where
B qu(z_l) _bo+ biz ' 4. bz

A2 14 aiz 4t apez e

Gi(2)

K2

(3.7)
fori=1,...,m.

3.2 Decentralized Generalized Predictive Control

Consider the process with m inputs and m outputs (3.6) is described by the set
of m CARIMA models (Camacho and Bordons, 2004; Levine, 1999)

A (7 Nyilt) = BY (=7 Aui(t —d — 1) + &(t) (3.8)

(2

12



where
flfq(z_l) = AAS(z7) (3.9)
and
qu(z_l) =1+ al(i)z_l + ot nayz” ",
B{(z7Y) = oy + bz + o+ bz, (3.10)
Cil(zh) =1+ C1(¢)Z_1 + oot Crei)z

u;i(t),y:(t) are the plant input and output, d is a time delay, &;(t) represents the
effect of disturbances, and A = 1 —2z~'. The integrator is introduced in the form

U4 (t) = Auz (t) (3.11)

1—2-1

Respective cost function is defined with the following structure

Nya’i Nu,i
Ji(t) = D |Gt + 1) — @it + Ue)[h, , + D> [AG(E+1-1p)[f,, (3.12)
=1 =1

where II,,II, denote appropriate symmetric positive (semi)definite weighting
matrices and Ny, N, denote prediction and control horizons, respectively. The
output prediction model is obtained via a set of diophantine equations (Camacho
and Bordons, 2004; Rossiter, 2003). The vector form of the prediction model is
as follows

Vi(t) = Gitis(t) + Gz ) Aui(t + 1 — 1) + Fi(z7ya(t) =

: (3.13)
= Gui(t) + fi
gi(t +d+1t) Au;(t)
7i(t) = , Ui(t) = , (3.14)
Ji(t +d + Nift) Au;(t+ N; — 1)
B 0 e 0
F 1 go
) d+1(277) 0 g - 0
P = ; L Gi=| N (3.15)
Fiayin, (271 '
at+n; (277) GNi—1 GNi—3 + go
(Gia+1(27") — g0)z
- (Giar1(z7) —go —grz™1)2°
Gi(z™h) = . (3.16)
(Gz‘,d+1(2_1) — go — 912'_1 - QNizNi)zNi

where f; denotes the free response and the rest with the constant matrix G;
denotes the forced response. Resulting minimization problem is as follows:

Jz(t) = (Gﬂll(t) + fz — wi(t))THy,i (Gzﬂz(t) —+ fz — ﬁ)l(t)> + a;‘FHu,lﬂz =
= %ﬂ?Hﬂz(t) + b;‘r’&l(t) + fO,i
(3.17)
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where

H;, = 2(G¢THy,iG7; + Hu,i)
b7 = 2<fi - u?i(t))THy,iG,- (3.18)

fos = (= @(®) T (fi = @)

According to the receding horizon (Maciejowski, 2002), the minimization of J;(t)
has analytical solution in the form

Auz(t) = Kz(ﬁjz(t) — fz) (3.19)

Let the reference trajectory to be constant over the prediction horizon, i.e. w(t+
) = w(t). Considering (3.13) the control law (3.19) can be rewritten as follows:

Ny,i Ny,i
— Z_l Z ki,lGi,l Auz Z kz l t -I— l Z ki,lFi(Z_l)’yi(t)
=1 =1

(3.20)
and the respective pole-placement control structure (Landau, 1998) is given as
Ri(z D Au(t) = Tiz"  w(t) — Si(z~Hy(t) (3.21)
where
Ny
Ri(z"" ) =1+42"") kiuGii(z7") (3.22)
1=1
Ny
Si(z7) = kiFia(z7") (3.23)
1=1

Ny
T(z7") = Z ki (3.24)
=1

The controller structure is depicted in Fig. 7. When considering constraints
on inputs (u,,u;), outputs (gi,yl) or rate inputs (du,, du;), the solution of the
optimization problem is found using a quadratic programming solver.
Resulting quadratic programming problem for ¢ = 1, ..., m subsystems is in
the form
L I, r T
minimize  —Awu; H;Au; + b; Au,;
Aug 2 (3.25)
subject to  ©;u,(t) < 7y

where
[ I, ] [ U; i
_Ii _yi
. ZZ . @z — Liui(t — 1)
e, = AN r, = —du, + Lyu(t — 1) (3.26)
G Y — fi
=& i -y, + i
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Figure 7: Polynomial structure of the decentralized controller for MIMO system
represented by equivalent subsystems

and
1 0 O0.. 0 1
1 1 0... O 1
Zi=|. . . s Li= . (3.27)
1 1 1.. 1 1

3.3 Controller Design Procedure

The proposed control strategy is based on designing local predictive controllers
for m individual equivalent subsystems in a such a way that by solution of m
control problems ensuring required performance for equivalent subsystems, the
closed-loop performance for overall system is guaranteed. The decentralized pre-
dictive control design procedure results from the above development and consists
of the following steps (Kozdkova and Krasnansky, 2015a):

1. Plant model discretization:

Rme

e Discretization of the continuous-time plant G(s) € using an

appropriately chosen sampling time T%.

e Specification of the sampling frequency and of the feasible frequency

range.
ws =27m/Ts, w € (O;ws/2)

2. Generating equivalent subsystems

e Partition of obtained discrete-time transfer function matrix G(z) into
the diagonal G4(z) and off-diagonal part G.,(z) according to (3.4).

e Calculation and plotting of characteristic loci g;(2), i = 1,...,m of
the matrix Gy, (2) for z = ’**= where w € (0,ws/2).
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e Choosing characteristic function gi(z) for a fixed k € {1,...,m}.

e Generating and plotting discrete frequency responses of independent
equivalent subsystems for selected g (z)

Gl (2) =Gai(z) + gr(z), i =1,...,m; ke {l,..,m}

3. Identification of linear models (of appropriate order) of equivalent subsys-
tems using the frequency responses data models obtained from obtained
moduli and phases values of equivalent subsystems.

4. Independent design and tuning of m local SISO GPC controllers with spec-
ified performance requirements for all m equivalent subsystems G;?, i =

1,...,m using GPC design methodology described in Section (3.1).

5. Verification of closed-loop stability and achieved performance of individual
feedback loops of equivalent subsystems under local predictive controllers
and of the overall system respectively.

It should be noted that to verify closed-loop stability of individual subsystems
any of the well-known stability conditions can be applied. Derivation of the
characteristic equations of the closed-loops for equivalent subsystems can be
easily obtained by substituting the analytic solutions (3.21) into the transfer
function models of the system (3.8).

3.4 Example

The proposed design approach to design decentralized model predictive con-
troller has been applied for a 3x3 MIMO system. The system is described by
the transfer function matrix in the form

B 2.507 1.37 1.553 .
63.67s + 1.033 1426s185s + 0.933 176552 + 90s + 1
G(s) = 1.527 3.098 2.03 (3.28)
%)= | 2700s2 +120s + 1 93.67s + 1.033 183252 + 88s + 1 '
2.039 1.143 3.968
| 250082 + 163.3s +1  2200s2 + 123.3s + 1 76.67s+1

This model has been discretized using a sampling time 75 = 30. The de-
centralized controller was designed according to the design procedure 3.3. The
discrete-time linear models have been obtained by identification from the fre-
quency response data (see char Fig. 8). The corresponding identified discrete-
time transfer functions are in the form

Gz 1) 0 0
Gz = 0 Gz 0 (3.29)
0 0 Gs%(z™h)

where
1.366z1 +0.0111z2

~ 1-0.90692—' +0.15132-2

Gz h) (3.30)
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Figure 8: Nyquist frequency response of equivalent subsystems for selected g2(2)

1.275271 4+ 0.042372 2

eq/._—1\
G (2 ) = 09714 1+ 0.118335 2

(3.31)

_ 1.71527 1 + 0.08163z 2
Gz = 3.32
3 (27 = T yoamas 1 0.174722 (3.32)

Local GPC controllers in the polynomial form (3.21) were designed using the
following parameters: N, = 15, N, = 15, weights II,; = 40,1[,» = 30 and
1,3 = 25.

The simulation results for closed-loop system in Fig. 9 prove that the system
is stable with good control performance represented by the zero steady-state
error achieved for all system output variables.

outputs

inputs

0 500 1000 1500 2000 2500 3000 3500

time [s]
Figure 9: Time responses of the system inputs, outputs and set-points
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4 Hardware Implementation of Control Algorithms

The methodology for the implementation of control algorithms using FPGAs is
presented. The complexity of control algorithms increases hand in hand with
higher functionality requirements and the time available to complete the cal-
culations decreases to keep pace with ever-faster electronic devices. Therefore,
microprocessor-based solutions are not longer suitable to execute the control al-
gorithm within the accessible time limit. A potential solution to such limitations
is to use of hardware-based control systems. FPGAs platforms allow the control
algorithms to be implemented by programming reconfigurable hardware logic re-
sources of the device. The control algorithm has to be manually translated into
individual operations, that are subsequently encoded using the so-called Hard-
ware Description Language (HDL) such as VHDL or Verilog and the final code
is then synthesized to program a device.

Hardware implementation requires using designs based on arithmetic opera-
tions. Therefore, starting with conventional PID control algorithms we present
necessary modifications of control design approaches proposed in this thesis to
obtain an implementable control algorithms.

4.1 Digital PID Controller

Implementation of PID controllers using microprocessors and DSPs is well known
(Tang, 2001). On the other hand, PID implementation using FPGAs is relatively
new topic. The standard form of PID controller output in continuous-time has
the following form

u(t) = ks, (e(t) + Ti/ot o(t)dt + T dd(tt)) (4.1)

i

where the adjustable parameters are the proportional gain k,, the reset time 7;
and the derivative time Ty, while u(t) is the control output and e(t) is the error
signal (set-point response level — measured response). To reduce the resources
consumed for the design, a serial or parallel design can be applied. The advantage
of serial approach consists in that only one adder and one multiplier are needed
(Zhao et al., 2005). The parallel form of PID controller on the other hand,
represents the non-interacting realization. The other parts in the implementation
include datapath circuits represented by registers, multiplexers and circuits for
arithmetic operations.

Hardware implementation of control algorithms requires their discrete-time
representation. Thus, for selected sample time T, the equation (4.1) can be
discretized

k—1
u(k) = kpe(k) + ki > _ e(j) + ka(e(k) — e(k — 1)) (4.2)

7=0
where k is a discrete time instant, k; = k,T's/T; is the integral coefficient and

kq = kpTq/T's is the derivative coefficient. More effective is to use its incremental
form:

u(k) =u(k — 1) + Au(k) = u(k — 1) 4+ gpe(k) + gie(k — 1) + gae(k —2) (4.3)
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where

gp = kp + ka
gi = —kp — 2kq + k;
ga = ka

In (4.3) the accumulation of all past errors is avoided, which is desirable in
the software implementation for fast computation. Hardware implementation is
based on the parallel design (Chang, Moallem, and Wang, 2004), which allows
using arithmetic unit for each operation, where every unit is represented by an
adder or a multiplier. Following that, the controller (4.3) is decomposed into
basic arithmetic operations:

(k) = w(k) — y(k) (4.4)

pp = gpe(k) (4.5)

pi = gie(k — 1) (4.6)

pa = gae(k — 2) (4.7)

V1 = pp + Pi (48)

vo = pag + u(k — 1) (4.9)

The calculated current control output is in the form

U(k?) = V1 + V2 (410)

The corresponding parallel PID design (see Fig. 10) requires a total of 2 combi-
national logic multipliers, 3 adders and 3 registers (Krasnansky, Dvorscdk, and
Kozék, 2014).

y(k)

e(k
j—) ¥,y REG
w(k) Tclk

Figure 10: Parallel design of incremental PID algorithm

To control the plant a feedback control loop structure depicted in Fig. 11
is used. Each block in the scheme represents an entity in the algorithm. This
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divider measurement

clk sys T Treset

Figure 11: Control loop block scheme

structure is used in all implementation schemes of control algorithms presented
in the thesis. The entity Set-point allows changing of the set-point value in
time. The values of the reference trajectory are predefined of 12-bit size. Clock
divider is used to change the clock cycle frequency in order to obtain different
frequencies related to different blocks. For instance, D/A block operates at the
frequency 10 MHz, but the block Control algorithm uses the frequency 10 Hz
as the sampling time. Functionality of the entity Control algorithm is designed
according to the selected controller structure. The control design in Fig. 10 can
be described as follows. The clock signal clk is used to control the sampling
frequency. In order to produce the current control error e(k), binary functions
of negation and subtraction are used to generate the negation of y(k). Registers
are used to store obtained intermediate results. On the other hand, multipliers
and adders are used to perform multiplication and addition of input signals ac-
cording to the specified arithmetic operations.

The bit word length and radix setting of input, output signals must be deter-
mined to ensure the fidelity of the algorithm (Krasnansky and Dvorsc¢ak, 2015).
Decimal numbers are implemented using fixed-point arithmetic and bit widths
of the data are determined carefully at every operation, since every addition or
subtraction causes adding an extra bit. The control input signal is bounded
within limits with respect to the resolution of D/A converter and to the plant
and FPGA device working range. Using incremental PID algorithm, the imple-
mentation of anti-windup system is straightforward.

The control input value wu;, is being checked and the output we.: is deter-
mined according to the following condition

Umazx if Uin > Umazx
Uout = Uin if Umazx Z Uin 2 Umin (411)

Umin lf Uin < Umin

where wu;, represents the control input before saturation and ue.: is saturated
control input variable. Bounded signal is latched at register REG, thus becomes
u(k — 1) of the next cycle. Moreover, in the velocity form of the algorithm,
no summation appears avoiding the windup problem (Seborg, Edgar, and Mel-
lichamp, 2003).
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4.2 Switched PID Controller

Consider that in each operation mode 4, a stable PI (PID) controller R'(s), i =
1,...,p is designed and the nominal controller Ryo(s) as well as controllers R(s)
are calculated according to (2.19) and (2.20). Implementation on FPGA plat-
form requires to decompose controller equation into basic arithmetic operations.
At first, calculated controllers are discretized using appropriate sampling time
Ts. Consequently, the parallel design structure (Fig. 10) of individual controllers
in each operation mode ¢ = 1, ..., p is obtained. The control algorithms for all p
controllers are developed in VHDL based on the block scheme in Fig. 11.

The structure of the code is divided into several parts (entities), each repre-
senting one block. Switching between controllers is realized by 2-position slide
switch situated on the FPGA kit which generates constant high or low inputs
depending on its position. It has been programmed such that each position of
the button allows just one controller to be active at the moment. A possible
implementation scheme of the switch is in Fig. 12. A multiplexer allows digital
signals from several sources to be routed onto a single bus or line. Input sw0
allows the source of the signal to be chosen. In case of p operation modes switch-
ing between corresponding p controllers can be performed using of p/2 2-position
switch buttons.

A logic 1 on the swO0 line will connect the input bus in_al and in_b1 to the out-
put bus out_a and out_b, respectively. On the other hand, a logic 0 on the sw0
line will connect input bus in_a2 to output bus out_a and out_b, respectively.
Calculated control input signal for each controller R®, i = 1,...,p is bounded

7777777777777777777777777777

in_al i i

| out a

! MUX ————
in_a2 ' |
in_bl i i

| out b

! MUX ————
in_b2 ! !
sw0 3 i

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 12: Switch implementation scheme

within limits with respect to the resolution of D/A converter and to the plant
working range.
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4.3 Decentralized Model Predictive Controller

The frequency domain predictive method is easier for application and can im-
prove performance of control circuit. The presented predictive control method
can be used in practice on real devices like FPGA without needs of complicated
numerical calculations.

Consider the control law to be described by the set of RST polynomials
representing local SISO predictive controllers designed for individual equivalent
subsystems G5(z), i =1,....,m

Ri(z DA (t) = Ti(z Dwi(t) — Sz~ )wa(t) (4.12)
Assuming Au;(t) = (1 — 27 ")u;(t) and after some manipulations, one obtains
wi(t) = Tz~ Dwi(t) — Si(z” yi(t) — Ri(z™) (4.13)
where
Ri(z" ) =1+riz""+riz" 4+ . +riz"!
Si(z7 ) =siz " Fshy L sy ! (4.14)
Ti(z" " =71°

Hardware implementation requires decomposition of the control law (4.13)
into basic arithmetic operations, where each operation is represented by an adder
or multiplier:

V= 1'w (1) (4.15)
of =riu'(t—1) (4.16)
(4.17)

ol =riu' (t — a)
% = soy' () (4.18)
"= s1y'(t - 1) (4.19)
(4.20)

Yo = 8y’ (t = D)
=AYt e+ (4.21)
ph=al +ab+...+al (4.22)
e =v' —u} (4.23)

The calculated current control output is given as
u'(t) =" — b (4.24)

The respective controller realization scheme representing the k£ polynomial con-
troller is in Fig. 13. The control algorithm is developed using VHDL and the
control scheme is similar to the principled block scheme (Fig. 11).
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Figure 13: Polynomial GPC implementation scheme

4.4 Example

The effectiveness of two presented controller design methods, namely a switched
PID control algorithm and a decentralized GPC controller has been tested ex-
perimentally on the laboratory MIMO plant with two inputs and two outputs.
The plant can operate in two modes. The mathematical model of the system
has been obtained by identification from the I/O data measurements in selected
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working point carried out by using of two analog 2-channel oscilloscopes from
Digilent Inc. Obtained transfer function models:
Operation mode 1:

0.06708z"1 — 0.042232~2 0.007201z~' — 0.019452 2

1—1.611z"1 4+ 0.6282—2 1 —1.7652—1 4+ 0.78212—2
G'(s) = (4.25)

—0.010232"1 +0.009237272  0.075872"! 4+ 0.014992 2

1 —1.8962—1 4+ 0.89882—2 1—1.1412-1 +0.218222

Operation mode 2:

0.045912~' — 0.003486z 2

B 1 —1.6182~1 + 0.65492—2

G*(s) = (4.26)
0.005095z~! — 0.01111z~2 0.123z7! +0.02891z2
1—1.7792=1 +0.79692=2 1 — 1.1652~1 + 0.32332—2

Frequency-domain switched controller design

Local SISO controllers R'(s),i = 1,2 were designed according to design proce-
dure 2.1 for individual equivalent subsystems using Bode design method (Kuo
and Golnaraghi, 2003). To achieve overshoot-free closed-loop responses, the re-
quired phase margins of 65° have been selected. Consequently, the controllers
have been discretized with sampling time 75 = 0.1.

The closed-loop switched system stability condition (2.12) has been examined
in Fig. 14. The switched system is stable in all operation modes including the
switching between individual controllers. The control algorithm was developed

0.8

0.7

0.6

Gmax( S)

0.5

0.4

107 10° 10°

o [rad/sec]
Figure 14: Fulfillment of the switched stability condition (2.12)

using VHDL language and Xilinx Vivado software environment according to the
control implementation structures in Fig. 11 and Fig. 10. Considering a MIMO
system operating in two modes, four controller blocks were used in the scheme.
Synthesized code has been implemented into Nexys-4 board.
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Experimental results

The real system measurements depicted in Fig. 15 and Fig. 16 demonstrate the
effectiveness and good performance of the FPGA-based switched decentralized
controller in individual operation modes as well as during switching between
them.
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Figure 15: Measured reference, first input and first output signal during experi-
ment

Decentralized predictive controller design

Consider the system operates only in the first mode. Using the control design
procedure 3.3 the discrete-time linear models have been obtained by identifica-
tion as fourth-order Output-Error models with sampling time Ts = 0.1

cor 1 0.04845271 — 0.04163272 — 0.030742~2 + 0.026322~*
G q(z ) —
1 1 -3.1222"14+3.6152~2 — 1.8352—3 + 0.34342—4

(4.27)

~0.1564z" ' —0.19822 % + 0.009087z " + 0.039742*
1 —2.56421 +2.234272 — 0.6963273 4 0.03062 4
Local GPC controllers in the polynomial form (3.21) have been designed with
the following design parameters: N, = N, = 6, weights II,; = 40, II,2 = 20 and
sampling time Ts = 0.1. The corresponding control algorithm has been developed

using VHDL language and Xilinx Vivado software environment. The plant has
been controlled with Xilinx Nexys-4 FPGA clocked at 100 MHz.

G5z (4.28)
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Figure 16: Measured reference, first input and first output signal during experi-
ment

Experimental results

The results of experiments performed under the decentralized predictive con-
troller in Fig. 17 and Fig. 18 confirm sufficient implementation as well as stabil-
ity and achieving desired performance under time-varying reference trajectory.
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Figure 17: Measured reference, first input and first output signal during experi-
ment
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Figure 18: Measured reference, second input and second output signal during
experiment

5 Conclusions

The PhD thesis deals with development of hybrid control structures for complex
mechatronic systems and algorithmization of proposed control design methods
for hardware implementation on FPGA platform. This study has been moti-
vated by recent results in robust and decentralized control of complex systems
including hybrid systems in the time and frequency domains. The main objective
was to elaborate on the achieved theoretical results a practice-oriented design
strategy and to develop new design procedures as well as to verify theoretical
results on selected case studies. Novel control design approaches for single-input
and single-output as well as multi-input and multi-output dynamic systems are
based on the theoretical findings derived in the frequency domain.

The objectives of the thesis have been specified on the basis of the present
developments in decentralized control of multivariable systems and switched lin-
ear systems control from the viewpoint of time domain and frequency domain
approaches. A new control design procedure for switched linear systems devel-
oped in the frequency domain is supposed to be better to understand in the
engineering community, thus its practical ability is supposed. A new approach
to decentralized model predictive control design for multivariable systems de-
veloped in the frequency domain allows decompose complex control problem to
several subproblems which may be solved independently with individual perfor-
mance requirements. From the practical point of view a design methodology to
the hardware implementation of the proposed control design methods on FPGA
devices is proposed. The effectiveness of developed control algorithms is veri-
fied on several case studies. The controller design based on FPGAs is becoming
more and more popular in industries, and also due to incontestable advantages,
FPGA controllers are expected to be employed in production lines in the very
near future.
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The achieved results of the thesis are both in theoretical and practical do-
mains. The following section summarize the main contributions according to
formulated thesis objectives.

5.1 Contributions of the Thesis
5.1.1 Theoretical contributions

Theoretical contributions are in design and development of hybrid control struc-
tures and algorithms. In particular:

e Development of the frequency-domain switched stability condi-
tion
A new frequency-domain switched system stability condition has been de-
rived based on the M — A structure of closed-loop system and the small gain
theory while it uses the affine model of the system and the controller. Thus,
it provides important results for the closed-loop stability of the multi-model
plant in all operation modes as well as stability during switching between
individual modes. The proposed method represents a sufficient stability
condition for SISO and MIMO switched linear systems under arbitrary
switching.

e Development of the control design procedures in the frequency-
domain
A new frequency-domain controller design procedure for switched systems
is proposed and realized in Section 2.1. The presented design approach is
applicable for both SISO and MIMO multi-model systems represented in
the affine form. Controller design can be performed using any frequency-
domain design method. For MIMO multi-model systems, a decentralized
controller is designed using Equivalent Subsystems Method, which allows
independent design of local SISO controllers for individual equivalent sub-
systems with prescribed performance requirements. Effectiveness of the
proposed design methodology has been illustrated by example of a SISO
system controlled under very fast switching.

e Development of the control design procedure guaranteeing ro-
bust stability and required nominal performance
An extension of the frequency-domain control design procedure for ro-
bust stability in individual operation modes is proposed. An unstructured
uncertainty model is used for nominal model calculation and the robust
stability condition is included in the controller design. Resulting robust
controller design procedure employs the switched stability condition and
guarantees robust stability in individual operation modes. Moreover, a
comparison of the effectiveness of developed controller design procedure
and the state-space robust design approaches is demonstrated on several
examples via simulations and experiments. Robust control design meth-
ods for switched systems in the time domain often lead to BMIs, thus to
find a feasible solution may represent a problem. On the other hand, the
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frequency-domain approaches are better understand in engineering commu-
nity and therefore more eligible. Based on the simulation and experimental
results of examples, the presented control design approach is believed to
represent the alternative in robust (decentralized) control of switched sys-
tems, which can bring useful results.

e Design and development of frequency-domain decentralized model
predictive control for complex systems with multiple inputs and
outputs
A novel approach to the decentralized model predictive controller design
in the frequency domain has been proposed in Chapter 3. It provides the
extension of the applicability of equivalent subsystems approach in the
field of model predictive control. The main advantage of this approach is
a diagonalization of the original plant by generating a diagonal matrix of
equivalent subsystems. Subsequently, from the frequency response models
of the equivalent subsystems, the discrete-time linear models are identified.
This way, local predictive controllers for individual equivalent subsystems
can be designed and tuned with corresponding performance specifications
whereas achieved stability and control performance of equivalent closed-
loops are guaranteed for the full system. Important points in the design
procedure are model identification from frequency responses of equivalent
subsystems, and stability analysis based on polynomial control structure
of the unconstrained control algorithm. The effectiveness of the proposed
methodology has been demonstrated on simulations and experiments on
multivariable processes.

5.1.2 Practical contributions

e Algorithmization of developed control design approaches for hard-
ware implementation on FPGA platforms
Based on the proposed control design approaches, synthesizable control
schemes for hardware realization have been derived and corresponding con-
trol algorithms have been developed using VHDL. In particular, control
algorithms for conventional PI/PID controllers, a decentralized switched
PI controller, and a decentralized GPC controller have been successfully
synthesized using Xilinx design tools (ISE Design Suite and Vivado Design
Suite).

e Hardware realization and implementation of developed control
algorithms
Developed control algorithms have been implemented on FPGA boards
from Xilinx: Spartan-6 SP601 and latter Nexys-4 kit. After VHDL code
synthesis a bit-stream has been generated and successfully implemented on

FPGAs.

e Real-time experiments
The applicability and effectiveness of developed FPGA-based control al-
gorithms have been verified by real-time experiments on two mechatronic
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plants. In particular, conventional PI(PID) algorithms have been designed
for SISO model of a laboratory DC motor system and implemented on
Spartan-6 FPGA. Decentralized control algorithms have been implemented
on Nexys-4 FPGA board and tested in control of laboratory DC motors
system with multiple inputs and outputs, which can operate in two modes.
Experimental results of practical examples show the effectiveness and easy
implementation of the control schemes providing important results for the
future applications.

The effectiveness of the presented control methods have been experimentally ver-
ified by simulations and in real systems control. Achieved results were published
at important international conferences and journals.

5.2 Future research perspectives

In this section we propose several possible directions and ideas that might be
interesting for the future research.

The switched system stability condition presented in Chapter 2 represents
only sufficient condition. Therefore, it would be interesting to find the possi-
bilities of reducing its conservatism. The developed procedure based on this
condition has been used in robust control design. In the future it would be
interesting to derive a robust switched stability condition guaranteeing robust
stability also during switching between individual operation modes.

The future development could deal with guaranteeing desired performance of

the full system by systematic tuning of the GPC design parameters (prediction
horizons, weights), as well as with the problem of guaranteeing stability under
the decentralized GPC with constraints.
The results of the research in hardware implementation of control algorithms can
be considered as preliminary but a relevant starting point which will prompt fur-
ther interest in controller implementation. The further research could be focused
on finding solutions for implementation of complex optimal controllers based on
simple, easy-to-implement computation principles. In case of MPC with con-
straints on system variables, it would be interesting to study simple but effective
algorithms solving the real-time optimization problem with less computational
effort. This leads to complex matrix computations, where specific substitutions
are needed to be used.
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Resumé

Predkladand dizertacnd praca sa zaobera vyvojom hybridnych riadiacich struktur
pre mechatronické systémy vo frekvencnej oblasti ako i moznostami hardvérovej
implementacie odvodenych algoritmov riadenia na FPGA struktirach pre potreby
riadenia dynamickych procesov s rychlou dynamikou.

Cielom teoretickej casti prace bolo rozpracovat nové pristupy k riadeniu
tak jednorozmernych ako aj mnohorozmernych zlozitych dynamickych systémov
vychadzajuce z teoretickych poznatkov odvodenych vo frekvencnej oblasti. Prvy
pristup k névrhu riadenia je odpovedou na nedostatok metéd a pristupov k
riadeniu hybridnych systémov (systémov s prepinanim) vo frekvenénej oblasti.
Zabezpecenie stability uzavretého regulacného obvodu pre systémy s prepinanim
predstavuje nelahkud dlohu. Navrhnuty pristup je zalozeny na metodike tedrie
malého zosilnenia a M — A struktire, ktora riesi postacujicu podmienku sta-
bility. V préaci je odvodend frekvencnd podmienka pre stabilitu uzavretého
regulacného obvodu pre systémy s prepinanim, zabezpecujica stabilitu v jed-
notlivych rezimoch ako i pocas prepinania medzi nimi. Podmienka stability je
zalozena na afinnom opise systému a regulatora. Na zaklade tejto podmienky bol
v praci odvodeny postup navrhu regulatora pre systémy s prepinanim, aplikova-
telny tak pre SISO ako aj MIMO systémy. Odvodeny postup umoziiuje navrh
jednoduchych PI/PID reguldtorov, pricom pre vypocet parametrov reguldtora je
mozné pouzit Tubovolnu frekvenéni metédu.

Pre systémy s viacerymi vstupmi a vystupmi bol v praci odvodeny postup
navrhu decentralizovanych reguldtorov zalozeny na metdde ekvivalentnych pod-
systémov, ktord sa vyvija na skoliacom pracovisku posledné desatrocie a umoziuje
nezavisly navrh regulatorov pre tzv. ekvivalentné podsystémy. Pre riadenie
systémov s neurc¢itostami bol odvodeny postup ndvrhu robustnych reguldtorov s
prepinanim, pri¢om pre mnohorozmerné systémy je opat vyuzitd metéda ESM.
Pre vypocet nominalneho modelu systému a navrh regulatora boli pouzité mod-
ely s dynamickou (nestrukturovanou) neurcitostou. Robustné reguldtory v afinn-
om tvare navrhnuté tymto postupom zabezpecuju robustnu stabilitu v jednotli-
vych pracovnych rezimoch plného systému, pricom vdaka podmienke stabil-
ity garantuju stabilitu pri prepinani medzi jednotlivymi rezimami. Navrhnuté
metédy a pristupy boli overené simula¢ne na niekolkych laboratérnych mode-
loch redlnych procesov ako i experimentélne riadenim realnych procesov (systém
prepojenych motoréekov v SISO a MIMO zapojeni). Efektivnost a kvalita
navrhnutych pristupov boli porovnané s pristupmi odvodenymi v ¢asovej oblasti
prostrednictvom porovnavacich simula¢nych prikladov. Stabilita systému s navr-
hnutymi reguldtormi bola testovana na prikladoch i pri velmi rychlom prepinani
medzi rezimami, pricom ziskané vysledky potvrdzuju teoretické predpoklady a
dokazuju praktickid vyuZzitelnost odvodenych metéd a postupov. Funkcionalita
tohto pristupu bola overend na priklade riadenia silno nelinedrneho systému
(bubnovy kotol), pricom bola porovnana kvalita riadenia pri pouziti jedného
robustného reguldtora pre celd oblast a riadenia s uvazovanim prepinania medzi
viacerymi robustnymi reguldtormi. Na zaklade dosiahnutych vysledkov je mozné
povedat Ze pristupy odvodené vo frekvencnej oblasti si IahSie pochopitelné a
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prakticky vyuzitelné v inZinierskej praxi.

Druhy pristup predstavujtci rozsirenie pouzitelnosti metédy ESM v praxi
je opisany v piatej kapitole. Umoznuje navrh decentralizovaného prediktivneho
riadenia pre zlozité systémy s viacerymi vstupmi a vystupmi. Jednou z mo-
tivacii pre odvodenie tohoto postupu bolo prave rozsirenie aplikovatelnosti ESM
metédy, ktord doteraz umoznovala pouzit pre vypocet parametrov reguldtora
iba frekvenéne metédy. Dalsou motivaciou bolo redukovat problémy spojené
s navrhom centralizovaného regulatora pre uplny systém. Hlavnou vyhodou
navrhnutého pristupu je rozdelenie tlohy navrhu regulatora pre tiplny systém na
niekolko jednoduchych tiloh navrhu lokéalnych reguldtorov pre jednotlivé ekviva-
lentné podsystémy predstavujice samostatné uzavreté regulacné slucky. Odvo-
dend metéda umoznuje nezavisy navrh lokalnych reguldtorov s moznostou
Specifikovat poziadavky na kvalitu pre kazdy regula¢ny obvod konkrétneho pod-
systému. NavySe, v pripade ak je zabezpecenda stabilita jednotlivych ekviva-
lentnych regula¢nych sluciek, je zaroven garantovana i stabilita iiplného systému.
Postup navrhu regulatora je zalozeny na identifikacii ekvivalentnych podsystémov
z frekvencénych charakteristik a ziskani linearnych modelov v tvare diskrétnych
prenosovych funkcii vhodnych pre navrh prediktivnych regulatorov. Pre ziskané
modely ekvivalentnych podsystémov je mozné navrhnit lokalne SISO prediktivne
reguldtory v polynomialnom tvare (GPC), ktoré umozinuji jednoducho vykonat
analyzu stability uzavretého regulacného obvodu jednotlivych podsystémov. Jed-
nou z vyhod pouzitia GPC regulatorov pre mnohorozmerné systémy oproti inym
prediktivnym metodam zalozenym na stavovom opise riadeného systému je prave
vstupno-vystupny opis systému. Vysledkom navrhu je, ze stabilita a kvalita
plného systému su garantované ak je zabezpecend stabilita a dosiahnuté kvalita
v ramci jednotlivych ekvivalentnych podsystémov. To umoznuje pri navrhu
§pecifikovat kvalitu riadenia nezdvisle pre jednotlivé vystupy systému. Novy
pristup pre navrh decentralizovaného prediktivneho regulatora bol overeny na
simulaénych prikladoch (3x3 MIMO systém) i experimentélne (2x2 MIMO systém
prepojenych motoréekov). Dosiahnuté vysledky prispievaji k rozsireniu ap-
lika¢nych oblasti metédy ESM a prinasaji nové poznatky a moznosti pre budici
vyskum v danej oblasti.

Vyuzitim navrhnutych pristupov riadenia v kapitolach 2 a 3 je mozné ria-
dit zlozité mnohorozmerné mechatronické systémy a hybridné systémy pouzitim
struktir riadenia zalozenych na navrhu lokalnych SISO reguldtorov zabezpecuju-
cich zeland kvalitu riadenia pre uplny systém. Rozlozenie zlozitych problémov
riadenia na mnozstvo jednoduchsich iloh umoznuje jednoduchi hardvérovi im-
plementaciu algoritmov riadenia pre zlozité systémy pri nizsich ¢asovych a ener-
getickych ndkladoch. Vdaka tymto vyhoddam je mozné najst vyuzitelnost odvo-
denych struktir riadenia vo vSetkych oblastiach mechatronickych aplikacii.

Hlavnym cielom praktickej ¢asti bolo navrhnit struktiry radenia vhodné
pre hardvérovu implementaciu vychadzajic z odvodenych hybridnych riadiacich
struktar pre SISO aj MIMO systémy. Pouzitie FPGA obvodov bolo v minulych
rokoch obmedzené, nakolko neumoznovali vytvorit velmi zlozité zapojenia, ktoré
su v dnesnych modernych konstrukciach z oblasti telekomunikacii a digitalneho
spracovania signalov nutné. Pokrok v technolégii vyroby obvodov FPGA a

35



samozrejme aj vo vyvoji potrebného navrhového softvéru umoznil ich pouzitie
aj pre navrh digitdlnych zapojeni so zlozitostostou stoviek tisicov az miliénov
logickych hradiel.

Prva cast Siestej kapitoly pojedndva o FPGA obvodoch z pohladu architektiry,
principu ¢innosti, hlavnych vyhod, nevyhod a z pohladu moznosti implementécie
riadiacich algoritmov v porovnani s realizaciou na mikroprocesoroch. V druhej
casti kapitoly su opisané vlastné navrhy a postupy nutné pre hardvérovu re-
alizaciu vybranych riadiacich algoritmov na FPGA obvodoch. Algoritmy ri-
adenia boli odvodené na zaklade pristupov opisanych v kapitolach 2 a 3. Ich
funkénost bola nésledne experimentalne otestovand na vybranych redlnych pro-
cesoch ralizovanych na systéme prepojenych motorcekov v zapojeni pre SISO
a MIMO systém. Matematické modely boli ziskané identifikdciou na zdklade
vstupno-vystupnych dat vo zvolenych pracovnych bodoch. Navrhnuté algoritmy
riadenia boli dspesne implementované na FPGA obvodoch a zaroven bola ov-
erena funkcionalita hardvérovej realizacie. Konkrétne sa jednalo o dva typy ob-
vodov od spolocnosti Xilinx a to vyvojové dosky Spartan-6 s podporou softvéru
Xilinx ISE Design Suite a Nexys-4 s podporou softvéru Xilinx Vivado Design
Suite. Dosiahnuté vysledky potvrdzuju spravnu funkcionalitu hardvérovej re-
alizdcie, prakticki pouzitelnost a tiez stabilitu uzavretého regulaéného obvodu vo
vSetkych pracovnych bodoch ako aj pri prepinani medzi jednotlivymi rezimami
(pri riadeni systému s prepinanim) a kvalitu riadenia (riadenie s nulovou alebo
minimalnou regula¢nou odchylkou) odvodenych riadiacich algoritmov.

Na zéklade prehladu sicasného stavu je moZzné povedat, Ze vyvoj metdd
implementacie riadiacich algoritmov na FPGA struktiurach je stale vo svojich
zaciatkoch. Samotnd architektira tychto obvodov nepriptsta existenciu konkrét-
nej metodiky navrhu algoritmov na tieto zariadenia, ¢o prinasa vysoku flexi-
bilitu vo vyvoji novych metéd pre implementaciu. N&avrh algoritmov riadenia
zalozenych na FPGA strukturach sa stava viac a viac populdrny v priemysle
aj vdaka nespochybnitelnym vyhodam akymi st paralelizmus alebo rychlost,
pricom sa ocakava ze v blizkej budiicnosti budu tieto obvody zaradené vo vSetkych
oblastiach priemyselnej produkcie.

Napriek ziskanym vysledkom je mozné najst viacero otvorenych problémov,
ktoré by bolo vhodné rozpracovat v dalsom vyskume. V oblasti riadenia systémov
s prepinanim by bolo vhodné nijst moznosti zniZenia konzervativnosti odvo-
denej frekvencnej podmienky stability, ktord zatial predstavuje postac¢ujiicu pod-
mienku. Samotny navrh riadenia spociva v navrhu robustnych regulatorov pre
jednotlivé rezimy systému, pricom je zabezpecena stabilita pri prepinani medzi
jednotlivymi rezimami. V dalsom vyskume by mohlo byt prinosom modifiko-
vat podmienku stability pri prepinani tak, aby boli zohladnené i podmienky
robustnej stability. V oblasti decentralizovaného prediktivneho riadenia ostava
otvorenym problémom zabezpecenie stability uzavretého regula¢ného obvodu pri
uvazovani ohranieni na vstupné a vystupné premenné systému. Dalsi rozvoj
v oblasti implementacie riadiacich algoritmov na FPGA struktirach by mo-
hol byt zamerany na rieSenie problémov implementécie zlozitych optimalnych
reguldtorov (MPC s ohrani¢eniami) zaloZzenych na hladani jednoduchych vypoc-
tovych principov, ktoré si casovo menej narocné.
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