e o o o STU SLOVAK UNIVERSITY OF
e 0o 0 o TECHNOLOGY IN BRATISLAVA
e 0o 0 o FEI FACULTY OF ELECTRICAL ENGINEERING

AND INFORMATION TECHNOLOGY

Ing. Daniel Vozak

Summary of doctoral dissertation

ROBUST PREDICTIVE CONTROL OF
LINEAR SYSTEMS

A dissertation submitted for the degree of Philosophiae Doctor in doctoral
study programme: Cybernetics
Study field: 9.2.7 Cybernetics

Bratislava, July 2014



Thesis was developed in a full-time doctoral study at Institute of
Robotics and Cybernetics, Faculty of Electrical Engineering and In-
formation Technology, Slovak University of Technology in Bratislava.

Author:

Supervisor:

Opponents:

Ing. Daniel Vozak
Institute of Robotics and Cybernetics, Faculty of

Electrical Engineering and Information Technology,
Ilkovicova 3, 812 19 Bratislava

prof. Ing. Vojtech Vesely, DrSc.

Institute of Robotics and Cybernetics, Faculty of
Electrical Engineering and Information Technology,
Tlkovicova 3, 812 19 Bratislava

prof. Ing. Boris Rohal-Ilkiv, CSc.

Institute of automation, measurement and applied in-
formatics, Faculty of mechanical Engineering, Nam.
slobody 17, 812 31 Bratislava 1

prof. Ing. Ales Janota, PhD.
Department of Control and Information Systems, Fac-

ulty of Electrical Engineering, University of Zilina,
Univerzitna 1, 010 26 Zilina

Thesis summary was submitted on .........cccccceeviiiiiiiiiiiiiiiin,

Date and location of PhD thesis defence: ............................ at Fac-
ulty of Electrical Engineering and Information Technology, Slovak
University of Technology in Bratislava, Ilkovicova 3, 812 19 Bratislava.

prof. RNDr. Gabriel Juhas, PhD.
Dean of FEI STU



Abstract

Thesis Tittle: Robust predictive control of linear systems

Keywords: Predictive control, Robust control, Polytopic model, In-
put constraints

This thesis deals with the robust predictive controller design. Robust
stability of the closed-loop is important in the real systems where the
parameters are uncertain and the designer must be aware of the un-
certainty in the controller design procedure. This is a well known
problem in the standard predictive controller because it does not
guarantee the closed-loop stability. This work focuses only on the
polytopic uncertainty description. Two robust predictive controller
algorithms are presented. First is based on the transfer function
model of the system and is suitable for SISO system. The method
uses off-line minimization of the sum of squares of errors for the con-
troller parameters calculation and it adds a variable gain approach
to achieve input constrains. Second algorithm uses state-space model
and is based on the previous works. The design procedure is re-
placed with a less conservative parameter dependent Lyapunov func-
tion. The main contribution is in the practical implementation of the
algorithm where we made several improvements. The controller is
augmented with the set-point and the derivative part. Two realiza-
tion schemes are created and a new feedback structure is proposed
which allows to separate prediction horizons for controller realization
and practical implementation. Moreover, this approach creates a new
possibilities for constraints handling with several feedback gains. All
results are experimentally proved on simulations and real systems.



Anotacia dizertacnej prace

Nézov dizertacnej prace: Robustné prediktivne riadenie linedrnych
systémov

KIiéové slové: Prediktivne riadenie, Robustné riadenie, Polytopicky
model, Obmedzenie akéného zasahu

Préca sa zaoberd ndvrhom robustnych prediktivnych reguldtorov. Ro-
bustna stabilita uzavretého regula¢ného obvodu je doélezitou vlast-
nostou pri redlnych systémoch a je potrebné ju zahrnitf do navrhu
regulatora. Zaroven je to znamy problém standardnych prediktivnych
reguldtorov, ktoré negarantujui stabilitu systému. T'ato praca je zame-
rand na polytopicky opis neurcitosti. Navrhnuté si dva algoritmy ro-
bustnych prediktivnych regulatorov. Prvy vychadza z modelu systému
v tvare prenosovej funkcie a je vhodny pre SISO systémy. Metoda
navrhu pouziva minimalizaciu sumy Stvorcov odchylok na vypocet
parametrov reguldtora a variabilné zosilnenie na zabezpecenie obme-
dzenia akéného zdsahu. Druhd metdéda pouziva stavovy model systé-
mu a je zalozena na predchadzajucich pracach. Vypocet reguldtora
je nahradeny menej konzervativnym s pouzitim parametricky zavislej
ljapunovovej funkcie. Hlavnym prinosom je prakticka realizacia algo-
ritmu s viacerymi zlepSeniami. Reguldtor je doplneny ziadanou hod-
notou a deriva¢nou zlozkou. Vytvorené si dve schémy na realizaciu a
navrhnutd je nova struktira vystupnej spitnej vazby, ktord umoznuje
oddelit horizont predikcie pre vypoéet optimalnych parametrov a ho-
rizont pre realizidciu a obmedzenia. Navyse, tento pristup poskytuje
nové moznosti pri obmedzeni akéného zasahu s viacerymi roznymi zo-
silneniami spétnej vizby. VSetky vysledky st experimentédlne overené
na simulédciach a aj redlnych systémoch.
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1 Introduction

The linear control theory became very well developed in the last cen-
tury. Controller designers can use an immense number of methods to
find the best controller parameters starting from simple experimental
methods and loop shaping techniques or numerical methods to more
advanced optimal control. When it comes to extend the standard lin-
ear control theory there are two main areas which became the most
important.

First is the linear system with constraint. Every real system con-
tains some constraints and it is necessary to take account of them in
the controller design procedure or even in the controller algorithm.
Thus, it is a natural way how to expand standard linear models. The
basic solution of this problem was to include some anti-windup tech-
niques. More systematic approach which allowed new possibilities
is the model predictive control (MPC). That is why MPC attracted
a lot of practitioners and became one of the most used advanced
control techniques in the industrial applications. There exists sev-
eral MPC formulations based on the state-space, transfer function or
step/impulse models. All of them are non-linear controllers which
makes the analysis of the closed-loop properties much harder. The
underlying idea of MPC is to use the system model to predict the
future system behaviour and then to find an optimal system input
by minimization of a cost function.

Second area is the robust control theory which allows to design a
controller with guaranteed stability and performance for the system
model with defined uncertainty. This approach is necessary because it
is impossible to obtain a perfect model and/or the system parameters
can vary depending on some working aspects. The uncertainty can be
defined in various forms like the interval model, the polytopic model,
additive/multiplicative uncertainty... There exists a wide range of
methods for the robust stability analysis for both SISO and MIMO
systems. They differs not only in the type of uncertainty but also in
conservativeness. Nowadays, we have robust controller design pro-
cedures which can reliably guarantee the robust closed-loop stability
and performance.

The predictive control and robust control are two different ap-
proaches that augment linear control theory with new possibilities
and advantages but still hold some parts of the well developed linear
system theory. Therefore, we do not need to use non-linear systems



for the closed-loop system analysis or the controller design. A lot
of research was done to connect the guaranteed stability and robust
stability with optimality and constraints handling of predictive con-
trol. Although, it yielded plenty of scientific publications there are
still open problem which needs to be solved.

2 Problems in the MPC algorithms

The MPC controllers are interesting for industrial applications be-
cause they bring some additional advantages over classical PID con-
trol which allows to have better performance or/and more economi-
cally effective production. It is mainly the ability of MPC to

e handle system constraint and anti-windup problems,

e control large MIMO systems,

e and optimality of the controller with simple tuning by weighting
matrices in the cost function.

Although, the MPC was successfully applied to a wide range of
industrial processes it contains some limitations which are caused
by the drawbacks in the MPC formulation. In the standard MPC
without modifications it is

the closed-loop stability is not guaranteed,

MPC does not include any robust stability and performance,
computational complexity of QP solver in each sample time
and the feasibility of the cost function with constraints.

The problem of stability is tightly connected with the robust sta-
bility problem. It is well known that all system models are imperfect
and contains some uncertainty. So, the design of a controller with
guaranteed stability in the whole uncertainty is fundamental for a
successful application on a real plant. Thus, the lack of stability
and robust stability is considered to be the most severe drawback of
MPC. In the literature we can find two basic principles of the most
used modifications how to ensure stability in MPC

e Terminal constraint in the cost function
e Infinite time horizon

Both principles can guarantee the closed-loop stability but the
the on-line computational complexity increases and the optimization



becomes more often infeasible. The on-line computational complex-
ity was highly reduced in the explicit MPC. It does not change the
cost function but only modifies the practical implementation of the
predictive control algorithm. It shows the control action depends
piece-wise affinely on the current system state. The very interesting
approach is presented in Vesely, Rosinova, and Foltin, 2010, It cre-
ates a combination of infinite optimization horizon to ensure robust
stability and finite time horizon for prediction of system outputs.
The work leaved a lot of open problem in the areas of conservative-
ness reduction, better constraint handling and mainly the practical
implementation problems.

To sum up the problem of robust stability in MPC still remains
an open task. Both infinite time horizon and terminal constraint can
be seen as a too restrictive in many cases. The explicit MPC reduces
computational complexity but from the point of view of control theory
does not bring any new ideas. The combination of terminal constraint
to guarantee robust stability and explicit solution of MPC can be
seen as a most advanced version of predictive controller which is
currently available. However, the wide range of methods from the
robust control theory indicates that there is an alternative approach
possible.

2.1 Formulation of the work contribution

Based on the overview of existing methods and the previous summary
of problems in MPC this thesis has the following goals:

e Create a design procedure of robust predictive controller for
SISO systems with transfer function model with soft input con-
straints handling based on the variable gain approach which
would be an alternative to GPC.

e Decrease conservatism of the robust predictive controller cal-
culation in the state-space by replacing the quadratic stability
with parameter dependent Lyapunov function.

e Solve the problems with practical implementation of the con-
troller and prove applicability on the real plants.

e Improve the procedure of the off-line output feedback gain cal-
culation.

e Incorporate the soft input constraints handling with guaranteed
stability.



3 Stable Predictive Control for SISO
systems

A new method of predictive controller design based on the transfer
function model of the system is presented. It demonstrates that for
SISO process it is possible to use a different design procedure to
obtain simple robust predictive controller with guaranteed stability
and also optimality of the output without the on-line optimization.
Moreover, it can be augmented with a variable gain which behaves
as a soft input constraint.

Consider the system model with polytopic uncertainty is
An(z7Yy(k) = Bn(271)Au(k). Let the control algorithm for the
Au(k) and the prediction of manipulated variable Au(k + i|k) be
defined in the form:

Au(k) =Fi (=) (u(k) )+Zk:( (k+ k) —w(k+ jlK)) (1)

Au(k +i|k) =F2(z’1)(y(k+i\k) —w(k;—i—i|k)> (2)

Coefficients of the polynomials Fy(z7!) and Fy(2~!) are the con-
troller parameters and values of k; (j = 1,...NN,) are parameters
bounded with prediction of the output. Orders of Fy(z71), Fy(z71)
and value of the prediction horizon N, are tuning parameters. In
order to guarantee the btability of the closed-loop system we must se-
lect Fy(271) and Fy(27 1) in a way that the characteristic polynomial
has all poles inside the unit circle. Parameters k; are obtained from
the optimization which minimizes the cost function

J=> e(k)? (3)
k=1

Where e(k) is the control error which quantifies the difference between
the set-point r(k) and the process output y(k).

Then we can use the method described in Hudzovié, [1967| to find
the value of . This method calculates the sum of e(k)? from coeffi-
cients of the reduced polynomials of the numerator and denominator
of the transfer function E(z) = %
w(k + Ny|k). The obtained formula for the sum of e(k)? allows to
find values of k; parameters that minimizes J.

with a step input signal



3.1 Input constraints
Consider that input u(k) = u(k — 1) + Au(k) is bounded by +Upqz.

The input constraint can be modelled as a variable gain k,,:

(1 i Julk)] < U
ku{ Unar it [u(k)| > Umas (4)

Then the closed-loop system has structure as in fig. and the

w(k+Ny) N
— C,(2)

w(k)
R 1 | uk) g y(k)
REZ) () = i o

Figure 1: Closed-loop system with soft input constraints

characteristic polynomial p(z~1) is:
P = (A=) = AGEDBLGE Dk ()

Characteristic polynomial p(z~!) consists of two multiplied poly-
nomials but variable gain k,, is only in the first polynomial.

() = (AT - BBk (6)

From @ and we obtain one segment with two polynomials at its
vertices.

pa(z71) = (AT = R Bk, ) (7)

m() = (A" - AGDBE) (8)

There exist several theorems (Vesely and Harsdnyi, 2008) which solves
the problem of the segment stability. It allows us to find kypmin (for
example by several iterations with different values of minimal k,,). If
we assure that the value of k, needed to constrain input is always
bigger than k.., then the stability is guaranteed.
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3.2 Example

Presented predictive control algorithm was tested on unstable mag-
netic levitation model CE 152. A polytopic model of the real system
was created from transfer functions in three working points. We se-
lected Fy(z71) = Fy(271) = F(271). We used the Edge theorem and
the design procedure based on the D-curves. The following parame-
ters of the controller guarantees the robust stability:

F(z™') = —21.7 +41.662~' — 20272 (9)
Parameters ki, ..., ky, that minimizes for N, = 10 are:

kT =[-4.5851 5.3933 —0.1775 —0.2352 — 0.0258
—0.1510 1.8977 —10.4489 17.4912 — 9.2661]

Value of the cost function is J = 2.593. Measured result on the real
system compared with simulation is in fig.

. . . . .
0 0.05 0.1 0.15 0.2 0.25
tls]

Figure 2: Time response of the ball position from simulation (ys(k))
and from real process (y(k))

To sum up, the presented method allows to design robustly stable
predictive controller. Stability is guaranteed by finding adequate val-
ues of the controller parameters that moves poles of the characteristic

11



polynomial into the stable area. In some cases well known methods of
the classic PID design can be used to find these parameters. When
the closed-loop system is stabilized, optimization is used to obtain
remaining parameters and the closed-loop performance is improved.
Selected cost function minimizes the sum of squares of errors.

4 Robust predictive control for MIMO
systems

Let the polytopic linear discrete time system be described by
F(k+1) = A©F(k) + B©)u(k), (k) =Cax(k)  (10)

The matrices A(£) and B(€) belong to the convex set Q, with N
vertices. System is augmented with integrator to force disturbance
rejection and to achieve set-point tracking

2(k+1) = z(k) — Ci(k) + w(k) (11)

where w(k) is a desired set-point value. Adding the integrator
to one obtains:

x(k+1) = A(§)z(k) + B(§)u(k) + Byw(k), y(k) = Cxz(k) (12)

_ [#(k) _[A© o _ o
-] w0-[18 ) muef]
C 0 B(¢ j(k)
o5 ). mo- ], wo- [25)
Optionally, the derivative part can be added:
ya(k) = gk = 1) = §(k) = CZ(k — 1) = CE(k) (14)
Then the system is augmented as follows:
(k) A 0 0 0
a(k) = | 2(k) |, A= | -C I 0] , By = H
za(k) I 00 0
- N (15)
¢ 00 B(é)] {z](k/‘)]
c=|0 1 ol,BO=]0 |, yk=]z2®
-C 0 C 0 ya(k)

12



Simultaneously with we consider the nominal model:
x(k+1) = Aoz(k) + Bou(k) + Byw(k), y(k)=Cz(k) (16)

The nominal model is used for the construction of the prediction
model and is considered as a real plant description providing
the plant output. The prediction is carried out over a finite output
horizon N, and a control horizon N, (N, < N,). System augmented
with prediction model is:

zp(k+1) = Apx(k) + Byuy (k) + Buwjw (k)

17
y1 () = Cras (k) (7
where
[ a(k) ] w(k)
|z (k + Ny) | w(k + Ny) (18)
u(k) y(k)
ug(k) = : o yr(k) = :
Lu(k + Ny) | y(k + Ny)
TOA®) c o0 0
ApA(§) 0 C 0
Ap = ) , Cf = ,
[A5" A() 0 0 C
[ B(&) 0 0
AoB(§) By 0 (19)
By = ,
Ay"B(E) Ay By By
By 0 0
Bus= | AoBu B 0
A)'B, AY'B, B,

Matrices in the system with prediction are used only for
calculation of robust controller gains (matrix Ay is augmented with
zeros to square matrix). In the practical implementation A(£) and
B(&) are replaced with Ay and By.

13



There are two possible predictive control algorithms:
1. output feedback with proportional and integral part:
up(k) = Fys(k) — Fuwy (k) (20)
2. controller in the simple feedback gain form

ug(k) = Fy(k) (21)
Matrices Fjj;, 4,5 = 0,1,..., N, are output feedback gains with
constant entries to be determined by minimizing the cost function

J= 3 J(k)
k=0
N Ny Nu (22)
k)= "al(k+j)ga(k+ )+ > u (k+ j)rjuk+ j)
j=0 j=0

= T ()Qus (k) + u] (k) Ruy (k)

4.1 Output feedback

Controller feedback design uses the parameter dependent Lyapunov
matrix P(§) = Zivzl P&, P; > 0. The main idea is to linearise the
non-linear terms in the matrix inequality to create an LMI which can
be solved by some LMI solver. The LMIs are:

—-P+Q C?FT (Afi+BfiFCf)T

FCy —R! 0 <0  (23)
Ayi+ By FCy 0 -p!
Uy CTF" (H" + BjiFCy)"
FCf —R1 0 <0
HT + By, FC; 0 ~I (24)

Uy=-Pi+ AL H" + HAj; — HH" -
— C{F"B},B;iFC; +Q
This result was experimentally proved but the robust stability check

must be added after the design of the controller gain F'. The control
algorithm is the guaranteed cost control with J < J* = V(kg) where

J= fo )Qa (k) + uf (k) Ruy (k). (25)

14



4.2 Practical implementation

Consider the feedback gain F' of RMPC is calculated using the method
described in the previous section. From and it is obvi-
ous that for the practical implementation the state observer and the
model prediction without uncertainty must be created. At first in the
prediction model only the nominal model is used. Then the matrices
Ay and By have form:

A(&o) B(&) 0 .0
Ag A()BO BO N 0

App = : » Bp= : : (26)
Ayt AY'By AN"T'By ... By

4.2.1 Realization 1

First is the realization where the predicted inputs and outputs are
accessible and can be further used for constrains handling.

y(k)
>

state
"| observer

X(k)

> -
L

x(k)

MUX

|

=

u (k) awa| | Z

y(k)

PALS MUX w(k)
tf F e mux o

> Predicton
model

w(k)

Figure 3: Closed-loop system configuration - realization 1
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Matrix T select only first part u(k) from vector us(k) and has the

form T = [I 0 ... O}. The prediction model is
Y (k) = Con(Bug (k) + Ap(k) + By (k) (27)
§ Aj C 0 ... 0
Af! 00 ..C
A()Bo BO NN 0
Bm == . :
AY'By ANT'By ... By

4.2.2 Realization 2

Second realization is simplified and uses only necessary computing
which is suitable for fast system with small sampling periods. The
control algorithm is transformed to a simple set of feedback gains.

y(k)
>

state
observer
x(k)
MUX 1 b
atk| | 1
w(k)
MUX
‘_

we (k)

Figure 4: Closed-loop system configuration - realization 2
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After some arrangement the control algorithm is:

u(k) = Riy(k) + Rox(k) + Rswy (k) (28)

4.3 New structure of feedback gain and prediction
horizon

Consider the control algorithm is
us(k) = Fyg(k), F =diag(Fy, ..., Fq) (29)

where dimension is F; € R™*? and number of Fy blocks in F is
N, + 1. Diagonal structure reduces the computational complexity
because it uses less variables for the LMI solving.

Now, we can define two prediction horizons. Let N, be the pre-
diction horizon used for calculation of feedback F; which minimizes
the cost function J. The block diagonal structure allows to realize
controller with different prediction horizon Ny simply by using more
F4 blocks and create a matrix F' with size Nyr + 1. Resulting con-
troller is optimal for N, s steps prediction but for constraints handling
has Ny steps prediction where N,; < Nyp. Then the feedback gain
and the controller is

u(k) F, 0 ... 0 0
: 0 0 0
Uf(k‘) = u(k —+ NyJ) =10 Fy 0 yf(k:) (30)
: 0 0 0
u(k + Nyr) 0 0 0 Fq

Note that the Iy highly depends on the selected horizon N, ; and
it is not enough to calculate Fy for zero horizon N,; and use it to
create block diagonal matrix F.

4.3.1 Constraints - switched gain approach

The control algorithm with soft input constraints must on-line change
the value of output feedback gain F'. In the case of a multivariable
system with p constraints the matrix F' has the structure:

F =vF1 +721F21 + veoFo2 + ... + 72, L5, (31)

17



where v1,721,...,%2p € {0,1} and y1 +v21 + ... + 72, = L.

The constraint p can be either the single input constraint or a
combination of more input constraints. The matrix F} is the output
feedback for unconstrained case and matrix Fy, is the output feedback
which guarantees constrained input for g — th constraint. Usually F}
is a faster controller with good performance but bigger values of input
signal than matrices F4. The advantage over the approach with only
two matrices F' is that in a multivariable system only the dynamics of
necessary input signals of the system can be changed if the constraint
is reached.

The closed-loop system now contains a changing gain which makes
it an LPV system. Robust stability must be checked by quadratic
stability or the condition suitable for LPV system.

Parameters ~ are filtered because fast step changes of the output
feedback are not suitable in most cases. If the first order filter is used
the v parameters are

st b27171 ’Yf

Y21 tmes 1
bz"1! ‘

72;7 l—az=1! 73;)

The only problem left is the algorithm for switching feedback
gains that would guarantee a soft input constraints. We created an
algorithm where the changes of 739, g =1,...,p are based on the
allowed zones in the range of the input signal. The zone where the
input must be constrained is defined as Z = (Upnin, Unin+€)U(Unmaz —
€, Umaz ), where € € R. For the system with two inputs the algorithm
for 'ygg is:

e 71 =1- (721 +722)

© 1 =0, =0ifui(k+h) & ZAux(k+h) &2
e 0 =1,78 =0ifuy(k+h) € ZAuag(k+h) &2
1 =07 =1ifui(k+h) € ZNug(k+h)eZ
75, =0,7=0ifus(k+h) € ZNus(k+h)eZ

forall h=0,...,N,.

18



4.3.2 Example

RMPC with block diagonal matrix F' and the input constraints was
tested on MIMO system with two inputs and two outputs. Out-
put feedback in the unconstrained case with Ny =1, Q@ =1, R =
diag{ri,re,m1, 72}, r1 = 18000 and o = 53000 calculated using LMI
with linearisation is:
Fy = —1.8797 —0.2980 0.0509 0.0101 (33)
—0.1988 —1.7665 0.0093 0.0968

The input signal which behaves as a constrained one is simply created
by the feedback with increased corresponding weight in the matrix
R. Output feedback for constrained first input (N, = 1, Q = I,

ulV]
4.5

. ¢
2:5 0 2 30 0 5 o

Figure 5: Measured system first input (solid line) and second input
(dashed) with feedback gain F' = v1 F} + 21 Fa1 + Y22 Foo
R = diag{ri,r2,7m1,72}, r1 = 25000 and ro = 53000) is:

g [F0.9519 —0.2348 0.0236 0.0090 (34)
421 =1 _0.2270 —1.8908 0.0112 0.1052

Output feedback for constrained second input (N, =1, Q =1, R =
diag{ry,ra,71,72}, r1 = 18000 and ro = 62000) is:

g _ [-17163 —0.4987 0.0469 0.0163 (35)
422 =1 _0.2352 —1.2028 0.0112 0.0608

19



Results are summarized in tab. [I] where is the value of settling
time and overshoot for constrained and unconstrained case. Maximal
value of input was set U, = 4.3 and € = 0.7.

F Fi Fae P+ Fo1 + yaa b
settling-time [s] 16 25 15
overshoot [%)] 1 2 0.5
max. u(k) [V] 4.5 4.25 4.25

Table 1: performance of the system output

The measured system input is in fig. [f] The result shows that
e the close-loop is robustly stable,

e maximal value of input U,,,, is not exceeded with new predic-
tive controller algorithm and achieved performance is equal to
the unconstrained controller.

5 Conclusion

This work was motivated by the recent results in robust predictive
control. New prediction control algorithms allows to use methods
from the robust control theory to design a predictive controller which
has guaranteed robust stability and performance in the defined un-
certainty set. Moreover, it shows that there is no problem to add
the soft input constraints handling. This solves the problems of the
on-line computational complexity, feasibility and stability problems
in the standard formulation of MPC. Although, we can find different
approach to RMPC in the literature some of the previous problem
remains and not all of them are solved. The contributions and main
results are summarized in the following section.

5.1 Contributions

Contributions are divided into two main topics. First is the new
robust predictive controller for SISO system and second is about im-
provements in state-space formulation of the robust predictive con-
troller.

20



5.1.1 Robust MPC for SISO systems

In the first part is presented a new controller algorithm based on
the transfer function system model. Purpose of the development of
this algorithm was the often seen application of GPC without con-
straints in the form of the RST controller. It is well known such a
controller has no practical advantages over the classical linear one.
However, there is still the lack of closed-loop stability and inability
to control the unstable systems. Hence, we showed an alternative ap-
proach. It has some similar properties like GPC such as it is suitable
for SISO systems and uses prediction of set-point. However, it guar-
antees the closed-loop stability and also possibly guaranteed robust
stability. For the cost function optimization it uses unique method
developed by Hudzovi¢, 1967 which calculates the sum of squares of
errors from the provided discrete time transfer function. To the au-
thor’s knowledge, this method wasn’t used before for the controller
design. Moreover, it was shown the input constraints handling can
be added as a variable gain in the closed-loop. The closed-loop sta-
bility is still guaranteed. So, there is no reasonable need to use GPC
without constraints because there exists an alternative solution with
better properties. The results of this work were published in Vozak
and Vesely, [2012; Vozédk and Vesely, [2014a.

5.1.2 State-space robust predictive controller

This part was based on the previous works of Vesely, Rosinova, and
Foltin, [2010; Nguyen, Vesely, and Rosinova, [2013] The following im-
provements were achieved.

Set-point and derivative term: In order to achieve the set-point
tracking and zero steady-state error the integral term is added in the
standard form. To improve the controller quality a new augmenta-
tion with derivative term was introduced in the predictive control.
It augments the system model with new system output represent-
ing the first difference of the system output. The set-point extends
the system and the prediction model with new matrix B,y which is
necessary for the correct simulation and the controller realization.

Reduced conservativeness: The original proposed version of the
algorithm uses the quadratic stability for the output feedback gain
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calculation. Quadratic stability is considered to be rather conserva-
tive approach because it requires to find only one Lyapunov matrix
P for the whole uncertainty. The natural way how to reduce conser-
vativeness is to use the parameter dependent Lyapunov matrix. It
uses IV different Lyapunov matrices - one for each vertex of the poly-
topic model. The output feedback design was changed to the less
conservative one which uses parameter dependent Lyapunov matrix
and linearisation approach (Vozdk and Vesely, [2014c)).

Experimental testing of output feedback calculation method:
The output feedback gain design method based on the parameter de-
pendent Lyapunov function and linearisation does not have any for-
mal proof of its stability. So, we needed to prove the quality of the
presented output feedback calculation by random examples bench-
mark. It showed the method was very successful even in the case of
high order unstable systems. The results were presented in Vozak
and Vesely, 2013,

Alternative approach to output feedback calculation: We
also tested a method which has performance defined as a required
pole location in the circle in the complex plane with specified centre
and radius (Vozdk, 2014). The method comes with faster calcula-
tion of the feedback gain formulated as an LMI which does not need
linearisation. The pole location approach makes this method more
suitable for the state feedback design because we can’t move poles to
any location with the output feedback. So, it is a good alternative if
there is a full state measurement available.

New constraints on matrix F' elements: We introduced new
LMI constraints for matrix F' elements separated for proportional,
integral and derivative part. The constraints defines the maximal
and minimal value for every part. It helps to find suitable parameters
of the controller in the cases when the designer needs to keep some
properties due to some additional system attributes. For example
lower derivative part due to noise amplification or limitation of the
manipulated variable.

Practical implementation: The basic formulation of RMPC is
represented as a state space model with one feedback gain. The
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practical implementation needed to add the set-point and separate
the real system model from the prediction model and other augmen-
tations. The result showed the state-observer or system states mea-
surement must be added for correct predictions. We created two real-
ization schemes (Vozék and Vesely, |2014b; Vesely and Vozdk, [2014).
First realization is minimal where the controller algorithm is reduced
to a set of feedback gains. Second realization has accessible all pre-
dicted values of the system state, input and output. Both schemes
are suitable for practical implementation and control of a real system.

Examples: A set of examples in this work shows each algorithm
alternative to be working well not only on the simulation but also
on the real systems control. The main purpose of the examples was
to experimentally prove the proposed predictive controllers and the
realization schemes can control real systems with no problems. This
result is particularly important for the future applications.

New block diagonal structure: The last section introduces new
structure of the feedback gain F'. This special case of matrix F brings
new possibilities for the prediction horizon and constraints handling.
We can distinguish the horizon for the optimal controller calculation
and the horizon for a real system control. This approach leads to
reduced off-line computational complexity but still allows to have a
necessarily long horizon for the prediction of system inputs and out-
puts. The direct influence of predictions on the manipulated variable
through the matrix F' is lost but the predictions are used for the
change of feedback parameters depending on the system constraints.
This approach is possible because the block diagonal structure pre-
serve the correct predictions of system inputs and outputs. Moreover,
we don’t need to have only one feedback gain for the constrained case
(as in the original proposed version) but we can have as many feed-
backs as necessary for separated constraints of each input signal or a
group of input signals.

5.2 Remarks and future research

Although, we solved the problems with stability, robust stability, on-
line computational complexity and feasibility, of course, there is a
price for this. The constraints needed to be changed from hard to the
soft constraint and the off-line computational complexity increased
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noticeably. We consider there are still possibilities to find faster algo-
rithms for output feedback design and reduce the time needed to find
robust feedback. This is mostly important for the high order systems
which is common situation in systems with long prediction horizon.
Next interesting research area would be the switching algorithm for
the change of the feedback gains depending on the constraints and
predictions.

List of author’s publications

Vesely, V. and D. Vozdk (2012). “Robust control methods in the
master programme cybernetics”. In: IFAC Proceedings Volumes
(IFAC-PapersOnline). Vol. 9. Chap. PART 1, pp. 84-89.

Vesely, Vojtech and Daniel Vozdk (2014). “Stable Model Predic-
tive Controller Design”. In: 15th International Carpathian Control
Conference, Velke Karlovice, Czech Republic.

Vozék, D. and S. Chamraz (2012). “Simple Identification and Robust
Controller Design for Magnetic Levitation Model”. In: In: Proc.
Kybernetika a informatika - Skalka pri Kremnici, 31 January — 4
February.

Vozak, D. and V. Vesely (2013). “Robust output feedback controllers
for MIMO systems, BMI and LMI approach”. In: Process Control
(PC), 2013 International Conference on, pp. 142-146.

Vozék, D. and A. Ilka (2013). “Application of unstable system in edu-
cation of modern control methods”. In: IFAC Proceedings Volumes
(IFAC-PapersOnline). Vol. 10. Chap. PART 1, pp. 114-119.

Vozék, D. and V. Vesely (2014a). “Stable predictive control with
input constraints based on variable gain approach”. In: Interna-
tional Review of Automatic Control 7.2, pp. 131-139.

Vozdk, Daniel (2014). “Stable predictive controller design with pole
location specification”. In: ELITECH 1}: 16th Conference of Doc-
toral Students, Bratislava.

Vozak, Daniel and Rébert Krasnansky (2012). “Robust Model Pre-
dictive Control of Two DC Motors MIMO System Using LMI Ap-
proach”. In: ELITECH 12: 1th Conference of Doctoral Students,
Bratislava.

24



Vozdk, Daniel and Vojtech Vesely (2012). “Stable Predictive Con-
trol System Design Without Constraints”. In: 10th International
Conference, Process Control 2012, Kouty nad Desnou. ISBN: 987-
80-7395-500-7.

Vozdk, Daniel and Vojtech Vesely (2014b). “Design and implemen-
tation of robust model predictive controller”. In: Kybernetika a
informatika 2014: Medzindrodnd konferencia SSKI. Oscéadnica,
Slovenska republika. 1SBN: 978-80-227-4122-4.

Vozdk, Daniel and Vojtech Vesely (2014c). “Robust Model Predictive
Controller Design”. In: 19th World Congress of the International
Federation of Automatic Control, Cape Town, South Africa.

Bibliography

Alessio, Alessandro and Alberto Bemporad (2009). “A Survey on
Explicit Model Predictive Control”. In: Nonlinear Model Predic-
tive Control. Ed. by Lalo Magni, DavideMartino Raimondo, and
Frank Allgéwer. Vol. 384. Lecture Notes in Control and Infor-
mation Sciences. Springer Berlin Heidelberg, pp. 345-369. ISBN:
978-3-642-01093-4.

Antsaklis, P.J. and A.N. Michel (2005). Linear Systems. Birkhauser
Boston. 1SBN: 9780817644345.

Barmish, B.R., M. Fu, and S. Saleh (1988). “Stability of a polytope of
matrices: counterexamples”. In: Automatic Control, IEEE Trans-
actions on 33.6, pp. 569-572. 1SSN: 0018-9286.

Bemporad, A. and M. Morari (1999). “Robust Model Predictive Con-
trol: A Survey”. In: Robustness in Identification and Control 245,
pp. 207-226. URL: http://control.ee.ethz.ch/index.cgi?pa
ge=publications;action=details;1d=358.

Bemporad, Alberto et al. (2002). “The explicit linear quadratic reg-
ulator for constrained systems”. In: Automatica 38.1, pp. 3 —20.

Bhattacharyya, S.P., A. Datta, and L.H. Keel (2009). Linear Control
Theory: Structure, Robustness, And Optimization. Control Engi-
neering. CRC Press. 1SBN: 9780849340635.

Camacho, E.F. and C.A. Bordons (1999). Model Predictive Control.
Springer-Verlag GmbH. 1SBN: 3540762418.

Clarke, D.W., C. Mohtadi, and P.S. Tuffs (1987a). “Generalized pre-
dictive control—Part I. The basic algorithm”. In: Automatica
23.2, pp. 137 —148.

25


http://control.ee.ethz.ch/index.cgi?page=publications;action=details;id=358
http://control.ee.ethz.ch/index.cgi?page=publications;action=details;id=358

Clarke, D.W., C. Mohtadi, and P.S. Tuffs (1987b). “Generalized Pre-
dictive Control—Part II Extensions and interpretations”. In: Au-
tomatica 23.2, pp. 149 —160.

Daafouz, J., P. Riedinger, and C. Tung (2002). “Stability analysis
and control synthesis for switched systems: a switched Lyapunov
function approach”. In: Automatic Control, IEEE Transactions
on 47.11, pp. 1883—-1887. 1sSN: 0018-9286.

Daafouz, Jamal and Jacques Bernussou (2001). “Parameter depen-
dent Lyapunov functions for discrete time systems with time vary-
ing parametric uncertainties”. In: Systems & Control Letters 43.5,
pp. 355 —359. 1SSN: 0167-6911.

Ding, Baocang et al. (2008). “A synthesis approach for output feed-
back robust constrained model predictive control”. In: Automatica
44.1, pp. 258 —264. 18SN: 0005-1098.

Fu, M., A'W. Olbrot, and M.P. Polis (1989). “Introduction to the
parametric approach to robust stability”. In: Control Systems
Magazine, IEEE 9.5, pp. 7 —11. 1sSN: 0272-1708.

Gabhinet, P. et al. (1995). LMI Control Toolbox: For Use with MAT-
LAB ; User’s Guide ; Version 1. Computation, visualization, pro-
gramming. MathWorks.

Han, Jeongheon and R.E. Skelton (2003). “An LMI optimization ap-
proach for structured linear controllers”. In: Decision and Control,
2003. Proceedings. 42nd IEEE Conference on. Vol. 5, 5143 —5148
Vol.5.

Hetel, L., J. Daafouz, and C. Tung (2006). “Robust stability analysis
and control design for switched uncertain polytopic systems”. In:
5th IFAC Symposium on Robust Control Design. Vol. 5, pp. 166—
171.

Hudzovié¢, P. (1967). “Stcasnd kontrola stability a kvality impulznej
regulacie”. In: Kybernetika 3, pp. 175-194.

HUMUSOFT (1996). “CE 152 Magnetic Levitation Model, User’s
manual.” In:

Hypiusovd, M. and J. Osusky (2010). “Robust controller design for
magnetic levitation model”. In: AT& P journal PLUS 1, pp. 100—
104.

Kajan, S. and M. Hypiusové (2007). “Labreg Software for Identifica-
tion and Control of Real Processes in MATLAB”. In: Technical
Computing Prague: 15th Annual Conference Proceedings.

Kerrigan, Eric C. and Jan M. Maciejowski (2004). “Feedback min-
max model predictive control using a single linear program: robust

26



stability and the explicit solution”. In: International Journal of
Robust and Nonlinear Control 14.4, pp. 395-413. 1ssN: 1099-1239.

Kothare, Mayuresh V., Venkataramanan Balakrishnan, and Manfred
Morari (1996). “Robust constrained model predictive control us-
ing linear matrix inequalities”. In: Automatica 32.10, pp. 1361 —
1379. 18sN: 0005-1098.

Lofberg, J. (2003). “Approximations of closed-loop minimax MPC”.
In: Decision and Control, 2003. Proceedings. 42nd IEEE Confer-
ence on. Vol. 2, 1438-1442 Vol.2.

Maciejowski, J. M. (2002). Predictive control with constraints. Pren-
tice Hall.

Mayne, D.Q., M.M. Seron, and S.V. Rakovi¢ (2005). “Robust model
predictive control of constrained linear systems with bounded dis-
turbances”. In: Automatica 41.2, pp. 219 —224. 1SSN: 0005-1098.

Mayne, D.Q. et al. (2000). “Constrained model predictive control:
Stability and optimality”. In: Automatica 36.6, pp. 789 —814.

Montagner, V.F., V. J S Leite, and P. L D Peres (2003). “Discrete-
time switched systems: pole location and structural constrained
control”. In: Decision and Control, 2003. Proceedings. 42nd IEEE
Conference on. Vol. 6, 6242-6247 Vol.6.

Nguyen, Q. T., V. Vesely, and D. Rosinové (2011). “Design of robust
model predictive control with input constraints”. In: International
Journal of Systems Science.

Nguyen, Quang Thuan, Vojtech Vesely, and Danica Rosinové (2013).
“Design of robust model predictive control with input constraints”.
In: International Journal of Systems Science 44.5, pp. 896-907.

Oliveira, M.C. de, J. Bernussou, and J.C. Geromel (1999). “A new
discrete-time robust stability condition”. In: Systems & Control
Letters 37.4, pp. 261 —265. 1sSN: 0167-6911.

Packard, A. and J. Doyle (1993). “The complex structured singular
value”. In: Automatica 29.1, pp. 71 —109. 1SSN: 0005-1098.

Peaucelle, D. et al. (2000). “A new robust D-stability condition for
real convex polytopic uncertainty”. In: Systems & Control Letters
40 (1), pp. 21-30.

Poléni, T. and B. Rohal-Ilkiv (2012). Prediktivne riadenie zdZihovych
spalovacich motorov: Multimodelovy pristup. STU Bratislava. ISBN:
978-80-227-3788-3.

Prett, D.M., B.L. Ramaker, and C.R. Cutler (1982). “Dynamic ma-
trix control method”. In: United States Patent 4349869.

27



Rakovic, Sasa V. (2012). “Invention of Prediction Structures and Cat-
egorization of Robust MPC Syntheses”. In: Jth IFAC Nonlinear
Model Predictive Control Conference. Vol. 4, pp. 245-273.

Richalet, J. et al. (1978). “Model predictive heuristic control: Ap-
plications to industrial processes”. In: Automatica 14.5, pp. 413
—428. 138N: 0005-1098.

Rossiter, J.A. (2003). Model-Based Predictive Control: A Practical
Approach. CRC Press Control Series. CRC Press. 1SBN: 978-0-
8493-1291-5.

Scokaert, P. O M and D.Q. Mayne (1998). “Min-max feedback model
predictive control for constrained linear systems”. In: Automatic
Control, IEEE Transactions on 43.8, pp. 1136-1142. 1SSN: 0018-
9286.

Simon, E. et al. (2011). “LMIs-based coordinate descent method for
solving BMIs in control design”. In: 18th IFAC World Congress,
Milano (Italy) August 28 - September 2.

Skogestad, S. and I. Postlethwaite (2005). Multivariable feedback con-
trol: analysis and design. John Wiley. 1SBN: 9780470011676.

Smith, Roy Stephen and Paul James Goulart (2012). Lectures - Ad-
vanced Topics in Control. http://www.multimedia.ethz.ch/le
ctures/itet/2012/spring/227-0690-03L.

Soh, Y.C. et al. (1989). “Comments, with reply, on ”Stability of a
polytope of matrices: counterexamples” by B.R. Barmish et al”.
In: Automatic Control, IEEE Transactions on 34.12, pp. 1324~
1326. 1ssn: 0018-9286.

Titlnci, R. H., K. C. Toh, and M. J. Todd (2003). “Solving semide-
finite-quadratic-linear programs using SDPT3”. In: Mathematical
Programming 95.2, pp. 189-217. 1ssN: 0025-5610.

Vesely, Vojtech and Danica Rosinova (2010). “Robust output feed-
back Model Predictive Control design”. In: Archives of Control
Sciences 20.3, pp. 253-266.

Vesely, Vojtech and Danica Rosinové (2012). “Robust PID-PSD Con-
troller Design: BMI Approach”. In: Asian Journal of Control.
ISSN: 1934-6093.

Vesely, V. and L. Harsédnyi (2008). Robustné riadenie dynamickgch
systémov. STU Bratislava. 1SBN: 978-80-227-2801-0.

Vesely, Vojtech (2006). “Robust controller design for linear polytopic
systems”. In: Kybernetika 42.1, pp. 95-110.

28


http://www.multimedia.ethz.ch/lectures/itet/2012/spring/227-0690-03L
http://www.multimedia.ethz.ch/lectures/itet/2012/spring/227-0690-03L

Vesely, Vojtech, Danica Rosinovd, and Martin Foltin (2010). “Robust
model predictive control design with input constraints”. In: Isa
Transactions 49 (1), pp. 114-120.

Vesely, Vojtech, Danica Rosinova, and Vladimir Kucera. “Robust
static output feedback controller LMI based design via elimina-
tion”. In: Journal of the Franklin Institute 9, pp. 2468 —2479. 1SSN:
0016-0032.

29






	Introduction
	Problems in the MPC algorithms
	Formulation of the work contribution

	Stable Predictive Control for SISO systems
	Input constraints
	Example

	Robust predictive control for MIMO  systems
	Output feedback
	Practical implementation
	Realization 1
	Realization 2

	New structure of feedback gain and prediction horizon
	Constraints - switched gain approach
	Example


	Conclusion
	Contributions
	Robust MPC for SISO systems
	State-space robust predictive controller

	Remarks and future research

	List of author's publications
	Bibliography

