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In this paper, we consider the problem of constrained tracking of piecewise constant references for nonlin-
ear dynamical systems. In the considered problem we assume that an existing controller satisfies constraints in a
corresponding positive-invariant set of the system. To solve the problem we propose the use of homothetic transfor-
mations of the positive-invariant set to modify the existing control law. The proposed approach can be implemented
as a tracking model predictive control or as a reference governor. Simulation and experimental results are provided,
showing the applicability of the proposed approach to a class of nonlinear systems.
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Slijedenje reference s ogranicenjima zasnovano na homoteti¢nim skupovima. U radu se razmatra problem
slijedenja reference s ogranienjima za nelinearne dinamicke sustave. Polazna je pretpostavka da postojeéi zakon
upravljanja zadovoljava ogranic¢enja u pripadnom invarijantom skupu sustava. Uz takvu pretpostavku u radu se
predlaZe primjena homoteti¢ne transformacije invarijantnih skupova kako bi se izmjenio postojeéi zakon upravl-
janja. PredloZeni pristup se moZe primjeniti u sklopu modelskog prediktivnog upravljanja za slijedenje reference ili
samostalno za oblikovanje reference. Dani su simulacijski i eksperimentalni rezultati koji pokazuju primjenjivost
predloZene metode za klasu nelinearnih sustava.

Kljucne rijeci: Slijedenje reference, Modelsko prediktivno upravljanje, Oblikovanje reference

1 INTRODUCTION

In the last two decades the interest in advanced con-
trol approaches which can explicitly take into account con-
straints on control input and states has significantly in-
creased. Among such control approaches the most popular
one is Model Predictive Control (MPC). An alternative ap-
proach for constraint satisfaction is to design a controller
which does not consider constraints and to add an addi-
tional device called a reference governor to ensure con-
straint satisfaction by modifying the reference signal of the
primary controller. Such approaches often rely on the con-
cepts of invariant sets for guaranteeing the closed-loop sta-
bility and constraint satisfaction.

In the MPC case, a terminal cost and a terminal set con-
straint are typically employed for guaranteeing the closed-
loop stability and recursive feasibility [1]. In that way
the MPC algorithm provides guarantees for a set of initial
states X, the so-called region of attraction of the MPC
algorithm, from which it is possible to reach the terminal
set in N steps. However, X can be undesirably small in
some cases. A trivial approach for enlarging the region
of attraction is to increase the prediction horizon length
N. However, this may not be acceptable in real time ap-
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plications due to an additional computational burden. An
alternative way of enlarging the region of attraction of the
MPC is the usage of a sequence of contractive sets as a
stabilizing constraint [2—4].

Another possibility of increasing the region of attrac-
tion is to modify the control objective to steer the sys-
tem states to a non-zero equilibrium state rather than to
the origin. In that case the stabilizing ingredients be-
come reference-dependent. In the literature a reference-
dependent terminal set is often used, being recalculated for
each reference signal or calculated in the augmented state-
reference space [5, 6].

For linear systems, the reference-dependent terminal
set can be obtained simply by translating and scaling the
terminal set calculated for the regulation problem [7, 8].
The main benefit of such an approach is in a less complex
terminal set comparing to the one calculated in the aug-
mented state-reference space. Unfortunately, for general
non-linear systems, translation and scaling of the terminal
set calculated for a regulation problem is not always possi-
ble.

On the other hand, the reference governor approach is
generally considered as a simpler but less-performing al-
ternative to MPC [9, 10], even though a reference governor
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can be implemented in a receding horizon manner [11].
A reference governor is a non-linear device that has been
extensively used in control systems to modify the behav-
ior of the primary controller so as to ensure the constraints
satisfaction [12], [13], [14], [9]. The action of the primary
controller is typically modified by means of changing its
reference signal when necessary, based on the current state,
set-point and system constraints. In order to guarantee the
constraint satisfaction at all times, typically the maximum
output admissible set Oy, [15] is used, forming an addi-
tional set membership constraint. The goal of a reference
governor is to find an admissible reference signal that is as
close as possible to the desired one.

In this paper we propose a novel approach to con-
strained reference tracking suitable to a class of non-linear,
parameter-varying systems, based on a collection of sets
homothetic to a positive-invariant set, calculated for a reg-
ulation problem. The proposed approach is intended to be
applicable as a reference tracking MPC or as a reference
governor. Unlike the reference governor, the proposed
approach assumes that a primary controller (e.g. MPC
controller or conventional feedback controller) is designed
for a regulation problem and satisfies the input/state con-
straints, however with a possibly conservative associated
initial feasible set X'r. In order to enlarge the feasible set
of the primary controller its active reference signal is mod-
ified using a reference governor or by altering the original
controller. Both cases are investigated by means of simu-
lations and experiments.

The main contributions of the paper are as follows: (i)
deriving the conditions for which a collection of sets ho-
mothetic to a positive-invariant set can be used for con-
strained piecewise constant reference tracking for a special
class of non-linear parameter-varying systems, (ii) con-
necting the proposed approach to a reference governor and
an MPC tracking approach. In addition the paper shows
simulation and experimental results demonstrating the ap-
plicability of the proposed approach.

The rest of the paper is organized as follows. In Section
II basic definitions and preliminaries are given. In Sec-
tion III the standard approaches to a constrained reference
tracking are reviewed. Conditions for using a constrained
reference tracking based on a homothetic transformation of
positive-invariant sets for non-linear systems are proposed
in Section IV, while simulation and experimental results
are given in Section V. Section VI concludes the paper.

2 PRELIMINARIES

2.1 Basic notation

The following notation is used throughout the paper.
Let R, Ry, Z, Z, denote the field of real numbers, non-
negative real numbers, integers and non-negative integers.
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The Minkowski sum of two sets .4 and B is denoted as
A®dB={a+b:ac Ab e B}, while the Minkowski
difference is denoted as A B = {x e R" : z + b €
A,Vb € B}. For aset S € R™, we use the notation int(S)
to denote the interior of the set, while notation AS denotes
ascaled set \S = {A\z : z € S}.

2.2 System description

In this paper we consider a non-linear parameter-
varying system given as:

g1 = f(@p, ur,pr), k € Zy,

ey
Yk = h(zp, ug),
subject to constraints
up €U,z € X, pr € P, 2)

where z;, € R” is a state of the system, u; € R" is a con-
trol input and p;, € R is a known time-varying parameter
at time step k. Given a controller

U = “i(mkavkapk% (3)

the system (1) can be rewritten in the following closed-loop
form

T+l = fcl('rk'7vk'7pk)7 k € Z+7
Yk = he (2, i),

“4)

with v, € R™ being an active-reference signal. In the case
of a regulation problem, for the sake of simplicity, we omit
v from the notation. The set of constraints can be rewritten
as

Yk € YV, pr € P, 4)

where y;, can represent any combination of the state and
input constraints.

2.3 Some concepts of invariant sets

Definition 1 The maximal robust output admissible set
Oxo for the closed-loop system (4) subject to constraints
(5) is defined as follows.

OOO = {(ﬁaxk) Yk+j € y? (Tjaxk-i'j) € OOO?

. (6)
VPk+j € Py Vkyj = 0,5 € Ly }.

Definition 2 (Robust positive-invariant set) Given a
constant active reference signal vi4; = U, a set Xp C X
is said to be robust positive-invariant set subject to the
system representation (1) with the controller (3) and the
constraints (2), if Ve € Xr and Vp € P, k(x,v,p) € U
and f(x,k(x,v,p),p) € Xr,

Definition 3 (Homothetic sets) Sets XY C R" and )Y C
R™ are called homothetic if and only if

Y =z®aX forsome z € R"and a e Ry..  (7)
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2.4 Other definitions

Definition 4 (Limit of the sequence) We say that
lim,, o0 xn, = L if for every € > 0 there is an integer N
such that |z, — L| < e foralln > N.

Definition 5 (Equilibrium point stability) Ler T be a
stationary fixed point of an autonomous parameter-varying
system 11 = f(xk, pr), Pk € P, then T is stable equilib-
rium point if for every neighborhood X, of , there exist a
neighborhood X5 such that xo € X5 = xi, € X, Vk > 0.

Definition 6 (Local asymptotic stability) Let T be a sta-
tionary fixed point of an autonomous parameter-varying
system xp+1 = f(xg,pr), where pi, € P, then T is lo-
cally asymptotically stable equilibrium point if it is stable
and there exists a neighborhood X, of &, such that for all
Ty € X, limg_ oo T, — T.

3 CONSTRAINED REFERENCE TRACKING

This section provides an overview of the main existing
approaches to a constrained reference tracking: (i) a refer-
ence governor approach and (ii) a tracking MPC approach.

3.1 Reference governor approach

A reference governor approach considers an asymptot-
ically stable closed-loop discrete-time system (4) subject
to constraints (5). In order to ensure the constraint satis-
faction an active reference vy has to be suitably modified
using a system called reference governor. First a scalar
reference governor (m = 1) is considered, followed by a
vector reference governor m > 1.

3.1.1 Scalar reference governor

The scalar reference governor modifies the active ref-
erence signal v, using the following update law:

Vg = Vp—1 + Br(Th — Vk—1), (8)

where 1, € R™ represents the desired reference signal and
Br € [0,1] is a positive adjustable scalar. At each time
step k, an admissible active reference signal vy, is chosen
so as to guarantee the constraint satisfaction at all times.
To achieve that, usually a set-membership constraint

(’Ukaxk) S T7 (9)

is used, with 7" C O, being a positive-invariant subset of
the maximal output admissible set.

The objective of a reference governor is to find an ad-
missible reference signal vy, as close as possible to the de-
sired reference signal r, which can be formulated as the
following optimization problem.
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Problem 1 (Scalar reference governor)

max S
subjectto 0 < B <1
v = Vg1 + Br(rk — vk—1)
(g, vx) €T

(10)

Problem 1 is recursively feasible due to the positive-
invariance of the set 7, which guarantees that 5, = 0 is
always a feasible solution. In addition it guarantees the
stability and constraint satisfaction at all times.

3.1.2 Vector reference governor

In the case when m > 1 the scalar reference gov-
ernor can be easily extended by using a diagonal matrix
B, = diag(f1k, B2k, - PBm k) instead of scalar Gy.
Similarly the elements of the matrix By, are chosen to min-
imize the distance between an (multidimensional) active
reference and a desired reference signal, given by the fol-
lowing optimization problem [9].

Problem 2 (Vector reference governor) Given the ma-
trix Q = QT = 0, solve the following problem

min (v — rk)TQ(vk — k)

subjectto0 < 3;, < 1,i=1,...,m (11
Vg = Vgp—1 + Br(rt — vk—1)
(.Tk,’l}k) eT.

3.2 Reference tracking MPC

As an alternative to the reference governor for con-
strained reference tracking problems, a tracking MPC ap-
proach can be used. Before describing the tracking MPC,
a standard MPC problem that uses a terminal set and a ter-
minal cost [1] is formulated.

Problem 3 (MPC with a terminal set and a terminal cost)
Given a stage cost l(+), a terminal cost ¢(-), a terminal
set X and a measured state xy, at time step k, at every
sampling instant solve the following optimization problem:

N—-1
min (24 n) + > U@k i),
’ i=0
St Trr14i = f(Thpis Ukris Prai), i =0,..., N —1

Tp+i €X,1=0,...N
Ukti EUT=0,...N —1
Tr+N € X,
(12)

and apply the control input u = uj, where uj, is the first
element of the optimal control sequence.
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The terminal set X is a robust positive-invariant set un-
der the control law u; = rr(xk,pr) and contains the
origin in its interior. The stage cost [(x, uy) is a posi-
tive definite function, and a terminal cost ¥ (xy) is a lo-
cal Lyapunov function which satisfies )(xg11) — ¥ (xg) +
l(xk,/«i(xbpk)) <0,Vxp € Xp.

If the reference signal r; # 0, then the system gen-
erally converges to a non-zero steady state (T, ), corre-
sponding to the reference signal. The standard MPC for-
mulation given with Problem 3 guarantees the stability and
the recursive feasibility for a fixed reference signal. How-
ever if the reference signal is not constant but rather time-
varying the recursive feasibility can be lost. In order to
solve the aforementioned problem in [16] a so-called dual-
mode MPC for tracking a piecewise constant references for
constrained linear systems is proposed. The proposed con-
troller consists of a two modes: a feasibility recovery mode
which closely resembles a reference governor, and a pre-
dictive controller which is employed once the feasibility
is recovered. An alternative approach is proposed in [5],
where the predictive controller minimizes a cost function
with respect to an artificial steady-state, while at the same
time minimizes the distance between the artificial steady-
state and the desired setpoint using a so called offset cost
function. The stability of the proposed approach is guar-
anteed by the virtue of an augmented terminal set calcu-
lated for the tracking MPC. The conditions on the offset-
cost function under which a locally optimal controller is
recovered inside the terminal set are given in [17]. The
proposed approach is extended for tracking of non-linear
systems in [6] and for robust tube-based MPC in [18]. The
presented approaches for the tracking MPC require cal-
culating the terminal set in the extended state-reference
space, which increases the complexity of the correspond-
ing terminal set. Additionally, for non-linear systems such
set can be rather difficult to calculate or the resulting set
is overly conservative approximation of the true terminal
set. To overcome the problem of the increased complex-
ity of the terminal set an alternative approach is presented
in [7, 8] which utilizes the idea of scaling and translating
the terminal set computed for the regulation problem to
track a given reference signal. In this paper we combine
the ideas of the reference governor [9] and the tracking
MPC [7,8, 16] to develop a predictive reference manage-
ment solution to constrained reference tracking problem
for a class of non-linear, parameter-varying systems, appli-
cable in the form of both reference governor and tracking
MPC.

The approach [7,8] assumes a unique (invertible) map-
ping between a fixed point (Z, ) and an active reference
signal v:

(z,u) = o(v),

and formulates a tracking MPC problem as follows:

(13)
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Problem 4 (Tracking MPC) Given a positive definite
stage cost l(+), a terminal cost 1)(-), a terminal set Xr and
a controller (3), solve the following optimization problem:

min ~ P(zppn — Tp) + a(vp — )+
Uk, Xk, Ak, Tk, Uk, Vk
N-1
+ ) Ui — Bry ks — Uk,
i=0

St Tpr14i = f(Thtir Ubkti, Phti)s
Tgti € X,
Upts €U,
TN € Tk D AT,

(Tg, uk) = (o),

g + k(xp — Tk, pr) € U,Vl‘k € T ® M X

T ® A X C X,
(14)

where «(-) represents a positive definite offset function
which penalizes deviation of the active reference vy, from
the desired reference signal vy, and Ay, € (0,1] is a scaling
factor.

In order to ensure the stability of the tracking MPC,
defined by Problem 4, the terminal set need to preserve its
invariance under translation and scaling transformations.
For linear time-invariant systems:

J(@hais Ukti, Prhti) = ATpyi + Buggs,  (15)
h(T kg, Uktir Phvi) = Cxppi + Dugyy,  (16)
with L
A—TI Bl Jo
SR e d B ) P

the required property is guaranteed, which is exploited in
[7,8] to show the system stability.

In the sequel we extend this idea to a class of non-linear
parameter-varying systems.

4 PREDICTIVE REFERENCE MANAGEMENT

We consider the system described by (1), with an
asymptotically stabilizing controller (3), designed such
that it satisfies the constraints (2) inside the correspond-
ing positive-invariant set X'z which contains the origin in
its interior. For an MPC problem the set X’z is typically
calculated as a N-step controllable set X to a given ter-
minal set X7, i.e. the set of states from which it is possible
to reach the terminal set in NV steps.

The main goal of the paper is to extend the region of
attraction of the controller without recomputing a robust
output admissible set in the extended reference-state space.
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The idea behind the proposed approach is to use a family of
admissible sets homothetic to the positive-invariant initial
feasible set X' to drive the system states to an equilibrium
point which corresponds to a given reference signal, while
satisfying input/state constraints. We consider the family
of sets:

S(Xp)={T@®A\Xp,Z € R", A€ (0,1]}  (I8)

where each set is parameterized by its center (sometimes
referred to as an orientation vector) Z, and a scaling factor
A. In order to ensure the constraint satisfaction it is nec-
essary to calculate the admissible set of pairs (Z, A) such
that the robust-positive invariance of the transformed set
S(XF) is preserved. We define a set of admissible homo-
thetic transformations as follows:

Definition 7 Given a system (1) and a controller (3), sub-
ject to constraints (2), we define a set with the following
properties:

Jv such that

)V ex®A\Xp,Vp € P,

THNXp € X,

U+ H(I - jap) € ua

i) Ve € £ & \Xp,Vp € P,

f(z,a+ k(x — Z,p),p) € T D ANXF,
iii) x is locally asymptotically stable
equilibrium point in the set T G AX g
under control law

U+ KJ(SU - i'vp) € ua

iv) (f/[‘) = (;5(’()),

(19)
to be a set of admissible homothetic transformations of the
positive-invariant set Xp.

According to Definition 7, if the system states lies in
the set T ® A\X'r, where the pair (Z, \) belongs to I' then
it is guaranteed that there exists a feasible control action
4 k(x — Z,p) that keeps the system states within the set
T @ AXp. In order to ensure steering the system states to-
wards a desired fixed point the homothetic transformation
of the set Xr has to be performed dynamically, at every
time instant k£ (see Fig. 1). To select the optimal homoth-
etic transformation at time instant k, we define the follow-
ing optimization problem.

Problem 5 Given a constant reference signal r, we de-
note the corresponding steady state as (T*,u*). Given a
state xy, at time instant k, a positive-invariant set X,
a set of admissible homothetic transformations L', and a
strictly convex positive definite objective function J(Z),
with J(Z*) = 0, find a feasible homothetic transformation
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Fig. 1. The idea of the proposed reference governor

(Zg, Uk, Ak ), by solving the following optimization prob-
lem

(T}, u}, \y) = argmin J(Ty)
subject to rx € T D A\ X

20
(Zg, g, A\p) €T 20
Tk DA AN C X
and use the control law
up = Uy, + k(xk — T, Pk)- (21

Assumption 1 (1) There exist a number A\, € (0,1]
such that for all (z,u) € Proj ) I, there exists a
A > Apin such that (z,u,\) € I

(2) Proj; I'is a convex set such that x* € Proj; I.

(3) XF is a convex set with a non-empty interior.

Theorem 1 If an asymptotically stabilizing controller
(3) which satisfies the constraints (2) inside a positive-
invariant set Xg is given and Assumption 1 holds, then
solving Problem 5 at every time step k, will steer the sys-
tem states to the fixed point x* corresponding to a desired
constant reference signal vy, for all x € F where F C X
is the set of initial states for which Problem 5 is feasible.

Proof: Suppose that Assumption 1 holds. Given the
states of the system x;, € F at a time step k, according to
Definition 7 there exists a solution of Problem 5 given by
the triplet (z;,u}, A\;) € T such that z;, € T} & A\;Xp.
This guaranties that a feasible control action u, = uj, +
k(zr — Z5, pr) C U will keep the state 11 within the set
Z;, @ A\ Xr and thus in the set F. Therefore Problem 5 is
recursively feasible.
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As a result of the recursive feasibility the value of the
objective function is non-increasing J(z5 ;) —J(z) < 0.

Due to the positive definiteness of the objective func-
tion, the value of the objective function is either positive or
zero. Let’s consider these two cases separately.

(i) Suppose that J(Z}) = 0, then the optimal solution of
Problem 5 is z}  ; = z*, Vj € Z. By Definition 7
the control law (21) is asymptotically stabilizing sub-
ject to the translated origin z*, thus solving Problem
5 at every time step steers the system states to the
fixed point T*.

(ii) Suppose that J(z;) > 0. Since the value
of the objective function in non-increasing,
limj o J(Zk4;) = L, where L can be either

zero or some positive value.

a) Suppose that L = 0, then due to the strict convex-
ity and the positive definiteness of the objective
function lim;_, o T4 = T*.

b) Suppose that L > 0, then there exists a time
step k such that the triplet (T}, @}, A}) is the op-
timal solution of Problem 5 for all future time
steps. Since the control law (21) is asymptoti-
cally stabilizing subject to the translated origin
z}, by Definition 6, for every p € (0, 1), there
exists a time step k, € Z., such that Tgtk, €
Zp @ pAL Xp. Given p : pA}, < Apip and the state
of the system xy, it is always possible to find
a new equilibrium point Zyyx, = T}, + 0z, where
dz € (p — pP)AXr N Proj, T and p € (p,1].
Since by Assumption 1 the sets Proj; I' and X'r
are convex, the set Zj & (p — p)AXF con-
tains a part of the line segment connecting 7;, and
Z*. Therefore there exists v € [0, 1) such that
Tk, = 72y + (1 — y)ZT" is a feasible equilib-
rium point for Problem 5. Due to strict convex-
ity and the positive-definiteness of the objective
function it follows that J(Z4x,) < vJ(Z;) and
lim; o J(Zg4;) = 0, which is a contradiction
and therefore L = 0.

By Definition 7, there exists a triplet (Z*, @*, \*) € T
which represents the optimal solution of Problem 5,
Ve € ¢ @ N Xp. Since lim;_,o Tp4; = T, by
Definition 4, there exist a finite time step ky+~ such
that Tyy,, € int(Z* & A\*XF). Furthermore, by
Definition 6 there exist a time step k- such that
Thtk,» € T° @ A*Xp and therefore the feasible
equilibrium point Ty ; converges to T* in a finite
time. This corresponds to the case (i) of the proof
and therefore solving Problem 5 at every time step
steers the system states to the fixed point Z*.
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Remark 1 Once the set of admissible homothetic trans-
formations U is calculated we can obtain the output ad-
missible set as follows

T={(v,z): I € (0,1], (¢(v),A) e,z € F}, (22)

and use the standard reference governor, as given in Prob-
lem 1 or 2.

The idea of utilizing a family of homothetic transfor-
mations S(Xr) can be further used to extend the tracking
MPC proposed in [7,8] to the non-linear parameter-varying
case. Given a positively-invariant terminal set X7 for the
system (1) under control law (3) and a suitable terminal
cost ¥(+) we pose the tracking MPC problem as follows.

Problem 6 Given a set of admissible homothetic transfor-
mations T, a stage cost l(+), a terminal set Xr, a terminal
cost Y(-) and a controller (3), the tracking MPC problem
can be written as follows
min = Y(TreN — Tk) + vk — rg)+
w,x, Ak, T, Uk, Vk
N—1
+ Y Ui — Th, ks — U,
i=0
st Tp14i = f(@k, Uk, Pr),
Tpti € X,
Ugti €U,
ThtN € T D A&,
(T, ug) = d(vi),
(Zg, g, i) €T,
ur + H(:Ek — fk,pk) € U,Vx € T, O A\ Xp
T D >\k‘XT - X7
(23)

where [(-) represents a positive definite stage cost and o(+)
represents a positive definite offset function.

4.1 Application of the proposed method to mecha-
tronic systems

Earlier in this section we have provided sufficient con-
ditions to use the homothetic set transformation in a track-
ing MPC and a reference governor control of non-linear
parameter-varying systems. However, the existence of a
set of admissible homothetic transformations is not guar-
anteed and even if exists it may be far from trivial to cal-
culate in the general case.

For a class of non-linear systems consisting of a non-
linear, possibly parameter-varying, dynamics and an inte-
grator:

jjl = f(xlauap)7

: (24)
T2 = T,
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where f(0,0,p) = 0, it is straightforward to identify the
associated set of admissible homothetic transformations.
Denoting # = (21 72)7 the system has the non-linear part
which does not depend on the subspace defined by the state
2o and consequently every point (0, x2) is an equilibrium
point with @ = 0. Thus the set I' can be readily identified
as follows:

F:{(f,ﬂv)\):ﬂzo,{i‘: (071’2)»

25
TONp CX, =1} @5

If the set Xr preserves its positive-invariance under scal-
ing transformation, which is the case for linear or linear-
parameter varying systems the set I' can be calculated as:

- (Ov 12)7
(0,1]}.

D= {(z,a,\:a=0,

, ? 26)
TOANp C A, A

It is important to note that many mechatronic systems
belong to the class of non-linear systems (24) e.g. most of
the position and velocity controlled drives, crane systems,
robotic systems, etc. In the following section the method
will be applied to a 3D tower crane system. Additionally
the proposed method will be compared to other reference
tracking methods on a double integrator example.

5 THE RESULTS

In this section we compare the proposed reference gov-
ernor based on a set of admissible homothetic transfor-
mations to the standard scalar reference governor and the
tracking MPC. Additionally the comparison between the
tracking MPC proposed in [8] and the one that uses a set of
admissible homothetic transformations is performed. As a
first example we consider a double integrator system, while
in the second example we consider an application of the
proposed method to a laboratory model of a tower crane
which represents a non-linear parameter-varying system.

5.1 Application to a double-integrator system

A double-integrator system, used in the first example, is
adopted from [9] and described by the following equation:
Ty =2
L 27
T = U.
The system (27) is further converted to a discrete-time sys-
tem with a sampling time 75 = 0.1s. A nominal controller
for a regulation problem (i.e. zero setpoint) is defined as
an LQR controller that minimizes the infinite horizon cost
function:

(oo}
Jior(u) =Y af,Quryi +ui Rukyi,  (28)
=0
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with @ = I and R = 1. The obtained controller is given
as follows:

u=—0.917z1 — 1.636x5. 29)
The constraints on control input and states are:
-1<2,<1,-01<2,<01,-1<u<1. (30)

Given an initial state x(, the control goal is to steer the
system states to a new equilibrium point (Z; 0)7, where
Z1 = r and r represents the desired set-point.

In this paper we have compared five different con-
trollers for the constrained reference tracking problem of
the system (27)-(30), briefly described below.

i) Scalar reference governor with LQR. The first con-
troller, presented in [9], combines a scalar-reference
governor with an LQR controller and it requires an
offline computation of the maximal output-admissible
set.

ii) Scalar reference governor with homothetic trans-
formation. Instead of calculating the maximal output
admissible set, the second controller combines a scal-
ing and translation of the positive-invariant set cal-
culated for the LQR controller. Instead of the max-
imal output-admissible set we use a set of admissi-
ble homothetic transformations according to (26) and
choose I as follows:

€2y

while the mapping between the active reference signal
and the corresponding steady state is given as follows:

d(v) = (v0)T. (32)

iii) MPC with a reference governor based on the ho-
mothetic transformation. The third controller com-
bines an MPC controller which uses a terminal cost
and a terminal set constraint to guarantee the stabil-
ity in a positive-invariant initial feasible set around
the equilibrium, with the reference governor based
on the homothetic transformation of the correspond-
ing positive-invariant initial feasible set, using a set
of admissible homothetic transformations according
to (31). The MPC controller is synthesized to mini-
mize a finite horizon cost function:

N—-1
T T
Jupc (k) =y NPrryn + > wh Qi
i=0

+ ungiRu/PHﬁ
(33)

417



Constrained Reference Tracking based on Homothetic Sets

S. 1le3, J.Matusko, F. Koloni¢

with N = 5 and P chosen as the solution of the
discrete-time algebraic Ricatti equation:

 [17.8349  10.0125

P= 10.0125 17.8566 |’

(34)
while the corresponding terminal set is chosen as
a maximum admissible positive-invariant set for the
corresponding LQR controller.

iv) Tracking MPC with translation and scaling of the
terminal set. The fourth controller employs a track-
ing MPC controller proposed in [8] and given in Prob-
lem 4 with:

Y(2) = 2T P, l(x,u) = 27 Qz + u” Ru,

35)
a(@) = e

v) Tracking MPC based on homothetic transforma-
tion. The fifth controller employs a tracking MPC
controller given in Problem 6 using I" given in (31).

The system responses for all the controllers together
with the pseudo-reference signal are shown in Fig 2. The
pseudo-reference signal v starts from 0.109 for the LQR
controller (i) and from 0.2107 in the case of the MPC con-
trollers ((iii)-(v)) as a result of the larger positive-invariant
initial feasible sets of the MPC controllers. The value of
infinite-horizon objective function is approximated using
the cost function

7 T
J(@k) = Ty N, PTht Ny

Noim =1 (36)

T T
+ § xk+ika+i + Uk+iRUk+i-
i=0

The achieved values of the cost function are J; = 21.4741,
Jo = 214772, J3 = 21.4245, Jy = 21.4048, J5 =
21.4048 for the controllers (i)-(v), respectively. The results
show that a constrained reference tracking can be achieved
by using either a reference governor or a tracking MPC
with the reference governor approach being more conser-
vative comparing to a tracking MPC approach. In addi-
tion, the comparison between the controller (iv) and (v)
show that the proposed conservative approximation of a
set of admissible homothetic transformations in the case of
a double-integrator system gives the same results as the
method proposed in [8]. However such the approxima-
tion can immediately be applied to a class of non-linear
parameter-varying systems as shown in the sequel.

5.2 Application to a 3D tower crane system

In order to show the applicability of the proposed ap-
proach to a real non-linear parameter varying system, it has
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been tested both by means of simulations and experimen-
tally on the 3D tower crane laboratory model.

The equations of the system motion of the tower crane
can be derived via Lagrange equations, by defining the
total potential and kinetic energy of the system as func-
tions of generalized coordinates: jib angular position 6,
swing angle ¢, trolley position x, swing angle « and ca-
ble length L, according to Fig 3. If the swing angles are
assumed to be small during the normal operation of the
crane (sina ~ «a,cosa &~ 1,sin¢ =~ ¢,cos¢ ~ 1) and
the swing is assumed to be slow especially in the case of a
long cable length (& ~ 0, ¢ ~ 0), the equations of motion
can be approximated as

. 1) . K
I+ (> L—mg=—Lup, (37)
TL TL
1 K,
Ty + () Ty — Mg = — Uy, (38)
Tx Tx
Lo+ ga+ 3, =0, 39

. 1\ . K,
(1+ M, 27)0 + (> 0 —m gz = —"ug,  (40)
To o

Lo+ gp+ a6 =0, 1)

where K1, K, Ky represents the gains of the correspond-
ing DC motors of the crane system, and 77, 7., Ty rep-
resents the corresponding time-constants. In addition m
represents the mass of the payload, m; represents a rela-
tive mass of the payload compared to the trolley, while M.
represents a relative mass of the trolley compared to the
moment inertia of the jib. The parameters of the crane are
given in Tab. 1. The crane is considered as a three dynam-

Table 1. Identified parameters of the tower crane

Parameter | Value

Ky 0.0108 7
K, 0.0154 -
Ky 0.11 t2d
TL 0.02 s

T 0.02 s

Ty 0.055 s
m 0.32 kg
my 0.0852
my 0.0419
M, 0.0917

ically coupled subsystems while the coupling among them
is treated as a change in the system parameters

M = AWM 4 (1), 42)
i@ =A@ (20)2® 4 B@) (1)) (43)
i® = A®) (1 22)z() 4 Bfig) (2, 2B (44)

AUTOMATIKA 56(2015) 4, 411423



Constrained Reference Tracking based on Homothetic Sets

S. 1les, J.Matusko, F. Koloni¢

10 Reference governor + LQR

08 — ———
0.6

x1
x2

0.4

x1,x2,u,v,r

0.2

- - I

150

_0.2 1 1 J
0 50 100 200
k

12 Proposed governor + MPC

08 — — —i—

0.6

x1
x2

0.4
0.2

x1,x2,u,v,r

- r
150

_0'2 1 1 J
0 50 100 200
k

10 Proposed governor + LQR

08 — — ——
06

x1
X2

0.4

X1,X2,u,v,r

0.2

- - T

150

-0.2

100 200
k

0 50
Tracking MPC in both cases

1.2

08— — —=

0.6

x1
x2

0.4
0.2

x1,x2,u,v,r

- - r
150

-0.2

100 200
k

0 50

Fig. 2. System response for the double integrator system

Fig. 3. Experimental model of a 3D Tower crane

where (A(i) (™, .. 200, BO (M) ,x(i’l))) €

Co (A;l()),BJ(?)) where Co denotes the convex hull de-

fined by the vertices Ag?) and B](,Q), j® =1,...,R®
and R denotes the number of vertices for the corre-
sponding subsystem. The corresponding vertices are ob-
tained by sampling the original model in a dense grid in a
work-space of the crane system defined as [Lnin, Limaz] =
[0.2,0.8] and [Zymin, Tmax] = [0.24,0.6], by using the
tensor product model transformation [19]. Such polytopic
state-space linear parameter varying (LPV) model is suit-

AUTOMATIKA 56(2015) 4, 411-423

able for controller synthesis using linear matrix (LMI) in-
equalities [20]. In a similar way a discrete-time polytopic
LPV model can be obtained

Two different controllers, have been designed for the
crane system subject to input constraints

—12 < <12, (45)

The first controller is a continuous-time controller calcu-
lated offline, for each subsystem of the crane, by solving a
set of LMIs using the continuous-time LPV model to rep-
resent the system dynamics. The controller is designed to
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Fig. 4. Reference governor as a way to enlarge the feasibil-
ity region of decentralized/distributed control algorithms
based on control invariant sets

maximize the decay rate o of a parameter-dependent Lya-
punov function for each subsystem of the crane (for details
see [21]). Each controller guarantees the constraint sat-
isfaction in a positive-invariant set which corresponds to
a sublevel set of the corresponding parameter-dependent
Lyapunov function.

Since the first subsystem of the crane is linear and time-
invariant only the second and third subsystems will be con-
sidered in the analysis in the sequel. Starting from the rest-
ing position, the corresponding positive invariant sets al-
lows for the maximum admissible reference signals to be
xl(j,)u’ref < 0.15m and x@“’mf < 0.4rad.

The second controller is a distributed dual-mode MPC
algorithm which uses a terminal set and a terminal cost to
guarantee the closed-loop stability and the constraint satis-
faction (for details see [22]). The terminal set and the ter-
minal cost are calculated using the LMI conditions based
on the discrete-time LPV model of the crane as presented
in [22], while the corresponding positive-invariant sets are
calculated using LMI conditions similar to the ones pre-
sented in [23].

Starting from the resting position, the maximum al-
lowed reference signal is defined by the corresponding
positive-invariant sets. The obtained controllers guaran-
tees the constraint satisfaction for the reference signals
xl(v?}),aref < 0.133m and xl(\%ZCmef < 1.08rad starting
from the resting position of the crane.

Using a reference governor with homothetic transfor-
mations of the corresponding positive-invariant sets, the
maximum allowed reference signal becomes the whole
workspace of the crane since the homothetic transforma-
tion is performed dynamically.

The proposed reference governor is tested experimen-
tally for both LMI and MPC controllers. In both cases the
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system is tested by starting from the initial state that is out-
side the positive-invariant initial feasible sets associated to
the primary controllers, i.e. xii)f = 0.36. The simula-
tion and experimental results for the trolley subsystem are
shown in Fig. 5. As a result of the reference governor ac-
tion, it can be seen that in both cases the reference signals
(black lines) are altered. They start from the maximum ad-
missible reference of the primary controller and converge
to the desired reference signal. The complete crane oper-
ations, for LMI based controller and MPC controller, are
shown in Fig 6 and Fig 7, respectively.

6 CONCLUSION

In this paper a constrained reference tracking is consid-
ered based on the homothetic transformation of positive-
invariant sets. Conditions for using the proposed method
to a special class of parameter-varying non-linear systems
are presented. The presented class of non-linear systems
includes many mechatronic systems, e.g. most of the posi-
tion and velocity controlled drives, crane systems, robotic
systems, etc. In order to show the applicability of the pro-
posed approach, a 3D tower crane model is used together
with controllers which utilize positive-invariant sets to sat-
isfy constraints on the control input and states. The bene-
fits of the proposed approach are shown using two differ-
ent controllers: (i) a continuous-time LMI based controller
and (ii) a distributed MPC controller, showing generality
of the proposed method. In addition the proposed method
is compared to the standard reference tracking methods on
a double integrator system. The main advantage of the pro-
posed method is ability to extend the region of attraction of
the controllers based on positive-invariant sets for a special
class of non-linear parameter-varying systems, still provid-
ing the guarantees for the constraint satisfaction.
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