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Abstract

This paper presents a heterogeneously parameterized tube-based model predictive control (MPC) design applicable to linear
parameter-varying (LPV) systems. In a heterogeneous tube, the parameterizations of the tube cross sections and the associated
control laws are allowed to vary along the prediction horizon. Two extreme cases that can be described in this framework are
scenario MPC (high complexity, larger domain of attraction) and homothetic tube MPC with a simple time-invariant control
parameterization (low complexity, smaller domain of attraction). In the proposed framework, these extreme parameterizations,
as well as other parameterizations of intermediate complexity, can be combined within a single tube. By allowing for more
flexibility in the parameterization design, one can influence the trade-off between computational cost and the size of the
domain of attraction. Sufficient conditions on the parameterization structure are developed under which recursive feasibility
and closed-loop stability are guaranteed. A specific parameterization that combines the principles of scenario and homothetic
tube MPC is proposed and it is shown to satisfy the required conditions. The properties of the approach, including its capability

of achieving improved complexity /performance trade-offs, are demonstrated using two numerical examples.
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1 Introduction

This paper considers model predictive control (MPC)
of linear parameter-varying (LPV) systems that can
be represented in the state-space form z(k + 1) =
A(0(k))x(k) + B(6(k))u(k), where A(-) and B(-) are
affine matrix functions of #. In an LPV system, the state
transition map is linear, but this linear map depends on
the external scheduling variable denoted by 6. In this
setting, the current value 6(k) can be measured for all
times k, but the future behavior of 0 is generally not

* This paper was not presented at any conference.
This work was supported by the Impulse 1 program of
Eindhoven University of Technology and ASML. This work
has received funding from the European Research Council
(ERC) under the European Unions Horizon 2020 research
and innovation programme (grant agreement No 714663).
This work 1is licensed under the Creative Com-
mons Attribution-NonCommercial-NoDerivs 2.0
Generic License. To view a copy of this license, visit
http://creativecommons.org/licenses/by-nc-nd/2.0/ or send
a letter to Creative Commons, PO Box 1866, Mountain
View, CA 94042, USA.
* Corresponding author J. Hanema.

Email addresses: jurre@jhanema.nl (J. Hanema),
m.lazar@tue.nl (M. Lazar), r.toth@tue.nl (R. To6th).

Preprint submitted to Automatica

known exactly at time k. Solving a predictive control
problem under uncertainty requires the on-line opti-
mization over feedback policies, leading to a so-called
min-max feedback control problem [1]. This problem
can be solved using dynamic programming (DP) [2], but
typically this is computationally intractable in practice.

Therefore it is useful to search for more conservative, but
implementable, approximations of this difficult problem
[3]. Frequently used approaches for the control of con-
strained LPV systems are based on the on-line synthesis
of linear feedback policies, e.g., [4,5,6,7,8]. Robust MPC
for parametrically uncertain * | systems furthermore can
be based, e.g., on interpolation [9,10,11] or on lifted “pre-
diction dynamics” [12,13]. In this paper, the focus is on
a different paradigm devised to reduce complexity with
respect to the min-max solution, namely tube model pre-
dictive control (TMPC). Compared to the approaches
mentioned previously, an attractive feature of TMPC is
that it allows for the use of arbitrary prediction hori-
zons with a computational complexity that grows lin-
early with the horizon length. In the LPV case, the tube-

! In this paper, a system with the same mathematical struc-
ture as an LPV system, but with a non-measurable schedul-
ing variable, is called a parametrically or multiplicatively
uncertain system.
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based framework can be used to construct “anticipative”
controllers, i.e., controllers that can take advantage of in-
formation on possible future scheduling trajectories that
becomes available while the system is running [14].

Tube-based approaches were originally proposed to con-
trol constrained linear systems subject to additive dis-
turbances [15,16,17,18,19]. The current paper however
considers tube-based control of LPV systems, where the
uncertainty in the future evolution of the scheduling
variable enters multiplicatively instead of additively. In
[15], the authors discuss the possibility of adapting their
TMPC to parametrically uncertain systems, but with-
out investigating closed-loop stability. Existing TMPC
approaches for multiplicatively uncertain systems are,
e.g., [20,21]. A framework for the construction of “stabi-
lizing” tubes, with application to the predictive control
of linear systems on assigned initial condition sets, was
presented in [22]. An LPV TMPC based on the setting
of [22] was presented in [14]: therein, the constructed
tubes are homothetic to the terminal set, and the on-line
optimization of parameterized feedback policies is done
over vertex controllers. This approach was further ex-
tended in [23], which introduced relaxed finite-step ter-
minal conditions into tube-based MPC.

The properties of a tube-based controller are determined
to a large extent by the selected tube parameterization.
Specifically, the parameterization determines how well
a tube-based controller can approximate the full DP so-
lution. A rich parameterization with many degrees of
freedom (DOFs) makes it possible to achieve good con-
trol performance close to DP, but at a high associated
computational cost. On the other hand, a simple param-
eterization can lead to efficient optimization problems,
but it limits the achievable performance. Hence, a key
question that motivates the work in this paper, is how to
parameterize the tube to strike a good balance between
computational complexity and control performance.

Typically, in the literature, a single tube parameteriza-
tion is selected for the full prediction horizon: e.g., ho-
mothetic tubes with vertex controls in [15,14] or elastic
tubes with additional control actions superimposed onto
a linear state feedback in [21]. The restriction to one sin-
gle parameterization for the full horizon limits the free-
dom that is available for the design of tube parameter-
izations that achieve favorable complexity /performance
trade-offs. In TMPC of linear time-invariant (LTT) sys-
tems subject to additive disturbances, this situation is
mostly resolved because it is also possible to optimize
over disturbance-feedback policies in a computationally
efficient manner [24,18]. However, in the case of an LPV
model, the uncertainty enters multiplicatively, and it is
not possible to formulate the synthesis of disturbance-
feedback policies as a convex optimization problem.

Therefore, to be able to construct tube-based controllers
for LPV systems that can achieve better complex-

ity /performance trade-offs, new approaches for design-
ing tube parameterizations are necessary. To this end,
as the first contribution of this paper, the concept of
heterogeneously parameterized tubes (HpTs) is intro-
duced. In an HpT, the parameterization of the cross
sections and associated controllers can vary along the
prediction horizon. This removes the restriction that
one single parameterization must be selected for the full
prediction horizon. The new design freedom allowed by
this framework can be exploited by the user to design
tube parameterizations that achieve different improved
complexity /performance trade-offs. A number of pa-
rameterizations from the literature can be described
in the proposed framework in a unified fashion, and
can be combined together to synthesize a single HpT.
Possible parameterizations that can be described in
the HpT framework include homothetic- and elastic
tubes [15,17,19,21], but also so-called scenario tubes
[25,26,27,28,29,30]. Based on the introduced HpT con-
cept, a novel LPV MPC algorithm based on repetitive
on-line construction of an HpT is developed. It is worth
to point out that the recent work [31] considers a differ-
ent combination of scenario and tube-based MPC, i.e.,
by using a scenario tree to handle parametric uncertain-
ties and a tube to handle additive disturbances.

The second and main contribution of the paper is the
development of sufficient conditions on the underlying
heterogeneous parameterization, under which the result-
ing controller is recursively feasible and asymptotically
stabilizing. As the third contribution, an implementable
heterogeneous parameterization—called HpT-SF—is
proposed as a specific application of the developed
general HpT framework. This HpT-SF parameteriza-
tion combines the principles of scenario and homoth-
etic TMPC, providing more design DOFs that can be
leveraged to achieve improved complexity /performance
trade-offs.

The remainder of this paper is structured as follows. Sec-
tion 2 introduces the necessary preliminaries including
notation, problem setting and the concept of scheduling
tubes. The concept of heterogeneously parameterized
tubes (HpT) is presented in Section 3 and the TMPC al-
gorithm based on these tubes is developed in Section 4.
Conditions such that the algorithm is recursively feasible
and stabilizing are given therein. Subsequently, in Sec-
tion 5, a terminal cost function and an implementable
heterogeneous parameterization are provided that sat-
isfy the required assumptions. Numerical examples are
provided in Section 6 to demonstrate that the HpT can
potentially achieve improved complexity/performance
trade-offs. Concluding remarks are given in Section 7.



2 Preliminaries
2.1 Notation and basic definitions

The set of real numbers is denoted by R and the set of
non-negative real numbers by R, . Closed and open in-
tervals on R are denoted by [a, b] and (a, b), respectively.
The symbol N is used to denote the set of non-negative
integers (i.e., the integers including zero). Closed and
open index sets on N are defined as [a..b] = {i € N|a <
i < b} and [a..b) = {i € N|a < i < b}, respectively. A
set with a non-empty interior that contains the origin is
called a proper set, and a proper set which is also com-
pact and convex is called a PC-set. A polyhedron is a
convex set that can be represented as the intersection of
finitely many half-spaces. A polytope is a compact poly-
hedron and can equivalently be described as the convex
hull of finitely many vertices. The power set of A C R"™
is the set of all subsets of A (including the empty set
and A itself), and is denoted by 2. Sequences are de-
noted compactly as {Xi}?:a ={X.,Xot1,...,Xp}. The
Minkowski sum of two sets A C R™ and B C R" is
A®B ={a+blac A be B} If a € R" is a vector,
define a & B = {a+b|b € B}. The N-times Cartesian
product of a set A is AV = A x --- x A. The Hausdorff
distance between two sets A C R™ and B C R" is

di (A, B) = max{j‘gﬁégé la = bl sup inf, fla - oIl }

where || || can be any vector norm on R™. The Hausdorff
distance between a set A C R™ and the origin is therefore
dyy (A) = dy (A, {0}) = sup [l (1)

A function f : Ry — Ry is of class K if it is continuous,
strictly increasing, and f(0) = 0. It is in class Ko if,
next to being in class IC, lime oo f(§) = c0. A function
g : Ry — Ry is of class £ if it is continuous, strictly
decreasing, and limg_,o g(§) = 0. Lastly, a function h :
Ry x Ry — Ry is said to be in class KL if it is class-K
in its first argument and class-L£ in its second argument.

Define the following “set”-gauge function:

Definition 1 /23] The set-gauge function Ug : 28" —
R corresponding to a PC-set S C R™ is

Ug(X) =suppg(z) =inf{y>0] X C~S}.

rzeX

2.2 Problem setting

We consider a constrained LPV system, represented by
the following LPV state-space (LPV-SS) equation

z(k+1) = A(0(k))x(k) + B(0(k))u(k), ke N, (2)

with the initial condition 2(0) = xy, and where u : N —
U C R™ is the input, x : N — X C R™ is the state
variable, and 6 : N — © C R™ is the scheduling signal.
The sets U and X are the input and state constraint sets,
while © is called the scheduling set. The matrices A(6)
and B(0) in (2) are affine functions of 6, i.e.,

A(6) = Ao+ 0;Ai, B(0)=Bo+y 6B

i=1 i=1

where (4;, B;), @ € [0..ng], are conformable matrices.
The following standing assumptions are made.

Assumption 2 The system represented by (2) satisfies:

(i) The values x(k) and 0(k) can be measured at every
time k € N.
(i) The sets X and U are polytopic PC-sets.

The problem addressed in this paper is to design a con-
troller Kmpe : X x © x N = U, such that the origin
is a regionally asymptotically stable equilibrium of the
closed-loop system represented by

a(k+1) = A(0(k)) x(k) + B (0(k)) Kupe (x(k), 0(k), k)
= @ (z(k),0(k), k) 5

with initial condition z(0) = =z¢. If the origin is an
asymptotically stable equilibrium of (3), then z(k) — 0
as k — oo for all possible signals § : N — ©. Because
the system is subject to state and input constraints, this
convergence can typically not be attained for all initial
conditions xy € X. Therefore, regional asymptotic sta-
bility is considered, which is formally defined as follows.

Definition 3 Let x(k|0,x¢) denote the solution x(k) of
(3) for a given scheduling signal 8 : N — © and for
the initial state x(0) = xz. The origin is said to be
a regionally asymptotically stable equilibrium of (3), if
there exists a ICL-function B and a proper compact set
X C X C R™ such that ||x(k|6,z0)]| < B(||zoll, k) for
all possible scheduling signals 8 : N — O, for all zg € X,
and for all k € N.

Definition 4 A functionV : R™ xN — R is a (regional,
time-varying) Lyapunov function on an invariant proper
and compact set X C X C R™ for (3) if

(i) There exist Koo-functions v, such that for all
(z,k) € X x N-w(||lz]]) < V(z, k) <o(||=]]);

(i) There exists a K-function & such that for all
(z,0,k) € X x © x N: V(& (z,0,k),k+1) <
Viz, k) —o(|lzl)-

The next lemma is used to verify the regional asymptotic
stability property of Definition 3.



Lemma 5 [32,535] If there exists a regional time-varying
Lyapunov function satisfying Definition 4, then the ori-
gin is a regionally asymptotically stable equilibrium of
(3) in the sense of Definition 3.

2.8 Scheduling tubes and anticipative control

The value 0(k) of the scheduling variable can be mea-
sured at each time instant k. In principle, for future time
instants k + 4, i € [1..00) it is only known that

O(k+1i) €O, (4)

but this assumption can be too restrictive. In many ap-
plications it is known that the scheduling variable can
not jump instantaneously over its full range, but evolves
according to a bounded rate-of-variation (ROV) [7.8].
This means that there is a 66 such that for all k£ € N,

0(k +1) — 0(k)| < 6. (5)

Thus, the future values 6(k+1) are known to belong to a
“cone” expanding outwards from the current point 0(k).

In some other cases, the scheduling variable corresponds
to a signal that is controlled to follow a reference, allow-
ing its future evolution to be predicted with high confi-
dence. This can be described by defining a nominal sig-
nal 6 : N — O and an uncertainty A C O such that

Vi€ [0.00): O(k+i) € ((k+i)@A)NO.  (6)

If the representation (2) embeds a non-linear system and
its state is controlled to track a reference trajectory, at
each future time instant the state variable belongs to
a set X; C X around this reference. In an embedding,
there is a known relation § = T'(x) [34]. This gives a
description of possible future scheduling trajectories
Vi€ [0..00): O(k+1) € {T(z)|zeX;}. (7)
The situations of (4)—(7) represent particular instances
of knowledge on possible future trajectories of 6. To pro-
vide a framework in which these and other cases can be
described, the notion of “scheduling tube” is introduced.

Definition 6 A scheduling tube ® of length N is a se-
quence of sets @ = {Og,...,0On_1} = {@i}f\!ol where
Vi€ [0.N —1]:©; C O, or equivalently, ® C V.

In the MPC presented in this paper, at each sampling in-
stant k, a new scheduling tube is constructed such that
it contains the expected future variation of the schedul-
ing variable. Due to the availability of the measurement
0(k), the scheduling tube is typically constructed such
that ©g = {0(k)}. Then it is assumed that at each in-
stant k + ¢ with ¢ € [0..N — 1], 0(k + i) € ©; holds. The

0k +i+1)—60(k+i) <60 _ A~

~

0 = {0} = |
or--
@2\\\

®i=(§(k+i)®A)ﬂ®

00 = {0(k)) ©s

Fig. 1. Example of two different scheduling tubes according
to cases (5) (top) and (6) (bottom).

sets ©; can be generated using any one of (4)—(7), or in
any other way that fits the application (Figure 1).

An operator that can be used to “order” scheduling tubes
is formally defined next.

Definition 7 Let ©® = {0} ;' € ON and © =
{@;}i]if)l C ON be two scheduling tubes of length
N. The relation @ C © is satisfied if and only if
Vi € N[O,N—Q] : 9; Q @i+1'

In Section 4, Definition 7 will be used in proving recur-
sive feasibility of the MPC scheme. In this paper, for
computational reasons, it is assumed that all sets in a
scheduling tube © are polytopes. For notational simplic-
ity it is assumed that these polytopes are all represented
as the convex hulls of equally many vertices:

Assumption 8 Let © C OV be a scheduling tube ac-
cording to Definition 6. Then, every set ©; is a poly-
tope described as the convex hull of qg vertices, i.e., Vi €
[1.N —1]: ©; = convh{6},...,0%}.

3 HpTMPC: fundamentals

Section 3.1 introduces the concepts of heterogeneously
parameterized tubes (HpTs), heterogeneous parameter-
ization structure, the tube synthesis problem, and the
notion of a domain of attraction (DOA). Next, the class
of cost functions considered in the developed MPC ap-
proach is introduced in Section 3.2.

3.1 Parameterized tube synthesis

Before proceeding, a few preliminaries need to be cov-
ered. Define the one-step forward reachable set—or im-
age—of a set X C R™ for the dynamics (2) under a
given controller, and for a corresponding scheduling set,
as follows.



Definition 9 The controlled image of a set for a con-
strained LPV system represented by the LPV-SS repre-
sentation with a given controller K : X x © — U s the
map I(-,-|K) : 2% x 2° — 28" defined by Z(X,0|K) =
{A()z + B(O)K (z,0) | z € X,0 € ©}.

The following inclusion result is directly implied from
Definition 9:

Lemma 10 Let K : X x © — U. For any subset X' x
O C X x0,itholdsZ(X',0'|K) CZ(X,0|K).

In what follows, it is useful to consider controllers K (-, -)
that satisfy some additional properties. These properties
are summarized here under the name of continuous and
positively homogeneous of degree one (CH;):

Definition 11 A controller K : X x © — U is CHy if
it is (i) a continuous functiorﬂ of its input arguments
(z,0) € X xO, and (ii) positively homogeneous of degree
one in the sense thatVa € Ry @ K(ox,0) = aK(x,0).

Because the representation (2) is also homogeneous, the
limitation to CH; controllers is not restrictive. In the
definition of a tube, so-called second-order functions will
be used to describe parameterized control policies:

Definition 12 A function f : A — B is called first-
order if both A and B are subsets of real vector spaces.
The function f is called second-order if it returns another
first-order function, i.c., if A is a subset of a real vector
space but B is a subset of all first-order functions g : C —
D (i.e., with C, D being subsets of real vector spaces).

Higher-order functions are widely used in computer sci-
ence as useful abstractions [35, Chapter 1.3|. A simple
second-order function is g : R — (R® — R"), g(c¢) =
(z — cx). It is then possible to say, e.g., h = g(2) mean-
ing that h is the function h : R™ — R", h(z) = 2z.

The concept of a tube can now be defined.

Definition 13 Let ® C OV be given according to Def-
inition 6. A tube of length N is a pair T = (X,K) =
({Xi}ﬁvzo , {Ki}fif)l) where X; C R™ are sets and where
K;: X; x0; = U are CHy control laws such that for all
i € [0..N — 1], the condition T(X;,0;K;) C X;11 NX
holds. Each set X; is called a cross section.

The length N of the tube in Definition 13 is called the
prediction horizon. The cross sections X; are not nec-
essarily subsets of the state constraints. Requiring this
would be conservative, because the cross sections are
supersets of the sets of reachable states given by Z(-, -|-)

? Continuity of K(-,-) ensures that u = K(z,0) is well-
defined (i.e., single-valued) for all (z, #) on its domain X x ©.

[22]. Therefore, in Definition 13, only the reachable
states given by Z(-,-|-) are required to satisfy the state
constraints. The following should also be kept in mind:

Remark 14 [t is important to remember the difference
between a “tube” (a synthesized sequence of sets in the
state space with associated controllers, Definition 13) and
a “scheduling tube” (a sequence of sets describing possible
future values of the scheduling variable, Definition 6).

As all necessary notions have been introduced, a hetero-
geneously parameterized tube is defined next.

Definition 15 Let T be a tube according to Defini-
tion 13. For all i € Ny nj, introduce parameter sets
P(i) = P*(i) x PX(i). A tube T is a heterogeneously
parameterized tube (HpT) if it satisfies:

(i) For all i € Ny nj, there is a set-valued function
P*(-i) : P*(i) — 28" and there exists a parameter
pr € PX(i) such that X; = P*(p}li).

(i) For alli € Ny n_q), there is a second-order func-
tion P* (-|i) : PX(i) = (X; x ©; — U) and there
exists a parameter p¥ € PX(i) such that K; =
)

Furthermore, define the shorthand
P(pli) = (P*(p*[i), P*(p"]7))
where p = (p",pk).

The distinguishing feature of the parameterization pro-
posed in the above definition, and the reason why it is
called a heterogeneous parameterization, is that the sets
P(:) and functions P(:|¢) can be different for every pre-
diction time instant i € Njg n1. If the sets and functions
in Definition 15 are chosen to be independent of i, the
setup of [14] (equivalently, the setup of [23] with M = 1)
is recovered. With the above definition, a heterogeneous
parameterization structure can be associated.

Definition 16 A heterogeneous parameterization struc-
ture Py is defined as the sequence of pairs

Py = {(P(0), P(-]0)),....(B(N),P(|N))}.

The parameterization structure Py has to be selected
during the control design and determines the compu-
tational complexity and the achievable performance of
the resulting controller. In what follows, a tube is called
feasible if it satisfies an initial condition constraint and
a terminal constraint. Given a structure Py, the set of
such feasible tubes Tn (-, -|Pn) can be defined as

T (2,0 | Pn) = {T | T satisfies Def. 15 with
Xo={x}and Xy C Xf} (8)



Fig. 2. A “feasible” tube T € Ty (z, ®|Pn) in a two-dimen-
sional state space with N = 4. Recall that ® = {©;} '

where X C X is a terminal set. An example of a feasible
tube is depicted in Figure 2. Selecting from this set a
single tube that optimizes a given performance criterion
is done by solving the tube synthesis problem

V(2,0 |Py) = min Jy (T,©)

9
subject to T € Tn (z,© | Pn), ©)

where

N-1
N (T,0) =Y (X, K;,0,)+F(Xy)  (10)

i=

is a finite-horizon cost function with £(, -, ) being the
stage cost and F'(-) being the terminal cost. The terminal
cost F'(-) must be chosen such that closed-loop stability
is guaranteed. The function V(-,-|-) in (9) is called the
value function, and an optimizer of (9) is denoted as

T = (X ST), A

where by definition, V(z,®|Py) = Jy(T*,O). The
DOA is the set of initial states for which a feasible tube
T € Ta(z, ©|Py) exists, and is formally defined as fol-
lows.

Definition 17 For a given sequence ® C OV, the do-
main of attraction (DOA) of the closed-loop system (3)
under a controller defined by (9) is

Xn (O]Py) ={zeX| Ty (z,0|Py) #0}. (12)

3.2  Cost function design

In this section, the class of stage cost functions used
in the developed MPC approach is presented. Sufficient
conditions on the terminal cost F(-) under which the
value function V (-, +|-) can be bounded by a pair of Koo-
functions are provided. The norm-based stage cost

(X KO)=  max (Qa] + [RK(@.0)|%) (13

is proposed where || || can be any vector norm, ¢ > 1, and
(Q, R) € R™aXmx x R™X"x are full column rank matrices

corresponding to tuning parameters. Several properties
of (13) are important to guarantee stability of the MPC
algorithm presented in this paper. These are summarized
in the following proposition.

Proposition 18 In what follows, let K : X x © — U be
a CH1-controller.

(i) For all subsets X' x ©' C X x O, it holds that
(X', K,0") <((X,K,0).
(1i) There exists a Koo-function £ such that
0(d% (X)) <UX,K,O).
(ii) The stage cost is homogeneous of degree ¢ in
the sense that for all & € Ry, £(aX,K,0) =
a’l(X, K, 0).

PROOF. Proof of (i). This follows from the definition
of (13) in terms of the maximum over a compact set.

Proof of (ii). From (13), max,cx [|Qz|¢ < (X, K, ©).
As @ is assumed to be full column rank, z — |Qz]|]
is a norm (in particular, ||Qz| = 0 if and only if
x = 0). All norms in finite-dimensional vector spaces
are equivalent, hence 3a > 0 : of|z|| < ||Qz||, implying
that a max,ex ||z|| = ady(X) < max,ecy ||Qx]||. This
directly leads to (ad%(X))" < (maxex |Qz])° =
max,cy ||Qz||¢, proving the statement with £(§) =

CI9

Proof of (iii). This is direct from the CH;-property of
K(-,-) combined with homogeneity of the norm | - ||. O

To prove closed-loop stability of a predictive controller,
the usual approach is to show that the value function
V(- +]-) of (9) is a Lyapunov function in the sense of
Definition 4. An important first step, then, is to show
that the value function satisfies Definition 4.(i), i.e., to
show that it can be upper- and lower bounded by a pair
of Kso-functions. The remainder of this section is de-
voted to proving, under some assumptions, the existence
of these bounds. Besides the stage cost (13), the finite-
horizon cost function (10) also contains a terminal cost.
An explicit construction of a suitable terminal cost will
be given later in Section 5. For now, the following nec-
essary assumptions on the terminal cost are made.

Assumption 19 Consider the terminal cost function
F(): 287 = Ry in (10).

(i) Let ¢ have the same value as in (13). The function
F(-) is homogeneous of degree c in the sense that
foralla € Ry, F(aX) = a°F(X).

(ii) There exist Koo-functions F, F such that for all
X € X, E(#(X)) < F(X) < F(dy (X)).

By Proposition 18.(iii) and Assumption 19.(i), the func-
tion Jy (-, ) is homogeneous of degree ¢ in the sense that



Va € Ry : Jy(aT,®) = a°Jy (T, ©). Define the scalar
multiple of a tube as aT = ({aXi}iAiO , {Kl}f\:()l) The
main result of this section can now be proven.

Proposition 20 Assume that X; in (9) is a PC-set.
Then, there exist Koo -functions v, v such that for all x €
X and ® C ON for which (9) is feasible, it holds that
v(flz]l) < V(z, ©[Px) < B(||2]])-

PROOF. The lower bound is established trivially as
V(z,®|Py) > £(]|z]|). Let 0S denote the boundary of a
set S and let ¢(z) = Y x (@) (). The domain of attrac-
tion Xn (@) of (9) for a given sequence © is proper and
compact. Representation (2) is homogeneous of degree
one in (z,u), and (X, X, U) are PC-sets. Therefore, the
existence of a T € Ty (z, ®|Py) implies that for all o €
[0,1], there exists a T° = T € Ty(az, ®|Py). Hence,
for any x € Xn(©) it holds that x € ¢(2)0XN(O), and

V(z,®|Py) < max
z€P(x)0X N (O)

V(¢(z)r, ©|PN).

= max (14)
T€EHXN (O)

Because the cost function is homogeneous of degree c, it
follows that Jy(T°,©) = a®Jy(T, ®). Now note that,
for all x € Xn (©), ¢(z) € [0,1] holds, and that the
solution T* is feasible but not necessarily optimal for the
initial state ax. Combining these facts with (14) yields

V(z,®|Py) < max
mGBXN((-))

V(¢(2)z, ©PN)

V (z,0|Pxn). (15)

< HC
- ¢ (l') zegggvx(@)

Because (X, X, U) are compact, it can be assumed that
there exists a constant V' > 0 such that

max _V (z,0Py) < V. (16)
2€OXN (©)

As ¢(-) is the gauge function of a proper and compact
set, there exists a Koo-function ¢ such that for all z €
R™ : ¢(z) < ¢(]|z|) [23, Lemma 1]. Combining this
with (15)-(16) gives that T(£) = ($(€))V is a Kog-upper
bound on V (-, ®|Py). O

4 HpTMPC: prototype algorithm

In this section, the HpTs introduced previously are used
to construct a stabilizing MPC algorithm.

4.1 Parameterization conditions

In this subsection, a number of conditions is presented
that allows for the derivation of a recursively feasible
and stabilizing MPC algorithm. These conditions come

as a set of assumptions on (i) the existence of a terminal
set and local controller, (ii) the parameterization struc-
ture Py, and (iii) the cost function Jy(-,-). First, two
preliminary definitions are provided.

Definition 21 A PC-set X C X is called controlled \-
contractive for an LPV-SS representation (2), if there
exists a local CHq-controller K : X x © — U such that
A=inf{p >0|Z(X,0|K) CuX} < 1.

Given a controller K : X x © — U, it will turn out to be
useful to consider controllers that are “the same” as K on
a subset of the original domain X x ©. Formally, the set
of restrictions of a controller can be defined as follows.

Definition 22 Let K : X x © — U. The set of restric-
tions of K to the subset X' x ©' C X x © is

R(K|X,0) = {K': X' x & U]
V(z,0) € X' x©": K'(z,0) = K(z,0)}.

The first set of assumptions required for deriving a recur-
sively feasible and stabilizing MPC can now be stated.

Assumption 23 The terminal set X¢ in (9) is con-
trolled A-contractive in the sense of Definition 21. (Recall
that a local controller which renders X¢ A-contractive in
this sense, is denoted as K : Xy x © — U.)

With Assumption 23 in place, the first step towards prov-
ing recursive feasibility can be made. The next lemma
on the existence of “successor tubes” is required first.

Lemma 24 Let N € Ny ), let Pn be a heterogeneous
parameterization structure according to Definition 16,
and let (z,0) be the current state and scheduling variable

values. Furthermore, let @ = {{9},{@1}5\;1} c eV
and Ot = {@Zr}f\z)l C OF be two scheduling tubes

satisfying ®T C ©. Suppose that there exists a tube T €
T (z,© | Pn). Then, there always exists a~y € [0,1] and

a sequence of sets X1 = {X;'}Z.Jio that satisfies

Vi € Njg v_g) : X;7 € Xiqa, (17a)
X5, CyXy, (17b)
X3 C M X, (17¢)
Vi € N n—g : Z(X;7, 0 |Kip1) € X NX, (17d)
I(X§ 1,08 |Ke) S XY (17e)

PROOF. By construction of T, Xg = {A(0)z +
BKy(z,0)} C X;. Recall that @ C © means that
OFf C O, for all i € Njg,n—2)- From Lemma 10,
it follows Z(XJ,08|K1) C ZI(Xi1,0:1|K;). Because



I(X1,01|K1) € X2 NX, there exists a X; C X5 such
that Z(X;,07|K1) € X; N X. Repeating this argu-
ment for all subsequent time instances i € Npj y_g
yields the existence of a sequence satisfying (17a)
and (17d). Next, let v = inf{y" > 0| Xy C ' X}
By construction, Xy C Xg, therefore v € [0,1]. Tt
was previously shown that Xj\',fQ C Xn_1. Thus,
I(X]T,_2,®]+\,_2\KN,1) C Xy C vXy, giving (17b). Ho-
mogeneity of (2) combined with Assumption 23 imply
that for all v € [0, 1] the inclusion Z(vX¢, ©|Kf) C Ay X;
holds. Because X$_1 C vXt and @E_l C O, this yields
(17¢) and (17e), completing the proof. O

Lemma 24 establishes the existence of a successor tube
that satisfies certain properties, but without construct-
ing one. As apparent from the proof, a sequence X that
satisfies the stronger condition Xf\}_l - X;{, C vX; in-
stead of just (17b) exists. However, for proving recursive
feasibility and stability, condition (17b) is sufficient and
less restrictive in terms of the permissible designs of Py .

Remark 25 Two particular constructions of the se-
quence Xt from Lemma 24 are the following. First, it
is possible to set “C” in (17d)-(17e) to “=": then, condi-
tions (17a)-(17c) are directly implied. Second, it is also
possible to replace inclusion with equality in (17a)-(17¢)
which, in turn, implies the satisfaction of (17d)-(17e).
This second option is analogous to “shifting the sequence”
in standard MPC. In this paper, both constructions will
be used to prove recursive feasibility of the heterogeneous
parameterization that will be proposed in Section 5.2.

Under the condition that a feasible tube T exists,
Lemma 24 established the existence of a successor tube
T, but without considering if TT can be parameter-
ized in the structure Py. To ensure that this is the case,
the following set of assumptions is invoked.

Assumption 26 Suppose that the hypotheses of
Lemma 24 hold true. Assume that Py is designed such
that at least one of the possible sequences Xt fulfilling
(17) satisfies the following conditions:

(i) For alli € Ny nj, there exists apit € PX(i) with
P () = X7
(i) Foralli € Ny y_q, there exists api-‘Jr € PX(4) such
that P* (pi*|i) € R (Kip1 | X[, ).
(iii) There exists a pi, € P(N — 1) such that
P (plz(vt1 [N —1) € R (K| XJJ\rrfp@E—l)'

In Assumption 26, it can be argued that conditions
(ii)-(iii) could be replaced by P¥ (plfr |i) = K1 and
Pk (plj‘v+_1|N— 1) = K, respectively. This is, how-
ever, more restrictive. Suppose for instance that, for

some ¢, X; is a set with 2 vertices and X, is a struc-
turally different set with 4 vertices (this exact situation
occurs, e.g., in the “scenario’-parameterization intro-
duced later). If the corresponding controllers (K;, K; 1)
are parameterized as vertex controllers on these sets,
then Pk (i) is a set in dimension 2n, whereas PX(i + 1)
is a set in dimension 4n,. It is therefore clearly im-
possible to find a parameter pX € P(i) such that
Pk (pif"r |z) = K" = K;;1. In contrast, a parameter
pX € P(i) could exist such that P¥ (pli‘Jr |7) is a con-
troller K;’ that produces the same control inputs as
K41 for arguments from the subset X;r C Xjy1. This
is precisely the less restrictive condition which, in As-
sumption 26, is captured formally in terms of sets of
restrictions R(:|-,-).

With Assumption 26 in place, it is already possible to
establish recursive feasibility of an MPC based on (9).
The proof is given together with the proof of closed-loop
stability in the proof of Theorem 29. However, for the
stability proof, the following set of assumptions on the
cost and value function is needed first.

Assumption 27 Let K : X x © — U be a controller
and assume the following properties:

(i) There exist Koo-functions F, F such that for all
X € Xo, E(d (X)) < F(X) < Fld (X))

(ii) Let K : X¢ x © — U be the local controller from
Assumption 23. Then, for all X C X, it holds that
F(Z(X,0|K)) — F(X) < —((X, K, ©).

(#ii) For any set X C X and any subset X' C X,
F(X") < F(X). Further, let v € [0,1] be the infi-
mal v such that X C vX¢. Then, F(X) = F(vXs).

(iv) There exist Ko -functions v, such that for all x €
R™ and ® C OV for which (9) is feasible, it holds
o(llzll) < V(x,©[Py) <o(||z]]).

Assumptions 27.(i)-(ii) can be seen as “set-based ver-
sions” of the standard set of assumptions on the termi-
nal set and cost in nominal MPC [36]. A construction for
the terminal cost is provided, together with an imple-
mentable tube parameterization that satisfies Assump-
tion 26, in Section 5. From Definition 22 and Proposi-
tion 18.(i), the next result follows:

Corollary 28 For all subsets X' x ©' C X x ©, it holds
thaté(X’,K,@') :€(X’,K',®’) < K(X,K7®) for any
K’ER(K\X’,@’).

4.2 Main result

The complete receding-horizon heterogeneously param-
eterized TMPC algorithm is given in Algorithm 1. In
Step 4 of the algorithm, a scheduling tube containing
the possible future trajectories of the scheduling vari-
ables is constructed. Examples of possible constructions



were described in Section 2.3. In the next theorem, the
main properties of Algorithm 1 are proven. For brevity
and consistency with previous notation, the time in-
dices k shown in Algorithm 1 are not explicitly written
in the theorem: the notation (@,07%) corresponds to
(O, Of1) in the algorithm.

Algorithm 1 The receding-horizon HpTMPC algo-
rithm.
Require: N € Nj; ) and a structure Py.

Assume: Step 5 is feasible at &k = 0, i.e.,
TN( ( ) @0|,PN)7é®

1: O_1 « @

2: k<0

3: loop

4 Construct ©, = {{G(k)},{@ilk}j\;l} c ov
such that @, C O_;

5 Solve (9) to obtain T* € Ty (z(k), O | Py)

6 Apply ulk) = K (@(k), (k) = o to (2

7: k+—k+1

8: end loop

Theorem 29 Let the hypotheses of Lemma 24 and As-
sumptions 26-27 be satisfied. Let Xn(©) be the domain
of attraction such that for all x € Xn(0), there exists a
solution T* = ({X*}Z O,{K{*}é\s}l) € Tn(z, ©|Pn).
Then, if x(k) € Xn(©), Algorithm 1 achieves the follow-
ing properties:

(i) After applying u(k) = K§ (z(k),0(k)) to the sys-
tem, there exists a guaranteed feasible solution
T+ € Tn(a(k+1),0T | Py).

(i) The system (2) in closed-loop with the controller
defined by (9) is regionally asymptotically stable on
Xn(©

PROOF. Proof of (i). From Definition 22, it follows
that for any controller K : X x © — U and for arbitrary
subsets (X’ x ©') C (X x O), we have that for all K’ €
R(K|X',0') there holds Z(X',®'|K') = Z(X', 0’| K).
Thus, with the sequence X+ = {Xf}fio that is shown
to exist in Lemma 24, it is possible to associate a se-

. N—
quence of restricted controllers K+ = { K" }i:ol where

ViEN[O’N,Q] K ER(K+1|X ),
Ky ) € R(K:| XNfl’G)]tlfl) .

Then, TT = (X*,K™) satisfies the initial condition and
terminal constraints and Condition (1) of Definition 15.
By Assumption 26, there exists a selection of X+ such
that, under the given parameterization structure Py,
conditions (ii)-(iii) of Definition 15 are also satisfied.
Therefore, there exists a T+ € Ty (z(k + 1), 01| Py).

Proof of (ii). The standard approach to show that
the value function of (9) is a Lyapunov function for

the closed-loop system is used. Recall that T* =
({X*}L 0,{K*} ) € T (z(k),® | Py) was the tube
synthesized at the initial time instant k. Introduce
AV, =V (z(k+1),0" | Py) — V(2(k),®|Py). Then

AVy < Iy (TH,©%) — Jy (T* @)
N-1

Ze (XF, K}, ©,)

+F(X$)

= (X} K,0f)-
=0
- F(Xy). (18)

Using (17a)-(17c), ©" C ©, and Proposition 18.(i):
N-1 N-1
S e(XKFef) < Y e(X] K], 65)
=0 i=1

+ (XY K1, 0% 1) -

Substituting this in (18) yields

2

-1
XK 00) + 0 (Xyoy Koy, O8 )
1

AV, <

)

2

—0 (X5, K5, 00) + L (XN, K 1,08 )
+F (X)) - F(Xy). (19)

- F(X})

o

It is known that both X+71 C vX¢ and X3 C vXq,
so K € R(K:| X% _1,0% 1) € R(Ki|vXp, OF ).
Invoklng Proposition 18.(i) then gives

[(X§717 K;\r_l’ @JI\FI71) < (v Xy, K, 9271)

Assumption 27.(iii) yields F(X}) = F(yX:) and
since X3 C AMXg, also F(XY) < F(\Xp) =

F(Z(yX:,©|Kf)). Making the appropriate substitutions
in (19) leads to

AVi, < (X3, K§,00) + £ (vXr, K¢, 0% )
+ F(Z(vXt,©|Ky)) — F (vX¢),

and using that @E% C O subsequently gives

AVk </ (Xav Kaa 60) +4 (’YXﬁ Kf7 ("'))
+ F (Z(vX¢, ©|K:)) — F (vX5) -

From Proposition 18.(ii) and Assumption 27.(ii) it fol-
lows finally that

AVy < —€(Xg, K, 60)
< —L(dy (X5)) = ~L(lz(R)]]) -



This, with Assumption 27.(iv), is sufficient to conclude
that V(-,<|Pn) is a regional Lyapunov function on
Xn(©) in the sense of Definition 4. By Lemma 5, this
implies that the origin is a regionally asymptotically
stable equilibrium of the closed-loop system. O

5 HpTMPC: tractable parameterizations

In this section, implementable constructions of a termi-
nal cost and tube parameterization are proposed, that
satisfy the conditions under which the HpTMPC ap-
proach was shown to be recursively feasible and asymp-
totically stabilizing in Section 4.

5.1 The HpT terminal cost

This subsection proposes a terminal cost function such
that Assumption 27 is satisfied, giving a stabilizing MPC
according to Theorem 29. Using Definition 1, the termi-
nal cost is defined in terms of the set-gauge ¥x,(-) as

(20)

where ¢ has the same value as in (13), X¢ and A are
according to Assumption 23, and where

(=1 (X;, K¢, 0) (21)
is a constant. In the next proposition, it is shown that
the cost functions (13) and (20) satisfy Assumption 27,
and therefore lead to a stable closed-loop system.

Proposition 30 The stage and terminal cost (20) to-
gether satisfy Assumptions 27.(i)-(iii). Furthermore, the
value function V (-,-|Pn) is Koo -bounded in the sense of
Assumption 27. (iv).

PROOF. Satisfaction of Assumption 27.(i). Because
(20) is simply the set-gauge function of the PC-set X;
raised to the power ¢ > 1 and multiplied with a constant
scalar factor, this property follows directly from the ex-
istence of the bounds s,,, 3, stated in Lemma 1 of [23].

Satisfaction of Assumption 27.(ii). By A-contractivity of
X¢ (Assumption 23.(i)), Ux, (Z(X, 0]Ky)) < A\, (X).
Also, because of the homogeneity of Ky (Assump-
tion 23.(ii)), the stage cost (13) is positively homoge-
neous of degree ¢ in the sense that for any X C X,

0(X,K¢,0) <l (Ux, (X) X¢, K¢, 0)
= ‘I’S(f (X)K(vaKfa@) .
————

2

10

Thus we have the inequality

F(Z(X,0]K1) - F (X)
-2 T (¥, (X 01KD) — ¥, ()
< (R, () - U, (X))

= 0%, (X) < —€(X, K}, 0).

Satisfaction of Assumption 27.(iii). This property is im-
mediate from the definition of U, (-), see Definition 1.

Satisfaction of Assumption 27.(iv). Under the three
properties proven above, this property has already been
proven in Proposition 20. |

5.2  The HpT-SF parameterization

In this subsection, one possible design of the parame-
terization structure Py that satisfies Assumption 26 is
proposed. As a preliminary, the following definition of
convex multipliers is introduced. This can be used to
compactly describe vertex control laws later.

Definition 31 Let W = convh {wl, .,qu} c R™.
Then convm (-|W) : W — R%" is the function

convin (w|W)

= arg lnf {Ilnl

me =w Zm— 1}

In general the multipliers 5 are non-unique, but in Def-
inition 31 a unique choice is made by minimizing the
norm ||n||. Define a “vertex control” policy as follows:

Definition 32 Let X = convh{z',...,z%} C R™
and, likewise, let © = convh {9_1, .., 0% } Let

Pk = (u(1’1)7...,

be a list of corresponding control actions. Then
vertpol (-|X,0) : U%% — (X x O — U) is a second-
order function defined such that

u(‘]xxl)’ o ,u(qmqe)) e [d09x

vertpol (p* | X, ©) (z,0)
dx q6

= Z convim (z]X)] Z convm (0|0)];

i=1 i=1

(i»j),

where [v]; denotes the i-th element of a vector v.



To develop an implementable parameterization that
leads to a convex finite-dimensional optimization prob-
lem (9), non-convex constraints must not arise due to
the multiplication of a parameter-dependent input ma-
trix with a controller (i.e., a decision variable) which is
dependent on the same scheduling parameter. This is
guaranteed by the following assumption.

Assumption 33 Assume that for all k, every set in the
scheduling tube constructed in Step 4 of Algorithm 1 is a
polytope. Denote K; = P* (pﬂz) for some p € P(i). Let
the elements of © be partitioned as

0 - L
0—[Hf],where91€®1§R”‘“7OQGGQQR"”,
2

where ng1 + Nga = ng, and with ©; and O, being the
projections of © onto the first ngy and last nga dimen-
sions respectively. Assume that Py is such that for all
i € Nji,ny_1) and for all (p?,@) € P(i) x © the product
B(0)K;(x,0) equals B(0)K;(x,0) = B(0,)K;(x,05).

Assumption 33 requires that if the input matrix B(:) of
the LPV representation depends on a scheduling variable
01, then the synthesized controllers are independent of
#,. They can, however, depend on any other scheduling
variable 05 that is not related to B(-).

Remark 34 Two “extreme” possibilities that guarantee
satisfaction of Assumption 33 are the following:

(i) B(-) in (2) is constant, i.e., V0 € © : B(0) = B.
(i) The structure Py is such that the controllers K; :
X; x ©; = U are independent of 0.

If B(-) is dependent on the scheduling variables 61, and if
it is not possible to make the controller parameterization
independent of 61, Assumption 33 can not be satisfied.
In that case, it is an option to expand the system (2) by
adding a pre-filter which makes the input matrix of the
expanded system parameter-independent [37].

Under Assumption 33, a so-called full scenario tube can
be described in the HpT framework of Definition 15.

Definition 35 (HpT-S) A tube T € Tn(z,®|Py) is
a scenario tube or HpT-S if Vi € Nygn_1 + Xip1 =
Z(X;, 0,]K;) and each K; is parameterized as a vertex

controller on the set X; x ©;. Let g5 (i) = q;nax{o’i_l} and
qx(i) = qi. Equivalently, in terms of Definition 15 and
under Assumption 33, a tube is called an HpT-S if the

parameterization structure Py satisfies

(i) For alli € Ny nj, it holds that P*(i) = R4,
pF = (a’:}, . ,:Eq"(i)> , and P* (p* | i) = convh {p*}.

%
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i) For all i € Ny n_q1, it holds that PX(i) =
[ ]

N —

R"uqk(i); pi( = (’ljl, PPN ,ﬂgk(i)>, and Pk (pk|7’) =

?

vertpol (pk | X, @i) .

Scenario tubes as alternative solutions for the min-max
feedback control problem were proposed in [25,26] for
non-linear systems subject to discrete-valued distur-
bances, for LTI systems subject to additive disturbances
in [27,28], and for general uncertain linear systems in
[29,30]. An HpT-S is non-conservative, but the number
of vertices of the sets X; increases exponentially as each
set has gg times more vertices than the preceding set. In
[25,26,38], it is proposed to avoid this growth by assum-
ing that the uncertainty resolves after Ny prediction
steps, at which point the tree stops branching. If this
assumption is not met in reality, the scheme loses its
feasibility and stability properties. Here the exponen-
tial growth is avoided differently: namely, by switching
from a scenario parameterization to a parameterization
with fixed-complexity cross sections after Ny prediction
steps. In this way, feasibility and stability guarantees
are retained under a more realistic handling of the
uncertainty. The considered fixed-complexity parame-
terization is defined next.

Definition 36 (HpT-F) A tube T € Ty(x, ®|Py) is
an HpT-F, if for alli € N y_1), Xi = z; ® a; X¢ where
a; € Ry is the corresponding cross-section scaling and
z; € R™ is the cross-section center. Equivalently, in
terms of Definition 15, a tube is called an HpT-F if the
parameterization structure Py satisfies

(i) For all i € Ny i, it holds that P*(i) = R,
p¥ = (23, 04), and P"(px \ z) =2z® aX;.

(ii) For i € Npny_y), the sets PX(i) and func-
tions PX(:|i) are such that if 3pf € PX(i) with
Pk (pﬁ‘ | z) = K, then 3pk_, € PX(i — 1) satisfying
PH(ky i 1) = K.

In the HpT-F, as the cross-sections X; are scaled and
translated versions of the same set X, it is said that the
cross sections are homothetic to X¢. The parameteriza-
tion of the associated control laws is still allowed to be
time-varying along the prediction horizon, i.e., the sets
and functions (PX(-), P(:|-)) are dependent on i. Thus,
an HpT-F satisfying 36 is still called “heterogeneous”.
The condition of Definition 36.(ii) is required to ensure
that an HpT-F satisfies Assumption 26.(ii)-(iii), so that
it leads to a recursively feasible MPC. In Table 1, some
control parameterizations are listed for illustration.

Next, the HpT-S and HpT-F are combined into a single
tube. Such a tube which will be called an HpT-SF (where
“SF” stands for “scenario/fixed-complexity”).

Definition 37 (HpT-SF) Let N €
Ny € N[l,N]-

N[Q’Oo) and
A heterogeneously parameterized tube



Parameterization DOF
1 Ki(z,0) =ci + Ki(z — 24,0) 1
2 Ki(z,0) =ci(0) + Ke(x — 2:,0) qo
3  Ki(z,0) = vertpol (pf | X, @i) (z,0)  qogr

Table 1

Example control parameterizations fitting in the HpT-F
framework of Definition 36. One control DOF corresponds
to ny, decision variables in the tube synthesis problem, and
g is the number of vertices required to represent the set Xs.

T € Tn(z,®|PyN) satisfying Definition 15 is an HpT-
SF, if it can be decomposed as T = (TO, Tl) with
0 0y No—1 0y No—1
T = ({Xl }i=0 AK }i=0 ) J
1 1N 1y N-1
T = ({x Ly, A

where T is an HpT-S according to Definition 35 and T*
is an HpT-F according to Definition 36.

(22)

In the above definition, since both sections T and T
are heterogeneously parameterized according to Defini-
tion 15, it follows directly that the same holds for the
complete tube T = (TO, Tl). To clarify the concept, a
graphical representation of an example HpT-SF is given
in Figure 3. For the first prediction time instances, the
HpT-S structure is employed. The number of vertices of
these cross sections doubles at every prediction step after
the first one. Then, at prediction step Ny = 4, a transi-
tion is made to the HpT-F structure: from this point on,
the complexity of the tube cross sections remains con-
stant as they are all homothetic to the same polytope.

The next proposition shows that the HpT-SF prediction
structure satisfies Assumption 26, and therefore leads to
a recursively feasible MPC as proven in Theorem 29.

Proposition 38 Suppose Assumption 33 is satisfied.
Then, the HpT-SF structure of Definition 37 satisfies
Assumption 26.(i).

PROOF. First, consider the HpT-S part T°. In ref-
erence to Lemma 24, recall that X C X; is a sin-
gleton. Applying the first construction of Remark 25
for i € Njg n,—1] (and noting that ©f = {0(k + 1)}),
gives a sequence {X:r }f\fo_ " Wwhere the amount of ver-
tices of the i-th set equals gx(i) = q;nax{o’i_l}. This
is in accordance with Definition 35: hence, for all
i € Njo,ny—1], there exists a pi : P¥(pi*|i) = X"
Next, for all i € Njg n,_1), the restricted controllers
K/ € R(Ki1|X;",0]) are the vertex controllers
on the sets Xi+ , which also agrees with Definition 35.
Because X;" C X1, the corresponding vertex control
actions in piT € P(i) can be taken as convex combi-
nations of the elements of p¥,; € P(i + 1). Therefore,
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for all i € Ny n,—1], the existence of piﬁ € PX(4) such
that P(pi-‘Jr |2) = K,  is guaranteed. Second, consider

the HpT-F part T'. Applying the second construc-
tion of Remark 25 for ¢« € Ny, ny_1) gives the se-

N N-2 N—1
quence {Xj}izNO where {Xj}izNo = {Xititng 110
X;{,fl = vX¢, and X]J\r, = My X;. Because all sets in

{Xj}iiNO can be represented as X;r = z; P o; Xy,
it follows immediately from Definition 36 that for all
i € Nin,,n), there exists a pit PX(p;‘Jr |z) = X;".
From this construction, it also follows that for ¢ €
N[NO,N—Q]a Kj— = K11 € R(Kl+1|XZ+,®j_) and
that K |, € R (Kf | 7)(},@}71). Thus, Definition 36
guarantees that, for all i € Ny, ny—1], there exist

pi-"" : P(p?ﬂz’) = K. This concludes the proof. |

The HpT-F part in the HpT-SF structure can be im-
plemented similarly as in [14]. Hence, for fixed Ny, the
number of variables and constraints in the tube synthe-
sis (9) will be in the order of O(N). For variable Ny, the
complexity of the tube synthesis problem is in the order
O(g,"°): a remaining question is how to select Np. To
obtain the least conservative control law for a given pre-
diction horizon IV, one can choose Ny < N as large as
computational resources allow. Another approach is to
compare the complexity of an HpT-S of length Ny with
the complexity of an HpT-F of the same length. The last
cross-section X n,_1 of an HpT-S of length Ny has qévO_Q
vertices. Then, if the set X¢ from Definition 36 has g¢¢

vertices, one can select Ny such that qéVO_2 = g, i.e.,
1
Ny = round < o8 Qf) +2 (23)
log go

The value (23) is the approximate value where the
complexity—in terms of the number of vertices of the
cross sections—of the HpT-S part grows beyond that of
the HpT-F part, so that it is advantageous to switch to
the HpT-F parameterization after Ny prediction steps.

Note that the tractable parameterizations in this sec-
tions were based on tubes with polytopic cross sections.
In the presented framework, it would be possible to de-
velop parameterizations that use ellipsoidal cross sec-
tions. Generally, the representation complexity of ellip-
soids scales better in the state dimension, but synthe-
sizing ellipsoidal tubes requires solving an semi-definite
program (SDP) instead of a linear program (LP).

6 Numerical examples

In this section, two numerical examples are provided to
demonstrate the HpTMPC algorithm. It is shown how
different choices in the parameterization structure affect
properties such as the DOA size and computation time.
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Fig. 3. Example of a HpT-SF prediction structure in a two-dimensional state space (N = 6).
6.1 Parameter-varying double integrator Design  DOA vol. DOF
1 (XA 12.5 1+ (N-1 =721
Consider the LPV-SS representation ( I;’) ( Jaog
2 (X3) 7.51 N =10
111 To1 o 05 0.5 3 (AR) 13.2 (14 g0 + q) + 3q0qs +4 = 317
z(k+1) = + 01(k)+ 02 (k) Table 2
01 0 0.1 0 0

00 0.5
+ L) 0'2] 93(k)> x(k) + [ ) ] u(k)

with the constraint and scheduling sets given as

X = {z e R?||z]| < 6},
U={ueR|u/<1},0={0cR®|[|f]lc <1}.

The set O is a hypercube in 3 dimensions and therefore
has 8 vertices. The purpose of this example is to demon-
strate the effect of changing the heterogeneous parame-
terization structure. Therefore, all other design param-
eters are kept fixed based on the following choices:

The prediction horizon is set to N = 10.
The scheduling tubes ®;, C © are constructed such
that ®, = {{0(k)},©,...,0} for all k. In this way, at-
tention is focused on the effect of changing the hetero-
geneous parameterization structure, and not on dif-
ferent possible ways of constructing a scheduling tube
(see Section 2.3 for some possible constructions).
The tuning parameters are set to Q@ = I and R = 1.
e The terminal set X is computed to be 0.95-
contractive with respect to a robust LTI terminal
controller K¢(x,0) = Kix. This set is computed using
[39] and is described by 10 vertices. The restriction to
an LTI terminal controller in this case yields a set X¢
with a relatively small volume, but also with a rel-
atively low number of vertices. Furthermore, in this
example, the relatively small volume of the set allows
to illustrate more clearly the effect of the tube param-
eterization on the DOA of the resulting controllers.
e The maximal “worst-case” DOA is Xy = XX (@werst)
where @%°st = {©,...,0}. This corresponds to the
largest DOA that can be achieved by any possible
controller. It is also computed using [39].

Three tube-based controllers based on different param-
eterization structures Py are compared in terms of the
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Comparison of the three designs in Example 1. Note g¢f is
the number of vertices of the terminal set, to which the tube
cross sections in the HpT-F part are homothetic.

achieved DOA and the number of required control DOFs:

Design 1 (X)) Homothetic tube with vertex controls,
i.e., a tube satisfying Definition 36 with control pa-
rameterization 3 from Table 1. This is the same as the
controller in [14].

Design 2 (X3) Homothetic tube with “simple” control
parameterization, i.e., a tube satisfying Definition 36
with parameterization 1 from Table 1.

Design 3 (X3) A heterogeneous design, consisting of a
scenario tree for the first 3 prediction time instances, a
homothetic tube with vertex control parameterization
for the next 3 instances, and a homothetic tube with
the simple control parameterization 1 of Table 1 for
the remaining prediction steps.

The realized DOAs for the three designs were approxi-
mated by gridding the state spacdﬂ and are displayed
in Figure 4. These DOAs are all computed with respect
to a scheduling tube @¥°st = {0, ..., 0}. The associ-
ated set volumes and the number of control DOF are dis-
played in Table 2. Closed-loop trajectories for an initial
state at which all the designs are feasible is shown in Fig-
ure 5. The scheduling trajectory was a randomly time-
varying signal generated by drawing, at each instant k,
a value 6(k) uniformly from ©. For this initial state, the
closed-loop inputs are slightly different, but the result-
ing state trajectories are virtually indistinguishable.

For illustration of the resulting computational complex-
ity of the different designs, a summary of the compu-
tation times for the closed-loop simulations is given in
Table 3. Note that Design 2 has only 10 DOF, but that
the complexity of the tube synthesis problem is domi-
nated by the number of constraints necessary to verify

3 Exact computation of the DOAs using multi-parametric

linear programming is intractable given the sizes of the LPs.
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2 F

Fig. 4. Realized (estimated) DOAs for the three designs in
Example 1. Here, Xy = AN (@"°™"), whereas X} is the
DOA corresponding to Design i for ¢ € {1,2,3}.
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Fig. 5. Illustrative closed loop trajectories in Example 1.

the tube set inclusions in that case. The simulations were
executed on a computer with a Intel Core i7-4790 pro-
cessor at 3.60 GHz and 8 GB RAM, with Gurobi 7.0.2
being the LP solver.

Out of the three compared designs, the heterogeneously
parameterized controller achieves the largest DOA vol-
ume while requiring the lowest average computation
time. Therefore, this example has shown that the pro-
posed heterogeneous tube parameterization has the
potential of improving the trade-off between computa-
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Design  Avg. time [ms|] Max. time [ms]
1(xY) 55 69
2 (X3%) 42 45
3 (X%) 37 44

Table 3
Solver time per sample in the simulation of Example 1.

tional complexity and control performance.

It is emphasized that the DOAs in this example were
computed with respect to all possible initial scheduling
values 6 € O. For a specific initial scheduling value 0(k),
the tube synthesis might also be feasible for initial states
outside of these domains. Also, the scheduling tubes were
constructed in a “worst-case” sense: whenever knowledge
is available to construct refined scheduling tubes & C
OY (see Section 2.3), the DOAs can become larger.

6.2 Parameter-varying third-order system

Consider a third-order LPV system described by

) 1 0
wk+1)=|T+7|-076,(k) —04 0.2 (k)
0 0.3 —0.165(k)
1T
+rlo01] uw)

and with the constraint and scheduling sets

X ={z eR®||21] 0.5, |z2| <0.1,]z3] < 0.2},
U={ueR||ul <0.2},
©={0ecR*|6, €[0.51.5],0, €[0.8,1.2]}.

In what follows, the sampling time is set to 7 = 0.36 s.
Similar to the previous example, all design parameters
except the parameterization structure are kept fixed:

e The prediction horizon is set to N = 8.

e The scheduling tubes ©; C O~ have been con-
structed such that @, = {{0(k)},©,...,0} for all k.
As in the previous example, this means that attention
is focused on the effect of changing the heterogeneous
parameterization structure, and not on different pos-
sible scheduling tube constructions (see Section 2.3).

e The tuning parameters are set to @ = [ and R = 5.

e The terminal set X is computed—using [39]—to be
0.98-contractive with respect to an LTT terminal con-
troller K¢(x,0) = Kz, This set is described by 48
vertices and, equivalently, by 28 hyperplanes.

Now, three tube-based controllers based on different pa-
rameterization structures Py are compared in terms of

the achieved DOA and the number of control DOFs:
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Fig. 6. Realized (estimated) DOAs for the three designs in
Example 2: projection on the (x1,x2)-space.

Design  DOA vol. DOF

1(XY) 3.13-107° 14 (N —1)gegs = 1345

2 (X%) 243-100% N =38

3(X%) 323-100% (L+qo+qi+gqi)+4=95
Table 4

Comparison of the three designs in Example 2.

Design  Avg. time [ms|] Max. time [ms]

1(xY) 613 778

2 (XR) 310 342

3(X%) 317 360
Table 5

Solver time per sample in the simulation of Example 2.

Design 1 Homothetic tube with vertex controls, i.e., a
tube satisfying Definition 36 with parameterization 3
from Table 1.

Design 2 Homothetic tube with “simple” control pa-
rameterization, i.e., a tube satisfying Definition 36
with control parameterization 1 from Table 1.

Design 3 A heterogeneous design, consisting of a sce-
nario tree for the first 4 prediction time instances, and
a homothetic tube with the simple control parameter-
ization 1 of Table 1 for the remaining prediction steps.

A projection on the (x1,z2)-space of the estimated
DOAs realized by the three designs is shown in Fig-
ure 6 (plotting the full three-dimensional sets would be
illegible). The volumes of the estimated DOAs and the
number of control DOFs are summarized in Table 4. An
illustration of the computation times required to solve
the tube synthesis problems for the three different de-
signs is given in Table 5. These times were obtained by
simulating the closed-loop system with an initial state
xg = [0.05 0 O]T. As remarked before, it should be
possible to improve these times by considering a more
efficient linear programming implementation.

Out of the compared designs, the heterogeneously pa-
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rameterized controller achieves the largest DOA volume,
while requiring a computation time that is only slightly
higher than the “simple” controller. As in the previous
example, this confirms that the heterogeneous tube pa-
rameterization proposed in this paper provides an im-
proved trade-off between computational complexity and
control performance as measured by the DOA volume.

7 Concluding remarks

In this paper, a framework for the construction of MPC
schemes for LPV-SS models was developed, based on the
construction of so-called heterogeneously parameterized
tubes. Possibilities for future research include the exten-
sion of the framework to handle LPV models also af-
fected by additive disturbances, the implementation of
tube parameterizations based on ellipsoids, and the in-
vestigation of algorithmic approaches to systematically
design heterogeneous parameterization structures.
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