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1 Introduction

The research area of piecewise-affine (PWA) systems (Sontag 1981), has received a lot of attention dur-
ing the last fifteen years. Different techniques have been recently studied for their stability analysis,
mostly based on the computation, through semi-definite programming, of common quadratic or piece-
wise quadratic Lyapunov functions (Feng 2002, Ferrari Trecate et al. 2002, Sun 2010, Mason et al. 2012,
Eghbal et al. 2013). Other methods are based on piecewise-polynomial Lyapunov functions (Prajna and
Papachristodoulou 2003), and on PWA Lyapunov functions (Grieder et al. 2005). Is spite of their simple
formulation, PWA Lyapunov functions can in some cases find a solution where higher-order piecewise-
smooth functions fail to succeed. This is due to the non-conservative nature of the computational scheme
employed for determining PWA Lyapunov functions: if such a function exists on a given partition, then
the associated optimization problem will be able to find it (this property is no longer valid for higher-
order functions).

In particular, PWA Lyapunov functions are obtained through linear programming (LP), imposing
positive-definiteness and decay conditions at the vertices of the polytopes that compose the (bounded)
domain, therefore enforcing the same properties for all the points of interest. Usually, the set (henceforth
referred to as X') where the PWA dynamics is defined is a known positively invariant set, because the no-
tion of stability has no practical relevance if the state trajectory can exit the domain where the dynamics
is defined (Biswas et al. 2005). However, there are many cases when the PWA system to be analyzed is
not defined in a positively invariant set. A typical example is when an explicit model predictive control
(MPC) control law (Bemporad et al. 2002) is synthesized for a linear system without a-priori guarantees
of stability and/or positive invariance of some suitable set for the closed-loop system. This can occur,
for instance, when approximations of the optimal control law are introduced to obtain low-complexity
solutions (see, e.g., Grieder et al. (2005), Jones and Morari (2010), Bemporad et al. (2011)).

In case of a non-invariant domain, a possible approach is to perform an extensive reachability analysis
to find, through a recursive procedure, the maximum positively invariant (MPI) set included in X (see

Rakovic et al. (2006), (Blanchini and Miani 2008, Ch 4-5) and references therein). Then, the Lyapunov
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stability analysis can be carried out in the MPI set. However, it often happens that this latter one is
not a domain of attraction for the origin, because the domain of attraction is a proper subset of it. The
domain of attraction (or a positively invariant subset of it) must then be determined in order to get a
feasible solution applying one of the previously-mentioned methods (Feng 2002, Ferrari Trecate et al.
2002, Prajna and Papachristodoulou 2003, Grieder et al. 2005). However, this procedure, when applied
to PWA systems, can lead to computationally intractable solutions due to the exponential complexity of
reachability analysis. Moreover, in many cases, searching for the MPI set is an undecidable problem.

An alternative solution is proposed in Rubagotti et al. (2011), where an invariant set is determined
a-posteriori by defining a fictitious dynamics that extends the actual dynamics of the system defined on
X. In this way, a larger domain X, is considered, which is positively invariant for the extended system
(i.e., the system including the regions where the fictitious dynamics is defined). If a PWA Lyapunov
function can be determined for the extended system, a positively invariant (not necessarily maximal)
set P, included in X is determined for the actual system. This solution would avoid performing an
extensive reachability analysis. However, its main drawback arises from the arbitrariness in the definition
of the fictitious dynamics. This can lead, for instance, to the artificial introduction of limit cycles on the
extended dynamics, which would make it impossible to find a PWA Lyapunov function.

This paper proposes a method based on PWA Lyapunov functions to assess exponential stability of
the origin of a PWA system defined on a possibly non-invariant domain &', and determines an estimate
‘P of the region of attraction contained in X'. Even though the goal is the same as that of Rubagotti
etal. (2011), no fictitious dynamics is required, and the PWA Lyapunov function (directly defined in
‘P) and the set P itself are found simultaneously. Discontinuities at the boundaries of the polytopic sets
are allowed for both the system dynamics and the PWA Lyapunov function. In particular, the system
dynamics on the regions boundaries can assume any of the neighboring values, and the presence of
a finite number of affine dynamics is allowed within each polytopic region, aspects not considered in
Rubagotti et al. (2011).

It is proven that the proposed method leads to a feasible solution whenever there exists a fictitious
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dynamics leading to a feasible solution by applying a generalization of the method in Rubagotti et al.
(2011). The focus of the present paper is on (possibly multiple) nominal dynamics: the reader interested
in the direct analysis of systems with parametric uncertainties or additive disturbances is referred to
Trimboli et al. (2011), Rubagotti et al. (2013), respectively, and the references therein. A preliminary
version of the theory here developed for the construction of the PWA Lyapunov function was described
in Rubagotti et al. (2012). As compared to Rubagotti et al. (2012), this paper analyzes the presence of
overlapping dynamics on the boundaries, uses a different construction of the LP which enlarges the
domain of application of the proposed technique, and tests the new method on different examples. It will
be shown that the complexity of the proposed LP (i.e., number of variables and constraints) increases
only linearly with the order of the system. However, since typically the number of regions increases
as well if more state variables come into play, the proposed method (like all the mentioned methods)
is suitable to analyze small-sized systems (realistically up to 5-6 state variables) if a standard desktop
computer is used.

After introducing the main notation, definitions, and background results in Section 2, the stability
problem is formulated in Section 3. The proposed LP-based PWA Lyapunov function construction is
introduced in Section 4, and the related theoretical results are proven. Section 5 shows the broader
applicability of the proposed method with respect to the method based on fictitious dynamics proposed
in Rubagotti et al. (2011). Numerical results are discussed in Section 6, and conclusions are finally drawn

in Section 7.

2 Notation, definitions, and background

Let R, R0, Z>0 and Z>o denote the sets of reals, strictly positive reals, strictly positive integers and
non-negative integers, respectively. Given a vector v € R", let |v| denote any vector norm. Given a
discrete-time signal w : Z>¢o — RP, the sequence of the values of w from the zero instant to the k-th
instant is denoted by w;). The norm of a sequence is defined as ||wy || = SUP;eqo,... k) [w(7)|. Given a

set D C R", its interior is denoted by int(D), its closure by D, its boundary by 9D, and its convex hull
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by conv (D). Given a finite number of sets D;, i € Zy = {1,...,nq}, we say that {D;} is a partition of
D if int(D;) # 0, int(D;) Nint(D;) = 0, Vi, j € with i # j, and | J!*; D; = D. A polyhedron is a set
given by the intersection of a finite number of (closed or open) half-spaces. A polytope D is a bounded
polyhedron, and the set of the vertices of its closure D is denoted by vert(D). With respect to a given
vector norm, we define the norm ball of radius x € R~g as B, £ {a € R" : |a| < x}. Given two
sets D1, Dy € R”, their Minkowski sum is D1 @ Dy £ {d; + do : di € Di,ds € Ds}. A function
v :R>0 = R of class K (v € K) is continuous, positive definite, and strictly increasing. A function
v : Rso X Z>9p — Rxgisof class KL (y € KL) if Vk € Z>o, y(-, k) € K, and Ve € R>, v(c, ) is
decreasing, and limy,_, . (¢, k) = 0.

Consider a discrete-time nonlinear difference inclusion

vt €p(z), rEX (1)

where X C R”, and z € R" is the state vector, X being a compact set that contains the origin in its
interior. The notation 2 € (x) is a shorthand for z(k + 1) € p(z(k)), k € Z>¢, and will be always
used in the following. Function (-) is a locally bounded and outer semi-continuous set-valued mapping
whose domain contains X. According to (Goebel et al. 2012, Ch 6), these properties of ¢ ensure well
posedness of (1) and suitable existence properties for solutions to (1).

The following ones are standard definitions for difference equations/inclusions. Due to the generality
of inclusion (1), we characterize positive invariance as “strong”, in the first definition below, to emphasize

the fact that all solutions starting in D remain in D for all forward times.

Definition 2.1: A set D C X is called strongly positively invariant (SPI) for dynamics (1) if all

solutions starting in D remain in D for all times.

Definition 2.2:  For system (1), the one-step reachable set fromD C X is R(D) 2 {y €¢ R" : y €

¢(x) for some z € D}.

Remark 1: Note that set X is not assumed to be SPI for (1), so that some solutions can leave X and

are therefore defined only on a bounded time domain.
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Definition 2.3: Consider dynamics (1) and an SPI set D C X with 0 € int(D). The origin is expo-

nentially stable in D (ES(D)) if there exist ¢, p € R~ such that all solutions to (1) satisfy

z(0) € D = |z(k)| < c|lz(0)|e™?*, Vk € Zxo.

Theorem 2.4: Assume that system (1) is defined in the SPI set D C X with 0 € int(D), and admits a

(possibly discontinuous) function U : D — R, such that, for all x € X,

ap|z]? < U(x) < anlz]” (2a)

U(g) — U(z) < —aglz|", Vg € p(z), (2b)

where 1, a;; € Rxg, @ = 1,2, 3. Then, the origin is ES(D) for (1).

Proof: The proof follows from (Teel et al. 2013, Thm 1), by only concentrating on the jump dynamics
(namely selecting the flow set to be empty). Note that (Teel et al. 2013, Thm 1) assumes continuous
differentiability of U but this property is never used in the discrete-time part of the proof. Therefore the
same proof technique can be used to prove our Theorem 2.4. |
Note that Theorem 2.4 allows U(+) (called uniformly strict Lyapunov (USL) function, cf. Lazar et al.
(2009)) to be a discontinuous function. Continuity at the origin is implied by condition (2a), but the
continuity on a neighborhood of the origin is not required. In the remainder of the paper, discontinuous
USL functions will be exploited to obtain theoretical results that avoid the conservativity possibly arising

from enforcing continuity conditions.

3 Stability analysis problem and basic definitions

Let X C R be a compact polytope that includes the origin in its interior. Consider a partition {X;} of

X that consists of a finite number s of polytopes

X, & {x: Ha <h},ieIT={1,..s} )
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where H; € R™ %, and h; € R% are constant vectors, and the inequality should be understood
component-wise. The number of vertices of X; is denoted by m;. The subset of indices Zy is defined
asTop = {i € T : 0 € &;}, and it is assumed without loss of generality that, for all i € Zy, 0 € vert(X;).
The system dynamics can be defined by different affine functions g;(z) = A;x+a;, with A; € R"*",
a; € R, j € S £ {1,...,ny}. We denote S; C S as the subset of indices of functions g; associated
to region AX;: for example, if Sy = {1, 5,8}, it means that, if x € X, the state update can be defined

according to g1, g5, or gs. The autonomous discrete-time PWA system is formally defined as

T € () = U gj(z), v € X, i €. 4)
JES;

Note that, being all X; defined as closed sets, (4) allows x to evolve according to any of the neighboring
dynamics when z is on a boundary shared by more regions. For instance, if x € 0 and © € 05, then
z" can be determined according to any g; with j € S; U Sa. The idea of taking into account PWA
systems with overlapping dynamics on the boundaries has already been considered by Hovd and Olaru
(2013).

Given the PWA system (4), for which X is not necessarily an SPI set, our goal is to prove the expo-
nential stability of the origin and provide an SPI set P C X contained in its region of attraction. In order
to introduce the Lyapunov stability analysis framework, suitable sets related to the possible transitions

between regions are defined, as follows. We define the polytope
X, = conv (X UR(X)) %)

with R(X) = (J,c7 R, and where R; is the set of points reachable in one step from region Xj, that can

be computed (Blanchini and Miani 2008) as

Ri(X) = U hiclonvm‘(Ajvi,h + aj),
jesS:

yeeeyTlg

being v; ;, € vert(X;). The closure of the set Xy, £ X, \ X, namely X, is in general a non connected

5

set, that can always be expressed as X,,; = Uj—s41 Ai» where X; are closed polytopes with (possibly)
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overlapping boundaries, but with disjoint interiors. An extended set of indices is also defined as 7 £
{1,...,5}. In this way, new regions X;, i = s + 1,...,35, are defined outside X, but no dynamics
is associated with them. Notice that, in the particular case when X is an SPI set, then X, = X, and

Xout = . For each pair (i, k) € T X 7, and each dynamics g; € S;, we define the closed transition sets
X2 {re X Ajz+aje X} (6)

of states that may be mapped into the polytope X}, in one step from the polytope X; under dynamics g;.
The number of vertices of each region X, ij is denoted by mf ;- The sets X fk can be conveniently expressed

as

XZJk ={z e R" : Hiz < h;, Hy(Ajx + a;j) < hi}.

4 PWA Lyapunov analysis
To the end of synthesizing a USL function for system (4), define V; : X; — R, i € T as
Vi(z) £ Fiz + f; (7a)

where in (7a) F; € R'" and f; € R are free variables to be determined by the optimizer. Then, define

V:X —Ras

V(z) = iemj\%é)vi(m), N@)2{iel: zc i) (7b)

Note that V;(z) and V;(z) may be different on points « € X; N X;. Therefore, for the values of  on the
intersections, the required conditions on V; are imposed for all i € A/ (z), although only the maximum

value is taken in (7b), as V' (x) must be single valued. The constraints

Fovip+ fi > aqlvipl, a1 > e, (8a)

are imposed for all the m; vertices v; j, € vert(X;),i € Z, h = 1,...,m;, where o is a free parameter,

while 0 < € < 1 is a fixed parameter. The use of € arises from the fact that strict inequalities cannot be
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imposed in standard LPs. Condition (8a) will lead to V' (z) > ay|z| in &, as will be formally shown in

the remainder of the paper. The value of V'(-) at the vertices of each region X; is limited by imposing
Fovgn+ fi < M;, M; > € (8b)

for all the m; vertices v; j, € vert(X;),i € Z, h = 1,...,m;, where M; for i € T are free variables used

by the optimizer. In order to obtain V' (0) = 0, it is also required that
fi=0, Vi e I. (8c)

Due to the boundedness of V' (z), (8c) will make it possible to prove that there exists o > € such that
V(z) < ag|z|forall z € X.

Also, it is required that, for all XZ?,; # (0, with (i, j,k) € T x S; X Z,

Fy(Ajvly , + aj) + fr = Fvly = fi < —aslvj) s as > e, (8d)
for all vf] n € Vert(Xij}f), with h = 1,... ,m{k, while a3 is a free variable. A last set of constraints is
introduced as

Fiﬂ)gk’h + fz >1 (86)

for all vertices ng,h € VeIT(Xijé), withh =1,... ,m{k, (i,4,k) € T x S; x (Z\ T). With constraints (8)
in place, the vector of variables to be determined via a suitable optimization is composed of a;, a3, and
the terms M;, F; and f;, forall ¢ € 7.

A procedure is now proposed so as to determine a choice for such variables by means of linear pro-

gramming, as follows

minimize Z M; (9a)
€L
subj. to (8) (9b)

Once (9) has been solved, the function V() is defined for all z € X, based on (7). The following main
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result holds for the set

P A {reXx: V(iz) <1} (10)

Theorem 4.1: Consider system (4), whose dynamics is defined on X, and assume that a bounded
solution to problem (9) exists. Then, with reference to dynamics (4), P in (10) is an SPI set, and the

origin is ES(P).

Proof: Given x € X;, for any i € N (z) (see (7b)), define ~; 5, > 0, such that > ;"' v, = 1, as a

set of coefficients defining x as a convex combination of the vertices of X;. We obtain from (8a) that

atlz] = o1 D270 Yinvin| < Dot Yinea|vin] < 3ot Yin(Fivip + fi) = Fiz + fi = Vi(z). This

means that V;(z) > aq|z

,forall i € N'(z). As a consequence, o || < max;e (o) {Fix + fi} = V().
Since X' = J;c1 i, this implies that, for all z € X, V(2) > aq|x|. With a similar argument one can
show that (8b) implies V(x) < M, for all x € X, with ¢ € Z, and that (8e) implies F;z + f; > 1 for
all x € Xijl'c, with (i,k) € Z x (Z \ ). Considering that (8c) implies V;(0) = 0 for all i € Zy, and that
V() is upper bounded by max;c7 M; < 400, there exists a scalar ay > € such that V(z) < as|z| for

all z € X. We conclude that

ajlz] < V(z) < aglz|, Vo € X. (11)

Consider any = € X £ Ui jkezxs <z ka C X. Using again a convex combination by expressing
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T = 221:]’“1 vfkﬁvflk’ », such that Z;n:]’“l vfk,h = 1 for all admissible values of 4, j, and k, we get from (8d)

Vi(g;i(x)) = fx + Fi | Aj Z’ng,hvz]'k,h +a;
h=1
=fu+ Z’ng,h <Fk (Ajvzj'k,h + aj))
h=1

ik
< fr+ Z'ng,h <—fk + Fvjyp + fi — @3‘%,}1‘)
h=1

=L Z Yok hVien T Z Vopnli — 3 Z Vo | Vi |
h=1 h—1 h=1
< Fix + fi — azlz| = Vi(z) — azl|z| (12)

which proves that Vi, (g;(z)) — Vi(z) < —as|z| forall z € Xij ,with (7,7, k) € T x S; x Z. This allows

us to state that, for all (¢, j,k) € Z x S; X Z,

Frq; < F; i) — .
keﬁn(iﬁx»( kgg(:v)Jrfk) —iénﬁ}i)( T+ fi) — as|z]

Since {lek} with (i, 7, k) € Z x S; x Z, is a partition of X7, we obtain
Vig) = V(z) < —aslz|, Vo € X, Vg € p(z). (13)

Note that, after defining P as in (10), one has P C A7. The reason why is that, from (8e), one can easily
obtain that F;x + g; > 1 for all z contained in the closure of X'\ X;. Therefore, conditions (11) and (13)
hold for all x € P C A7 C X. This fact leads to two conclusions: first, since P is a sublevel set of V' (z),

then from (13), P is an SPI set; second, from (11)-(13), applying Theorem 2.4, system (4) is ES(P). B

Remark 2: Even if the formulation of the LP (9) will not lead to an explicit maximization of the
domain of attraction, the minimization of the sum of the M; leads to values of the Lyapunov function as
close as possible to zero, preventing them to be assigned large values. Intuitively, if more values of the

PWA Lyapunov function on the vertices of the partition are below 1, then the set P is larger.

Remark 3: The preliminary version of the algorithm here proposed (presented in Rubagotti et al.
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(2012)), apart from considering a single affine dynamics for each region &}, would produce an un-
bounded LP solution in the special case in which A were already SPI. Therefore, in Rubagotti et al.
(2012) it had to be assumed that X was not an SPI set. This assumption is not needed in this revised
algorithm, since, in that special case, conditions (8e) do not appear in the LP, and the proof of Theorem

4.1 1s still valid.

Remark 4: It can be inferred from the description of the LP (9) that the total number of vari-

ables is n, = 2 + s(n + 2), while the total number of inequality constraints is n, = 2 + s +
>im1 (2mi + 2 jes ket mfk> .

Remark 5: In case (8) is infeasible, a possibility is to increase the number of regions A, therefore
providing more flexibility in synthesizing the PWA Lyapunov function (7). A possible way is to to
consider the sets Xz]k as the new sets X; and restart the one-step reachability analysis. As an alternative,
one can employ a grid of the set X', which, redefining the partition together with the old sets A}, defines

the new sets X;.

Remark 6: In order to make the proposed approach more general, one might want to consider the
case in which affine dynamics, additional with to those defined in the full-dimensional regions A&, are
present defined only on given facets of dimension 1,...,n — 1 of one ore more region X; (a thorough
definition of the concept of facet can be found, for instance, in Spjgtvold et al. (2006)). In this way,
specific (possibly multiple) dynamics can be defined on the lower-dimensional intersections between
regions A}, including the case of dynamics defined only on one vertex. By considering each facet as a

new and independent region, the results proved in Theorem 4.1 still hold.

5 Comparison with a previous approach

In Rubagotti et al. (2011), an analogous problem has been addressed by proposing a different solution.
Since the approach of Rubagotti et al. (2011) considered the case of a single dynamics for each region

X;, in order to make a comparison we will consider a particular sub-case of our approach in which
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S; = {i}, i.e., the i — th dynamics is associated with the 7 — th region only. Therefore, we can omit the
index j from the subsequent formulation of this section. In Rubagotti et al. (2011), a contractive PWA

fictitious dynamics I'(z) is defined a priori in the polytopic regions X;, i = s+ 1,...,3, as
T =T(2)=Tix), r€X,i=5+1,...,5 (14)

such that X is an SPI set for the so-called extended system, defined as

T EX
o o(r), x as)

[(z), r € Xyus.

In Rubagotti et al. (2011), due to the difficulty of defining the function I'(z), it was suggested to define
it as a contractive dynamics of type I'(x) = pz, p € Rjo,1), which was noticed to give good results
in practice. In the following we generalize such an approach, by assuming that I'(z) can be any PWA
dynamics. Then, a PWA Lyapunov function V¢ : X, — R is determined by linear programming, in order

to satisfy equations (2) with n = 1 for all x € X,.. More precisely, we have

Ve(z) 2 Ffe+ ff,iel (16a)

7

with Ff € R1*" and f¢ € R, and then we define V° as

Ve(r) = mx VE(x), No(z) 2 {i €T : z € X;}. (16b)

If a feasible realization of function V¢(z) can be determined, the set P€ is defined as

a— {:c : Ve(x) < xeanf\X Ve(x)} (17)

and system (4) is proven to be exponentially stable in P.. The fictitious dynamics provides an additional
degree of freedom, but it is in general very hard if not impossible to know (except perhaps for very
simple examples) what choice of the fictitious dynamics would lead to a larger set P, or even if there
exists a realization of I'(x) such that a set P, # () can be determined. Therefore, in some cases, a wrong

choice of the fictitious dynamics can prevent the extended system from converging to the origin. The
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approach of the present paper overcomes this problem, since no dynamics is defined out of the set X,
and the Lyapunov function is defined only for x € X.

The next result on the comparison between the two methods is now introduced:

Theorem 5.1: Given a PWA system in form (4), whose dynamics is defined on X, define the extended
set X, as in (5), such that X, is an SPI set for the extended system (15). Assume that there exists a
fictitious dynamics T'(z), x € Xy, such that a PWA USL function V¢(x) is determined for all x € X,.
Then, for system (4) defined on X, there exists a feasible solution of problem (9) and a scalar B € R~g

such that V (z) = pV¢(x) forall x € X.

Proof: According to the assumptions, for system (15), V¢(x) is defined as a PWA function on X,.

Moreover, there exist af, a5, a§ € R>¢ such that

ajlz] < VE(z) < aglx] (18)

Ve(zt) = Ve(z) < —a§|x]. (19)

We will show that, starting from V¢(z), we can always find another USL function f/e(x) defined for
x € X, which is a feasible solution of (9).

First of all, define

Vig = dnf V(). (20)

B =1V, 1)

M; = Bmax {V¢(z)}, i€ L. (22)
TEX;

Then, define V¢(x) £ SV¢(x), z € X. It is now possible to state that V¢(z) = max;cn(x) Ve(z), with

7

Ve(a:) £ Ffa: + ff, being Ff £ BES and ff £ Bff.

7
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Note that V¢(x) for x € X satisfies, by construction,
Ffx + f¢ > Baslz|, Vo € &y, i € T, (23a)
Ffx+ ff < M;, Vo e X, i €T, (23b)
fi=0, i€, (23¢)

F(Aiw + a;) + f8 — Ffz — f¢ < —Baflz|, V2 € X%, (i,k) € T x I, (23d)

Ffo+ fe>pV&=1,Vee XY, ieZ keT\T (23e)

If any of the conditions (23) is satisfied for all x in a given compact set, it is automatically satisfied
also on its vertices. Therefore, conditions (23) imply conditions (8), which means that V¢ is a feasible

solution of problem (9). |

Remark 7: Notice that the existence of a feasible solution of problem (9) does not necessarily imply
that, once I'(x) is fixed, there exists a PWA USL function V¢(x) in X,. For example, consider the
following PWA system defined in X = [~1,2]: f(z) = —0.5z forx € X1 = [-1,0]; f(z) = 0.3z
forz € Xy £ [0,1]; f(z) = 3z forz € A3 = [1,2]. Since R(X3) = [3, 6], a new region is defined
as Xy = [2,6] such that X, = U?Zl X; = conv{X U R(X)}. The fictitious dynamics in Xy would
be defined a priori as a contractive one. We assume that x+ = 0.5z, leading to a positively invariant
set X, = [—1,4]. For any initial condition z(0) € (1,4], the state evolution will exhibit a limit cycle,
therefore preventing to prove the (in this simple case, apparent) fact that the origin is an exponentially
stable equilibrium point with domain of attraction X; U X5. This result is instead obtained with the
approach presented in this paper: both X} and X, are SPI sets, while ™ ¢ X, Vo € Xj5. The transition

sets would be X} = Xy, X3, = A», and X34 = X3. An optimal solution for (9) would be given by the
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PWA Lyapunov function
(
—ex,x € X
V(%) = €x, T € Xy
1,z e A;

In conclusion, it is always possible to obtain P solving (9) when P, can be found with the method
based on fictitious dynamics. On the other hand, there are systems for which this latter gives no solution
(mainly because of the difficulty, in an n-dimensional case, of understanding what a reasonable choice

for I'(x) can be), while it is possible to find a set PP by using the method proposed in this paper.

6 Numerical examples

6.1 Example 1

As a first example, a simple first-order piecewise-linear system is considered, which allows one to in-
tuitively understand the possible advantages of the application of the proposed method. The system is

defined as follows:

,

2z, € X =[-2,—1]
0.1z, =€ Xy =[-1,0]
0.5z, =€ X3=[0,5

2r, x€ X =[5,6

One can immediately see that, because of the dynamics in &y, the set X = U?Zl A; 1s not SPI, and
therefore classical methods for numerically determining a Lyapunov function cannot be directly applied.
The method proposed in this paper, instead, would determine the SPI set P = [—2, 5) and the Lyapunov
function shown in Fig. 1. In this latter, notice that V' (z) = 1 for x € X}, while values smaller than 1 are
achieved or the other 3 regions. The computation of the transition sets XZJ,C (in this example, with j = k)

and the other preliminary calculations took 0.36 s on a 2.4 GHz processor with 8Gb RAM. The LP for
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determining V'(z) consists of 32 constraints and 14 variables, and is solved using CVX (Grant et al.
2008) in 0.62 s on the previously-mentioned machine. In this simple case, the set P coincides with the
maximal positively invariant set, which can be determined intuitively, and for which an efficient com-
putational algorithm is in general provided in the MPT toolbox (Herceg et al. 2013). After determining
the MPI set, classical methods (based on PWA or piecewise-quadratic Lyapunov functions implemented
for instance in the MPT toolbox) can be successfully employed to prove the exponential stability of
the origin. Notice that a common quadratic Lyapunov function does not exist in P for the considered

example.

6.2 Example 2

In order to show a more complex example of the proposed approach, we consider the application of the

PWA control law of Bemporad et al. (2002) to a discretized double integrator

xt = Ax + Bu (24)
where
11 1
A= , B=
01 0.5

and where the goal is to optimally stabilize the origin satisfying the input constraints u(k) € U for all
k € Z>o, withtd = {u € R : |u| < 1}. In particular, following Bemporad et al. (2002), we seek for an

optimal LQ stabilizer over a prediction horizon N = 5, with weight matrices

01

on the state and input variables, respectively. No terminal weight or terminal constraints are defined,
and no state constraints are imposed (as a consequence, no set-invariance or closed-loop stability prop-
erties are guaranteed a priori). The arising explicit MPC control law, determined by using the MPT

toolbox, is defined as a PWA function for all z € RZ2. If we consider the closed-loop dynamics in
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X £ {2 €R? : 2| <10}, we obtain a partitioning of X into 31 regions, to which 31 different affine
dynamics are associated. In order to use a finer partition, we increase the number of regions X; by adding

a rectangular partitioning, obtaining a total number of s = 148 regions. The closed-loop dynamics (4) is

2" = (A+ BK;)x + Bk;, x € X.

Since state constraints were not imposed a priori, X is not an SPI set. Therefore, we are interested in
finding a set P C & which is SPI and contained in the region of attraction. As a first step, we find the
set X, defined in (5), and the the transition sets Xz]k Notice that, in this case, the closed-loop dynamics
defined by the MPC controller is continuous, and j = k, since the dynamics is uniquely defined at each
x € X. We are then ready to formulate the LP (9), setting ¢ = 10~°. The resulting LP is infeasible.
Therefore, we decide, as suggested in Remark §, to grid the set X" as it an be clearly seen in Fig. 2 (a
coarser grid would again lead to an infeasible LP). The LP is successfully solved, which proves that
the origin of the closed-loop system is ES(P) for the set P shown in Fig. 2. Also, the PWA Lyapunov
function V() is shown in Fig. 3. The LP comprises 3108 constraints and 594 variables, and is solved
using CVXin 1.15 s on a 2.4 GHz processor with 8GB RAM. The computation of the sets Xi]é, together
with all the other required operations apart from the LP, took about 75 s on the same computer.

The same stability analysis problem was considered also using the method proposed in Rubagotti et al.
(2011), but no feasible solution was found, meaning that this example falls into the cases considered in
Section 5. In this case, P does not necessarily coincide with the MPI set for the closed-loop system. The
MPI set could not be numerically determined using the MPT Toolbox, but an over-estimation of it can be
determined using the same toolbox by computing the maximum control-invariant set for the open-loop
system (24) with respect to the given state and input constraints. The result is shown in Fig. 1, where the
maximum control-invariant set is depicted in black. This shows that the area of set P is close to that of

the MPI set.
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7 Conclusions

This paper proposes a convex optimization-based method for the analysis of stability and invariance
of PWA systems, which is based on the construction of a suitable PWA Lyapunov function defined
through linear programming. Multiple affine dynamics are allowed in each region of the PWA system,
and discontinuities are taken into account for both the system dynamics and the Lyapunov function at
the regions boundaries. The method is of particular interest when the set of definition of the system
dynamics is not positively invariant, but the case of positively invariant sets can be analyzed with the
same procedure, as a particular case. The method can find a feasible solution in a broader range of
cases with respect to a previously-proposed approach, being independent from the definition of fictitious
dynamics. Future work comprises extending our approach from mere analysis to controller synthesis.

The main difficulty of this resides in preserving the convexity of the proposed optimization.
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List of captions

Figure 1 The PWA Lyapunov function V' (x) associated to the LP (9) for the first-order example. Given
the small values of the function for z € [—2, 5], a zoomed plot is provided.
Figure 2 The PI set P for the considered example.

Figure 3 The PWA Lyapunov function V' (x) associated to the LP (9) for the considered example.



October 14, 2015 16:25 International Journal of Control

Rubagotti‘etal 2015

REFERENCES 23
i —_
x107
0.8 i
4 \
Bosl w32 -
= Y
2
0.4t 1 -
-2 2
0.2 X E
0 ‘ ‘ ‘ ;
-2 -1 1 2 5 6
X

Figure 1. The PWA Lyapunov function V' () associated to the LP (9) for the first-order example.

x € [—2, 5], a zoomed plot is provided.

Given the small values of the function for
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Figure 2. The PI set P for the second-order example (in color) and the maximum control-invariant set for the open-loop system (in black).
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Figure 3. The PWA Lyapunov function V' (x) associated to the LP (9) for the second-order example
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