Structural controllability and observability of switched linear
systems

M. ISABEL GARCIA-PLANAS
Universitat Politecnica de Catalunya

Departament de Matematica Aplicada I

Diagonal, 647, 08028 Barcelona
SPAIN
maria.isabel.garcia@upc.edu

M. DOLORS MAGRET
Universitat Politecnica de Catalunya
Departament de Matematica Aplicada I
Diagonal, 647, 08028 Barcelona
SPAIN
m.dolors.magret@upc.edu

Abstract: In the last years, the dynamic control of switched systems have attracted considerable interest, because
these systems arise in many engineering fields. Controllability and observability of such systems, which are fun-
damental qualitative properties, have been studied by various researchers. In this work we focus on structural
controllability/observability, using geometrical techniques as miniversal deformations.
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1 Introduction

Switched systems constitute a particular kind of hy-
brid systems which have been studied with increas-
ing interest because of the great number of areas
from which they arise (electric, mechanic, robotic and
hydraulic systems or communication networks and
chemical processes, for example) and their interesting
properties.

Roughly speaking, a switched system is a family
of continuous-time (or discrete-time) dynamical sub-
systems and a rule that determines the switching be-
tween them.

In the last decade, many theoretical and numeri-
cal tools have been developed to study these systems:
stability, controllability/observability, ... In particular,
structural controllability/observability, which was first
considered by Lin ([10]), in the case of standard linear
time-invariant systems, have been studied in the case
of switched systems in [2], [4], [6], [7], [8], [11], [12],
[13], among others. In most cases, tools from graph
theory are used.

In this work we study structural controllabil-
ity/observability of switched linear systems using a
different approach: miniversal deformations (versal
deformations with minimum number of parameters),
introduced in [1] in the case of square matrices. Versal
deformations provide a parametrization of the space
of matrices defining the family of subsystems and
are an effective tool to do perturbation analysis. V.I
Arnold in [1] gave a method to find such deforma-
tions, since he proved (and the proof can be gener-
alized to many cases) that versality is equivalent to
transversality. The key point in order to apply this

is to view a natural equivalence relation in the space
of matrices as the one induced by the action of a Lie
group.

The structure of the paper is as follows.

In Section 2, the basic definitions of switched lin-
ear systems are provided, and we recall the concepts
of controllability/observability. Section 3 is devoted
to recall the basic definitions of versal and miniversal
deformations and compute them explicitly in our par-
ticular set-up. Section 3 is devoted to the application
of miniversal deformations to the study of structural
controllability/observability, illustrating this relation-
ship with an example.

We will restrict ourselves to the case of a contin-
uous system. The discrete case can be handled analo-
gously.

Throughout the paper, IR, C, will denote the fields
of real and complex numbers, M, ..,,(IR) (respec-
tively M« (C)) the set of matrices having n rows
and m columns and entries in IR (respectively inC). In
the case where n = m, we will simply write M, (IR)
and M, (C). GI,(IR) (respectively Gl (C)) will de-
note the group of non-singular matrices in M, (IR)
(respectively in M, (C)). Given A € M,xn(R),
Al will denote the transpose of A and given A €

M, (), A* will denote the conjugate transpose of
A.

2 Switched linear systems

As said in the Introduction, a switched system is a sys-
tem which consists of several subsystems and a rule
that orchestrates the switching between them. More



concretely, its definition is as follows in the continu-
ous case.

Definition 1 A switched system is a system which
consists of several subsystems and a and a piece-
wise constant map taking values into the index set
M = {1,...,m} which indexes the different subsys-
tems and determines the changes between them.

(t) = Agx(t) + Byu(t)
y(t) = Cox(t)

where A, € M,(R), B, € Mywm(R), C, €
Mpyxn(R) and & = dx/dt.

ey

Given an initial time g, a switching path is a func-
tion of time 0 : [tg,T) — M, T > to, M =
{1,...,¢}.

A switching path 6 is said to be well-defined on
[to, T') if it is defined in [¢p, T') and for all ¢ € [to, T,

both lim A(s) and lim 6(s) exist and the set
s—tt st~

{t € [to,T) ‘ lim 8(s) # lim e(s)}

s—tt s—t—
is finite for any finite sub-interval of [tg,T") (in the
case where t = to, we will consider lim 0(s) =

sty
0(to)).
A well-defined switching path is uniquely deter-
mined by a switching sequence

{([tﬂvtl)v O'(ta_))v R ([tfatf-‘rl)v U(tZ))}

being o(t) = o(t) = lim+ o(s)ift € [ti,tiy1) for
STl
0<i<lty,=T.

We will denote by M the set of all triples of ma-
trices (A;, B;, C;), i € {1, ..., m} defining the subsys-
tems.

The knowledge of control properties of systems
are of great importance. Among them, we have
the concepts of controllability/observability and struc-
tural controllability/observability, as well as stability.
In short, the controllability studies the possibility of
steering the state from the input and the observability
studies the possibility of estimating the state from the
output. The set of reachable states (uncountable union
of vector subspaces) of a switched linear system can
be found in [14]. Dualizing this, we can character-
ize observability. Both properties (controllability and
observability) can be determined by the ranks of the
system matrices.

A state x is said to be controllable at time ¢g, if it
can be transferred to the origin in a finite time starting
from ¢y by appropriate choices of input u and switch-
ing path o.

Definition 2 The state © € IR"™ is controllable at
the time to, if there exist a time instant ty > to,
a switching path o [to,tf] — M, and in-
puts uy : [to,tf] — IR, k € M, such that
x(ty, to, z,u,0) = 0.

The controllable set of system 1 at ¢y is the set of
states which are controllable at ¢g.

Definition 3 The switched system 1 is said to be
(completely) controllable at time t, if its controllable
set at tg is IR™.

Definition 4 The dynamic system  &(t) =
Ax(t),y(t) = Cuat) is (completely) observable
at to if there exists a finite t > tg such that knowledge
of the outputs yto, t] suffices to determine the value
of the initial state x(0).

Remark 5 [t is obvious that in the case where one
subsystem is (completely) controllable/observable,
system 1 is (completely) controllable/observable.

Let us consider the following matrices:

Co=(Br ... By,
Co
Co=( A ... A ,
Co
C1
Co=(1 A Am) ,
C1
Ci—1
Ci=I A Ap)
Ci—1
Oy = (Cf Ch),
Oo
O1=( A} AL) )
Oo
O
Oy = (I A} AL) )
O
Oi1
O; =1 Ay ... AY)
Oi—1

The following characterization of controllabil-
ity/observability is well-known.



Proposition 6 The switched system 1 is (completely)
controllable if and only if

rankC,,_1 = n.
And it is (completely) observable when
rank O,,_1 = n.

Controllability and observability are generic
properties.  That is to say, the sets of matrices
defining the subsystems of a (completely) control-
lable/observable switched linear system are open
dense sets in the space of all matrices.

3 Miniversal deformations

When tackling the problem of how small perturba-
tions of the system may lead to different structures a
classical approach is to consider miniversal deforma-
tions, which provide all possible structures which can
arise from small perturbations. Moreover, they can be
applied to the study of singularities and bifurcations.
Note that the number of parameters in any miniversal
deformation is always equal to the codimension of or-
bits. We recall here the definition of deformation and
their characterization through versality (see [1], [15]).

Definition 7 A deformation () of zg € M is a
smooth mapping

p:Uy — M

such that Uy C TR is an open neighborhood of the
origin and p(0) = xq. The vector \ = (A1,...,\¢) €
Uy is called the parameter vector.

Let G be a Lie group acting over M via an action
a, that is to say, for all g € G, 2 € M, a,(g9) =
gox € M.

Definition 8 A deformation ¢(\) of g is called ver-
sal if any deformation ¢'(£) of xo, where & =
(€1,...,&) € Uy C IRE is the parameter vector; can
be represented in some neighborhood of the origin as

(&) =9 ow(8(8), Eely cly, (2

where ¢ : Ul — R and g : U} — G are differ-
entiable mappings such that $(0) = 0 and ¢(0) is the
identity element of G.

When a versal deformation has the minimal num-
ber of parameters, it is called miniversal.

Locally, in x € M, M is isomorphic to the carte-
sian product of ¢({/) and a submanifold of G. This
can be stated as follows.

Theorem 9 ([1])

1. A deformation () of x is versal if, and only if,
it is transversal to the orbit O(xg) at xo.

2. Minimal number of parameters of a versal defor-
mation is equal to the codimension of the orbit of
xo in M, d = codim O(zp).

Let {v1,...,vq} be a basis of any arbitrary com-
plementary subspace (7,,0(x0))¢ to T,,O(xp) (for
example, (T}, O(zg))™h).

Corollary 10 The deformation

d
z:Uy c R — M, z()) :xo—i—Z)\ivi 3)
i=1

is a miniversal deformation.

Ifv;, 7 =1,...,d, is a basis for (T,,,O(z¢))* then
the corresponding miniversal deformation is called or-
thogonal.

Taking into account the Closed Orbit Lemma (see
[9]), the following statement holds.

Proposition 11 Any equivalence class is a locally
closed differentiable submanifold of M and its bound-
ary is a union of equivalence classes or orbits of
strictly lower dimension. In particular, equivalence
classes or orbits of minimal. dimension are closed.

4 Application to the study of struc-
tural controllability/observability

We consider a natural equivalence relations in the
space M of matrices defining switched linear sys-
tems, generalizing those defined in [1], [15] (see [5]).

From now on, for simplicity’s sake, we will con-
sider the case of two subsystems (M = {1,2}). The
case where the system consists of more than two sub-
systems can be handled in an analogous way.

Then a non-singular switched linear system con-
sists of two subsystems defined by a 6—tuple of ma-
trices (Al,AQ,Bl,BQ,Cl,CQ) eEM = Mn(IR) X
Mp(IR) X Mpxm(IR) X Mpxm(IR) x Mpxn(IR) x
Mpyn(RR).

We will consider the following natural equiva-
lence relation in M.

Definition 12 Two systems

(Av, Az, By, By, C1,Cs) ~ (A}, A, B}, By, Cy, C)

4)
are equivalent if and only if there exist T € Gl,(IR),
Ve Gly,(R), W € Gl,(IR), such that



(Alh A/27 Bllv B;7 Civ Cé) =
(TAT Y, TAT TB,\V,TB5V,
WClT_l, WCQT_I)

In order to make use of geometrical properties
and, in particular, miniversal deformations, we need
to identify the equivalence classes as orbits under a
suitable Lie group action.

Proposition 13 This equivalence relation above is
the one induced by the action of the Lie group:

G={(T,V,W) e
Gly(R) x Gl (IR) x Gl (IR)

over M

being the action:
a:GxM—M

whereif G = (T, V,W) € Gand (As, B;,Cy,) € M,
then:

a(G,X) = (TAT!

TAST~Y, TB,V,TB,V,

WCOLIT, W T )

and ax : G — M, ax(G) = a(G, X).

The Proposition below provides a way to obtain a
parametric description of the tangent space in a point
of a orbit and a implicit description of the normal
space by using any Euclidean scalar product in M. In
particular, when we consider the following standard
scalar products:

<(AO'7‘BO'>CG')7 (YO';ZG'7TO')>1 =
tr(AlYf) + tI'(AQX/Qf') + tl'(31Z{) + tl‘(BgZ%)—f—
tr(C1TY) + tr(Co Z4)

and
<(T7 ‘/7 W)» (T/7 V/a W/)>2 =
wr(TT") + (V') + te(WW')

where (,) is defined on M and (, )2 is defined on
M, (IR) x My, (IR) x M,(IR), then the following char-
acterization is obtained.

Proposition 14 Let us denote by TO(A,, By, Cy)
the tangent space and by NO(A,, By, Cy;) the nor-
mal space to the orbit of (As, By,Cy) at the point
(As, By, Cy). Then:

(a) TO(Ay, By, Cy) is the set
{(IT,A4],[T, A3, TB; + BV, TBy +
BV, WCy — CiT,W(Cs — CQT) | (T, V, W) S
T:G}
where
T:G is {(T,V,IW) € M,(IR) x M,(IR) x
Mp(IR)}.

(b) NO(A,, Bs,Cy) is the vector subspace consist-

ing of
(Y0'7 ZO', To’) S M such that

[A1, Y]+ Bi1Zf - T{C1 + [A2,Y3] +
ByZb —TiCy =0
Z{Bl + ZSBQ =
Cle + CQT% =0

Proof:

(a) It suffices to compute the differential at the
identity of the action map: dax (I +eG) =
= (AU,BO-,CU) + €(TA1 - AT, TAy —
AT, TBy + B1V,TBy + BV,WC; —
CiT,W(Cy — CQT) + 62(. . )
and the statement follows.

(b) Forany (Y,, Z,,T,) € M, this switched system
isin NO(Al, AQ, Bl, BQ, Cl, Cg) if and only lf,
<(TA1 — AT, TAs — AT, TBy + BV,

By + BV WC, — CiT.WC; —
CoT), (Y1,Y2, 21, 22,11, T)) =

= tr((TA1 — AlT)Ylt) + tr((TAg — AQT)Y;) +
tr((T'B; + Bﬂ/)Z]l") + tr((TBg + BQV)Z%) +
tl‘((WCl — ClT)Tf) —i—tl‘((WCg — CQT)T%) =0
Computing this product we obtain

= <(A1Y1t — }/175141 + A2Y2t — 5/2?5142 + BlZ{ +
BoZb — TICy — TECs, Zt By + ZBy, O1TF +
CoTh), (T, VI, W))e =0, V(T VE WY
Then, we obtain the equations:

(A1, Y{] + B1Zf — T{C1 + [A2, V5] +
BoZb — TiCy =0
Z{Bl + Z§B2 =0
CiT! + CoTE =0

O
Miniversal deformations can then be obtained.

Definition 15 A deformation of (A,, By,Cy) € M
is a differentiable map ¢ : U — M, with U an open
neighborhood of the origin in RY, such that

¢(0) = (Ao, By, Cs).

A deformation ¢ : U — M of (As, By, Cy)
is called versal at O if for any other deformation of
(Ay, By, Cy), ¥ : V. — M, there exists a neigh-
borhood V' C V with 0 € V’, a differentiable map
v : V' — U with 4(0) = 0 and a deformation
of the identity I € G, § : V' — G, such that

¥(p) = a(0(p), p(y(w))) forall p € V7.



Theorem 16 The mapping
R? — M
i=d
(7717'--777d) = (AU,BO,CU) + Zlnl‘/;
1=

where {V1,...,Va} is any basis of the vectorial sub-
space NO(Ay, By, Cy) is a miniversal deformation
of (As, By, C), with regard to any equivalence rela-
tion defined on M.

We can also derive the dimension of orbits or
equivalence classes.

Proposition 17 The dimension of orbits
O(Aq, By, Cy) is given by

rank(M (Ay, B,,C,)) where M(A,, B,,C,) is
the matrix associated to the linear system yielding
the normal space to the orbit of the given switched
system.

We recall now the concepts of structural control-
lability/observability.

Structural controllability is a generalization of the
controllability concept. It is of great interest because
many times we know the entries of the matrices only
approximately. Roughly speaking, a switched linear
system is said to be structurally controllable if one can
find a set of values for the parameters in the matrices
such that the corresponding switched system is con-
trollable. More concretely, the definition is as follows.

Definition 18 The switched system 1 is structurally
controllable if and only if Ve > 0, there exists a com-

pletely controllable switched system i(t) = Asx(t) +
Bou(t), of the same structure as i(t) = Ax(t) +
Bu(t) such that ||A; — A|| < € and ||B; — BJ| < ¢,

Vie M.

Recall that, a switched dynamic system @(t) =
Asx(t) + Byu(t) has the same structure as another
switched system #(t) = A,z(t) + Bou(t), of the
same dimensions, if for every fixed zero entry of the
triple of matrices (A;, B;, C;) for all i € M, the cor-
responding entry of the triple of matrices (4;, B;, C;)
is fixed zero and vice versa.

Dualizing, we have the definition of structural ob-

servability.

Definition 19 The switched system 1 is structurally
observable if and only if Ye > 0, there ex-
ists a completely observable system &(t) =
Asz(t),y(t) = Cyx(t) of the same structure as
#(t) = Asx(t),y(t) = Crx(t) such that || A;— Al <
eand ||C; — C| < e, foralli € M.

Remark 20 [t is immediate that any controllable sys-
tem is structurally controllable, but the converse is
not true. Analogously, an observable system is struc-
turally observable, but the converse is not true.

Then, to study the structural controllabil-
ity/observability of the switched system it suffices
to analyze if a system in the family consisting of
those systems in the miniversal deformation inter-
sected with the set of systems having the same struc-
ture than the giving switched system is (completely)
controllable/observable.

Example 1 Let us consider a switched linear sys-
tem consisting of two subsystems defined by matri-

ces (Al,AQ,Bl,BQ,Cl,CQ) with Al = é [‘f s

ey (-t

and Cy = (2 2) is not completely controlable and it

is not completely observable. But the system is struc-
tutaly controllable and structuraly observable, it suf-
fices to take: (A1, A2, B1, B2, C1,C2) with A} =
1 0 - 2 0 =
(0 1+e>’ 2 (0 2+e>’ L 1 and
Ci=0C
A miniversal deformation of this system is the fol-
lowing one.
(A1+Y1, Ag+Ya, Bi+Z1, Bo+Z2,C1+T1, Ca+
L+yi v
ys 1+

24+ys Y6 142
,B1+7) = Byt 7y =
( Y7 2+ yg 1+ 241 1+ 2 2+ 29

Tg)withA1+Y1: ,As + Yy =

9
<2),01+T1 - <1+t1 1+t2) and Cy + Ty =

(2 2).
Intersecting the miniversal family with the variety
of fixed zeros of the switched system we have

(A1, A9, B1,B2,C1,Cy)  with A4 =

1491 0 I _ 2+ ys 0

0 1+y) 7 0 2+4ys)
-5 14+ 21\ = - 2\ = .
B1—<1+Z2>,32—<2>,C1—(1+t1 1+t2)
and€2:(2 2).

Straightforward calculations show that

C1 = (Co | A1Co | AsCo)

Co — 1+2 2
07 1+ 2

being



o A+y)A+21) 242y
Ao = ( (1+yi)(1+z;) 2+2y; )
(

AoCo — (2—|—y5) 1+z1) 4—|—2y5
20 (2+u8)(1+22) 4+ 2ys

In any of the cases z1 # 2o, Y1 7 Y4, Y5 7 ys, for
example, the corresponding systems is (completely)
controllable. Therefore the system in the statement is
structurally controllable.

Notice that using miniversal deformations we re-
duce the number of parameters to consider in the study
of structural controllability and structural observabil-
ity.

Example 2 Let us consider a switched linear sys-
tem consisting of two subsystems defined by matri-

ces (Al,AQ,Bl,BQ,Cl,CQ) with A1 = (1) (1) s

e f o -Gt

and Cy = (0 1) is not completely controlable and
it is not completely observable. In this case the sys-
tem is not structuraly controllable and not structuraly
observable.
A miniversal deformation of this system is the fol-
lowing one.
(A1+Y1, As+Ys, B1+ 2721, Bo+ 2y, C1+T71, Co+
L+yi  y2
ys  1+uya

1+ys  we 21
,Bi1+ 7, = ,Bo+ 75 =
( Y7 14 yg 1+ 241 1+ 2 2+ 22

<g>,01 + 1T = (tl 1) and Cy + 15 = (0 1)

TQ)WithA1+Y1= ),AQ—FYQZ

Intersecting the miniversal family with the variety
of fixed zeros of the switched system we have
(A1, A2, B1, B2,C1,C2)  with Ay =

l+y1 0 5 [t+w 0

0 14y 72 0 1+uys)
_ 0 _ 0\ —
B, = <1+Z2>, By, = (2> c, = (0 1) and
62:(0 1).

Straightforward calculations show that

C1 = (Co | A1Co | A2Co)

0 0
CO_<1—|—22 2)

ACo — 0 2+2y1
POT Q)1+ 20) 242y

being

0 0
AyCo =
o ( (1+ys)(1+22) 24 2ys )

There is no value of y1, ¥4, ¥5, ys 22 for which the
switched system is (completely) controllable and/or
observable, then the corresponding systems is not
structurally controllable and not structurally observ-
able.

5 Conclusions

In this paper, structural controllability and observabil-
ity properties of switched linear systems have been
studied. The techniques used for this study are geo-
metrical techniques as miniversal deformations.
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