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1. Introduction

As a special class of hybrid control systems, a switched linear
system consists of several linear subsystems and a rule that orches-
trates the switching among them. Switching between different
subsystems or different controllers can greatly enrich the control
strategies and may achieve better control performances than fixed
(non-switching) controllers (Liberzon, 2003). Besides, switched
linear systems also have promising applications in control of me-
chanical systems, aircrafts, satellites and swarming robots. Driven
by its importance in both theoretical research and practical ap-
plications, the switched linear system has attracted considerable
attention during the last decade; see e.g., Ji, Lin, and Lee (2009),
Liberzon (2003), Lin and Antsakis (2007), Qiao and Cheng (2009),
Sun, Ge, and Lee (2002), Xie and Wang (2003).

Much work has been done on the controllability of switched lin-
ear systems. For example, the controllability and reachability for
low-order switched linear systems have been presented in Loparo,
Aslanis, and Hajek (1987). Complete geometric criteria for con-
trollability and reachability were established in Sun et al. (2002)
and Xie and Wang (2003). However, all the previous work men-
tioned above has been based on the traditional controllability con-
cept. In this paper, we investigate the structural controllability of
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a class of uncertain switched linear system, where the parameters
of subsystems’ state matrices are either unknown or zero. This is a
reasonable assumption as many system parameters are difficult to
identify and only known to certain approximations. On the other
hand, we are usually pretty sure where zero elements are either by
coordination transformation or by the absence of physical connec-
tions among components in the system. Thus structural properties
that are independent of a specific value of unknown parameters are
of particular interest. A switched linear system is said to be struc-
turally controllable if one can find a set of values for the unknown
parameters such that the corresponding switched linear system
is controllable in the classical sense. For linear structured sys-
tems, generic properties including structural controllability have
been studied extensively and it turns out that generic properties
including structural controllability are true for almost all values
of the parameters; see e.g., Blackhall and Hill (2010), Dion, Com-
mault, and van der Woude (2003), Glover and Silverman (1976), Lin
(1974), Mayeda (1981), Murota (1987), Reinschke (1988), Shields
and Pearson (1976), van der Woude (1991). This also holds true for
switched linear systems studied here and presents one of the rea-
sons why this kind of structural controllability is of interest.

It turns out that the structural controllability of switched linear
systems only depends on graphic topologies among state and input
vertices of individual subsystems and their union. The paper aims
to characterize such a relationship, and its contribution is twofold.
First, two kinds of graphic representations of switched linear
systems are proposed. Second, graph theory-based necessary and
sufficient characterizations of the structural controllability for
switched linear systems are presented. Graphic conditions can help
to understand how the graphic topologies of dynamical systems
influence the corresponding generic properties, here especially
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for the structural controllability. This would be helpful in many
practical applications and motivates our pursuit on illuminating
the structural controllability of switched linear systems from a
graph theoretical point of view. Preliminary results of this paper
appeared in Liy, Lin, and Chen (2010). An extended version of this
paper with illustrative examples can be found in Liu, Lin, and Chen
(2013) as a technical report.

The organization of this paper is as follows: in Section 2, we
introduce some basic preliminaries and the problem formulation,
followed by structural controllability study of switched linear sys-
tems in Section 3, where several graphic necessary and sufficient
conditions for the structural controllability are given. Finally, some
concluding remarks are drawn in Section 4.

2. Preliminaries and problem formulation

2.1. Graph theory preliminaries

A matrix P is said to be a structured matrix if its entries are
either fixed zeros or independent free parameters. A numerical
matrix P is called admissible (with respect to P) if it can be obtained
by fixing the free parameters of P at some particular values. In
addition P; is adopted to represent the element of P from row i
and column j.

Consider a linear control system, x = Ax(t) + Bu(t), where
x(t) € R" and u(t) € R'. The matrices A and B are assumed to
be structured matrices, which means that their elements are ei-
ther fixed zeros or free parameters. This structured system given
by matrix pair (A, B) can be described by a directed graph, denoted
as 4(A, B), withvertex set V. = XU U, where XX = {xq, X2, ..., Xn}
called state vertex set and U = {uq, Uy, ..., u,} called input vertex
set, and edge set 4 = dyx U dxx, where dyx = {(u;, x)|Bji # 0,1 <
i<r,1<j<n}and dxx = {(x, %)|A4; #0,1 <i<n,1<j<
n} are the oriented edges between inputs and states and between
states defined by the interconnection matrices A and B above. The
following notations from Lin (1974) are recalled.

Definition 1 (Stem). An alternating sequence of distinct vertices
and oriented edges is called a directed path, in which the terminal
node of any edge never coincide to its initial node or the initial or
the terminal nodes of the former edges. A stem is a directed path
in the state vertex set X that begins in the input vertex set U.

Definition 2 (Accessibility). Avertex (other than the input vertices)
is called nonaccessible if and only if there is no possibility of
reaching this vertex through any stem of the graph §.

Definition 3 (Dilation). Consider one vertex set S formed by the
vertices from the state vertices set X and determine another vertex
set T(S), which contains all the vertices v with the property that
there exists an oriented edge from v to one vertex in S. Then the
graph G contains a ‘dilation’ if and only if there exist at least a set
S of k vertices in the vertex set of the graph such that there are no
more than k — 1 vertices in T(S).

2.2. Switched linear system, controllability and structural controlla-
bility

In general, a switched linear system is composed of a family of
subsystems and a rule that governs the switching among them and
is mathematically described by

x(t) = Ay 0yX(£) + By pyu(t), (1)
where x(t) € R" are the states, u(t) € R" are piecewise continuous
input, o : [0,00) — M £ {1,...,m} is the switching signal.

System (1) contains m subsystems (A;, B;), i € {1,...,m} and

o (t) = iimplies that the ith subsystem (A;, B;) is active at time
instance t.

In the sequel, the following definition of controllability for the
system (1) will be adopted (Sun et al., 2002):

Definition 4. The switched linear system (1) is said to be (com-
pletely) controllable if for any initial state x and final state x;, there
exist a time instance t; > 0, a switching signal o : [0, &) — M
and aninputu : [0, tf) — R" such that x(0) = xo and x(tf) = x;.

For the controllability of switched linear systems, a matrix rank
condition was given in Sun et al. (2002).

Lemma 1. If the matrix:

[B1,By, ..., B, AiB1, AB1, ..., AnB1, A1Ba, AsBy, ... AmbBa, . . .,
A1Bin, A2Bu, ..., AuBm, A2By, AsA1By, . .., AnA1B1, A1ABy,
A2By,...,AnAB1, ..., A1AnBu, AyAnBr, ..., A2Bn, ...,
AT'Bi,  AATTBy, ..., AnAl?B1, AiAAT By ASAT B,
A'73By, L ALAL 2By, VAL By, L Al By

has full row rank n, then the switched linear system (1) is controllable,
and vice versa.

Remark 1. This matrix is called the controllability matrix of the
switched linear system (1) and denoted as € (A1, ...,Am,B1, ...,
Bn). If we use Im P to represent the range space of a matrix P,
then Im € (A, ...,Am,B1, ..., By) is the controllable subspace
of the switched linear system (1) (Sun et al., 2002). The above
lemma implies that the system (1) is controllable if and only if Im €
(A1, ...,An, By, ..., By) = R". Besides, its controllable subspace
can be expressed as (A1, ..., An|B1, ..., Bn), which is the smallest
subspace containing Im B;,i = 1, ..., m and invariant under the
transformations A4, ..., A, (Qiao & Cheng, 2009).

For the structured system (1), elements of all the matri-
ces (A1, By, ..., An, By) are either fixed zero or free parameters
and free parameters. A numerically given matrices set (;\1, By,
..., Am, Bp) is called an admissible numerical realization (with re-
spectto (A1, By, ..., An, By))if it can be obtained by fixing all free
parameter entries of (A1, By, ..., An, By) at some particular val-
ues. As aforementioned, we are interested in the structural con-
trollability of (1).

Definition 5. The switched linear system (1) is said to be struc-
turally controllable if and only if there exists at least one admis-
sible realization (A4, By, ..., An, Byy) such that the corresponding
switched linear system is controllable in the usual numerical sense.

Remark 2. It turns out that once a structured system is control-
lable for one choice of system parameters, it is controllable for al-
most all system parameters, in which case the structured system
then will be said to be structurally controllable (Dion et al., 2003;
Lin, 1974).

Before proceeding further, we need to introduce the definition of
g-rank.

Definition 6. The generic rank (g-rank) of a structured matrix P is
defined to be the maximal rank that P achieves as a function of its
free parameters.

Then, we have the following algebraic condition for structural
controllability:

Lemma 2. The switched linear system (1) is structurally controllable
ifand only if g-rank C (A1, ...,An,B1,...,By) = n.
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3. Structural controllability of switched linear systems

3.1. Criteria based on the union graph

For the switched linear system (1), adigraph §; = 4(A;, B;) with
vertex set V; and edge set J{; can be adopted as the representation
graph of its subsystems (A;, B;),i € {1,...,m}. The switched
linear system (1) can be represented by a union graph § (actually
a digraph) of these digraphs §;.

Definition 7. Given a collection of digraphs 4; = {V;, {;}, their
union graphis g U G, U---UGn = {ViUVo U--- UV 41 U
U U dp).

Remark 3. It turns out that the union graph 4 is the representation
graph of linear structured system: (A; + Ay + -+ + An, By +
By + --- + By). The reason is as follows: if the element a;; (bj;)
in matrix [A; + Ay + --- + Am,B1 + By + --- + By] is a free
parameter, this implies that there exist some matrices [Ap, B,],
p = 1, ..., msuch that the element at the position a; (bj;) is also
a free parameter and in the corresponding subgraph §,, there is
an edge from vertex i to vertex j. According to the definition of
union graph, it follows that there is also an edge from vertex i to
vertex j in the union graph §. If the element at the position aj; (b;;)
in[A; +Ay 4+ --- 4+ An,B1 + By + - - - + Ay is zero, this implies
that for every matrices [A,, By], p = 1, ..., m, the element at the
position a;; (bj;) is zero and in the corresponding subgraph §,, there
is no edge from vertex i to vertex j. It follows that there is also no
edge in the union graph g from vertex i to vertex j.

Definition 8 (Lin, 1974). The matrix pair (A, B) is said to be
reducible or of form I if there exists a permutation matrix P
such that they can be written in the following form: PAP~! =

Ann 0 _ |0 pXp (n—p)xp
[A21 Azz] ,PB = [Bzz] ,where A;; € RP*P Ay € R LAy €

R@=P)x(=p) 3nd By, € RM=p)xr

Remark 4. Whenever the matrix pair (A, B) is of form I, the system
is structurally uncontrollable (Lin, 1974) and meanwhile, the con-
trollability matrix € £ [B,AB, ..., A" 'B] will have at least one
row which is identically zero for all parameter values (Glover &
Silverman, 1976). If there is no such permutation matrix P, we say
that the matrix pair (A, B) is irreducible.

Definition 9 (Lin, 1974). The matrix pair (A, B) is said to be of form
Il if there exists a permutation matrix P such that they can be

written in the following form: [PAP~', PB] = [i;] ,where P, €

RM—0x(+n) p e R with no more than k — 1 nonzero
columns (all the other columns of Py have only fixed zero entries).

The following lemma characterizes the structural controllabil-
ity for linear system (A, B) (Lin, 1974; Reinschke, 1988).

Lemma 3 (Lin, 1974; Reinschke, 1988). For linear structured system,
the following statements are equivalent:

(a) the pair (A, B) is structurally controllable;
(b) (i) [A, B] is irreducible or not of form I,

(ii) [A, B] has g-rank [A, B] = n or is not of form II;
(c) (i) there is no nonaccessible vertex in 4.(A, B),

(ii) there is no ‘dilation’ in 4.(A, B).

This lemma proposes interesting graphic conditions for struc-
tural controllability of linear systems and reveals that the struc-
tural controllability is totally determined by the underlying graph
topology. Next, we turn to the switched linear system (1) and prove
a graphic sufficient condition for its structural controllability.

Theorem 4. The switched linear system (1) with graphic topologies
g, i € {1,...,m}, is structurally controllable if its union graph G
satisfies

(i) there is no nonaccessible vertex in G,
(ii) there is no ‘dilation’ in §.

Proof. Assume the two conditions in this theorem are satisfied.
According to Remark 3 and Lemma 3, the corresponding linear
system (A;+Ay+- - -+An, Bi+By+- - -+ Byy,) is structurally con-
trollable. It follows that there exist some scalars for the free param-
eters in matrices (A;, B;),i = 1, 2, ..., m such that controllability
matrix

[Bi+By+---+Bm (A1 +A2+ - +An)(B1 + B2+ -+ -+ Bn),
Ay +Ay+- +A)*B1+By+---+Bp), ...,
(A1 +A+ - +A)" (B +By+ -+ Bp)]

has full row rank n. Expanding the matrix, it follows that matrix

[Bi+By+ -+ Bn, AiBy +ABy + -+ -+
+AnBn. ... ATT'By + AAT By + - + Al By

has full rank n.
The following matrix can be got after adding some column vec-
tors to the above matrix:

[Bi +By+ -+ Bm,Ba, ..., Bn, A1B1 + A2B1 + - - - + ApBnm,
AsBi, ..., AuBm, ..., At 'By + AAT 2By + - - + Al By,
AAY?By, .. AJAY?By, . AL B

Since this matrix still has n linear independent column vectors, it
follows that it has full row rank n. Next, subtracting B, ..., By
from By 4+ By + - - - 4+ By,; subtracting A;By, ..., AnBy, from A{B; +
ABi 4+ ---+AuB1 + --- + A{Byy + - - - 4+ AnBpy and subtracting
AAT2By, ... AATT2By, . AYIB, from ATT'By + AATT?By +
o+ AjAT2B) + .. + A'C1B,, we can get the following matrix:

[B1, B2, ..., Bm, A1B1, A2B1, ..., ApBnm, - - -,
Al'By, AAY By, L AVAL By, L AL B,

which is the controllability matrix for switched linear systems
(1). Since column fundamental transformation does not change
the matrix rank, this matrix still has full row rank n. Hence, the
switched linear system (1) is structurally controllable.

Actually, from the proof, we can see that full rank of controlla-
bility matrix of linear system (A1 +A;+- - -+Am, Bi+By+- - -+Bp)
in Remark 3 implies the full rank of controllability matrix of system
(1), which means that the structural controllability of this linear
system implies structural controllability of system (1). It turns out
that this criterion is not necessary for system (1) to be structurally
controllable. This implies that the union graph does not contain
enough information for determining structural controllability. This
is because edges from different subsystems are not differentiated
in the union graph. In the following subsection, another graphic
representation of switched linear systems is proposed, from which
necessary and sufficient conditions for structural controllability
arise.

3.2. Criteria based on the colored union graph

In the union graph, there is no distinction made between the
edges from different subsystems. To solve this issue, we introduce
the following ‘colored union graph’ as another graphic representa-
tion of switched systems.
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Definition 10. Given a collection of digraphs 4; = {V;, 4;}, their
colored union graph is (v, 1), where its vertex set Vv = {V; U
VyU---U7Vy}and edge set § = {ele € 4;,i = 1,2,...,m
ie,forie{1,...,m}.

[}

’

Intuitively, each edge e in the colored union graph g is associ-
ated with an index i (color) to indicate that e comes from the ith
subsystem (subgraph §;). With the colored union graph, several
graphic properties are introduced in the following lemmas.

Lemma 5. There is no nonaccessible vertex in the colored union graph
g of the switched linear system (1) if and only if the matrix [A; + A, +
-+« +4+ Am, B1 + By + - - - + By] is irreducible or not of form L.

Proof. One vertex is accessible if and only if it can be reached
by a stem. From Definitions 7 and 10, it follows that there is no
nonaccessible vertex in the colored union graph if and only if
there is no nonaccessible vertex in the union graph. Besides, from
Remark 3, it is clear that the matrix representation of the union
graphis [A1 + A 4+ --- 4+ Apn, B1 + B, + - - - + By]. According to
Lemma 3, there is no nonaccessible vertex in the union graph if
and only if matrix is irreducible or not of form I. Consequently the
equivalence between accessibility of the colored union graph and
irreducibility of this matrix gets proved.

A new graphic property ‘S-dilation’ in the colored union graph
is introduced here.

Definition 11. In the colored union graph §, which is composed
of subgraphs 4;,i = 1, 2, ..., m, consider one vertex set S formed
by the vertices from the state vertex set X, and determine another
vertex set T(S) = {v|v € T;(S),i = 1,2, ..., m}, where T;(S) is a
vertex set in §; which contains all the vertices w with the property
that there exists an oriented edge from w to one vertex in S. Then
TS| = 2111 |T;(S)]. If IT(S)| < |S], we say that there is a S-
dilation in the colored union graph §.

Based on this new graphic property, the following lemma can
be introduced.

Lemma 6. There is an S-dilation in the colored union graph gi of the
switched linear system (1) if and only if matrix [A1, Aa, ..., Am, B,
By, ..., Bn]is of form I It means that this matrix can be written into
[A1,As, ..., Am,B1,Ba, ..., Bl = 1’2 , where P; € RP*¥ with no
more than p — 1 nonzero columns (all the other columns of P; have
only fixed zero entries).

Proof. From Lin (1974) and Mayeda (1981) or Lemma 3, it is
known that in linear systems, there is no ‘dilation’ in the corre-
sponding graph if and only if the matrix pair [A, B] cannot be of
form II or have g-rank = n. From the explanation of this result
in Lin (1974) and Definition 9, P; in [A, B] has p rows, which ac-
tually represents the p vertices of vertex set S (defined for dila-
tion), and each nonzero element of each row of P; represents that
there is one vertex pointing to the vertex presented by this row.
Therefore, the number of nonzero columns in Py is the number
of vertices pointing to some vertex in S, and actually equals to
|T(S)|. Furthermore, by the definition of S-dilation, |T(S)| is now
the summation of [T;(S)|,i € {1, ..., m}, in every subgraph. It fol-
lows that there is S-dilation in § if and only if matrix [Aq, Az, .. .,
Am,B1,By, ..., By]is of form II.

Before going further to give another algebraic explanation of S-
dilation, one definition and lemma proposed in Shields and Pearson
(1976) must be introduced first.

Definition 12 (Shields & Pearson, 1976). A structuredn x m’ (n <
m’) matrix A is of form (t) for some t, 1 < t < n, if for some k in
the range m’ — t < k < m’, A contains a zero submatrix of order
nm+m —t—k+1) xk

Lemma 7 (Shields & Pearson, 1976). g-rank of A =t

(i) for t = nifand only if Ais not of form (n);
(ii) for 1 <t < nifand only if Ais of form (t 4+ 1) but not of form
().

From the above definition and lemma, another lemma is pro-
posed here.

Lemma 8. There is no S-dilation in the colored union graph g of the
switched linear system (1) if and only if the matrix [A1, Ay, . . ., An,
By, B,, ..., By] has g-rank n.

Proof. Necessity: If this matrix has g-rank < n, from Lemma 7,
it follows that this matrix is of form (n). Then referring to
Definition 12, the matrix must have a zero submatrix of order
(n+m’—t—k+1) x k. Here, t can be chosen as n, then matrix has a
zero submatrix of order (m’ — k+ 1) x k. For this (m’ — k+ 1) rows,
there are only (m’ — k) nonzero columns. Consequently, the matrix
is of form Il and by Lemma 6, there is S-dilation in the colored union
graph § of system (1).

Sufficiency: If there is S-dilation in the colored union graph §, by
Lemma 6, the matrix is of form II, then obviously P; in this matrix
cannot have row rank equal to k and furthermore, this matrix
cannot have g-rank = n.

With the above definitions and lemmas, a graphic necessary
and sufficient condition for the switched linear system to be
structurally controllable can be proposed.

Theorem 9. The switched linear system (1) with graphic representa-
tions 4,1 € {1, ..., m}, is structurally controllable if and only if its
colored union graph §, satisfies the following two conditions:

(i) there is no nonaccessible vertex in the colored union graph g,
(ii) there is no S-dilation in the colored union graph §G.

Proof. Necessity: (i) If there exist nonaccessible vertices in §, by
Lemma 5, the matrix [A; + Ay + -+ +Am,B1 + By + - - - + Bp] is
reducible or of form . It follows that the controllability matrix

[By +By+ -+ +Bp, (A + Ay + -+ +Ap)(B1 + By + - - + Bn),
(A1 +A + -+ A’ B+ By + - +Bn), ...,
(A1 +Az+ -+ An)" " (B + By + - + Bn)]
always has at least one row that is identically zero (Remark 4).
It is clear that every component of the matrix, such as B,

AiB; and ATA7B, has the same row always to be zero. As a result,
the controllability matrix

[Bi,...,Bm, A1B1, ..., AuB1, ..., AnBn, ABy, ..., AnAiBy,
o ABo o AnABa, . ATTBy, L ARAT B,
AAM 2B, AT

always has one zero row and cannot be of full rank n. Therefore,
the switched linear system (1) is not structurally controllable.

(ii) Suppose that the switched linear system (1) is struc-
turally controllable, i.e., the controllability matrix satisfies g-rank
C (Ay,...,An,Bq,...,By) = n. Specifically, Im[By, ..., By, A;
Bi,...,AnBn, A’By, ..., Al"1B,] = R" Since VP € R™", Im(A;P)
C Im(A;), we have thatIm[B, ..., By, A1B1, ..., AnBm, ABy, ... .,
AM1BL] € Im[Ay, Az, ..., Am, B1, Ba, . . ., Bn] € R". Thus condi-
tion g-rank C(A4, ..., An, B1, ..., Byn) = nrequires that Im[Aq,
Ay, ...,An,B1,Ba,...,Bn] = R" and therefore g-rank [Aq, A;,
...,An, B1,Bs, ..., Bn] = n. However, if there is S-dilation in
the colored union graph 9~, by Lemma 6, g-rank [Aq, Ay, ..., An,
By, By, ..., Bn] < n.Consequently, the switched linear system (1)
is not structurally controllable.
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Sufficiency: The general idea in the sufficiency proof is that we
will assume that the two graphical conditions in the theorem hold.
Then a contradiction will be found such that it is impossible that
the switched linear system (1) is structurally uncontrollable.

Before proceeding to the switched linear system (1), first, con-
sider a structured linear system:

x(t) = Ax(t) + Bu(t). )

It is well known that system (2) is structurally controllable if and
only if there exists a numerical realization (A, B’), such that rank
(sl — A, l§) = n, Vs € C. Otherwise, the PBH test (Kailath, 1980)
states that system (2) is uncontrollable if and only if for every nu-
merical realization, there exists a row vector ¢ # 0 such that
gA = soq, So € C and gB = 0, where rank (sl — A, B) < n.

Onone hand, if for every numerical realization rank (sI —;\, l~3) =
n, Vs € C\ {0}, then the uncontrollability of system (2) implies nec-
essarily that for every numerical realization there exists a vector
q # 0 such that q;\ =0and qE’ =0.

On the other hand, Lemma 14.1 of Reinschke (1988) states that,
if in the digraph associated with (2), every state vertex is an end
vertex of a stem (accessible), then g-rank (sI — A,B) = n, Vs €
C\{0}, which means that for almost all numerical realization (A, B),
rank (s — A, E’) =n,Vs e C\ {0}.

Now considering the switched linear system (1), assume that
the two conditions in Theorem 9 are satisfied. Due to Lemma
14.1 of Reinschke (1988), as all the parameters of matrices
A1, ...,An, By, ..., B, are assumed to be free, the condition (i)
of Theorem 9 implies that, for almost all vector values u =
(uq, ..., Uy), we have g-rank (sI — (U1A1 + - - - + UpAn), (U1B1 +
-+« 4+ umBn)) = n,Vs # 0.O0n the other hand, if the switched
linear system (1) is structurally uncontrollable, then for all con-
stant values, & = (uq, ..., Uy), linear systems defined by matri-
ces (A, B) are also uncontrollable, where A = Zl";] ;A; and B =
Z;”:] ii;B;. We write the numerical realization of (A, B) as (A, B).
This is due to the fact that for all constant values i, Im(C(A, B) C
Im(C(Aq, ...,An, B1,...,Bn)). Therefore, if the switched linear
system is structurally uncontrollable, since for almost all u =
(uq, ..., Uy), g-rank (sI — (U1A; + - -+ + UpApn), WBy + --- +
UmBm)) = n, Vs # 0, we have that for every numerical realization
matrix pair (A, B), there exists a nonzero vector g such that gA = 0

and gB = 0. Since this statement is true for almost all the values

u= (ﬂ;, ..., Up), we have that for almost all n - m-tuple values
W=®,... Wn,j=1,...,n-m, wecan find nonzero vectors q;
such that the following holds:
m s~
Y #gAi=0, j=1,....n-m
e (3)
D HgBi=0. j=1...n-m

Obviously, there cannot exist more than n linear independent vec-
tors g;. Let us denote ¢y, qa, ..., g, the vectors such that span
(1,92, - qnm) < span(qi, a2, - - -, qn) (we can renumber the
vectors if necessary). All the vectors gj, j = n+1, ..., n-marelin-
ear combinations of qq, ¢, . .., ;. Therefore, system (3) contains
the following equations:

> 2 a@ak=0 j=1...n-m

where aé,k(ﬁ) are linear functions of i, j = 1, ..., n- m. Since sys-

tem (3) is satisfied for almost all the values, we can find #¥,j =
1, ..., n-msuch that

ail(ﬂ) aiyz(ﬂ) aén,n(ﬂ)
aj (W) aj,@) ay, ()
1,1 1,2 m,n # 0.
aff@ ayy@ ... ai@@)
In this case, the only solution of (4) is QA1 = - = qkAm = qiB1 =
- = qBn = 0,k = 1, ..., n. Obviously, if the switched linear
system is structurally uncontrollable, then vector q,, k = 1,...,n

is nonzero. Consequently, the switched linear system (1) is struc-
turally uncontrollable only if for every numerical realization there
exists at least one nonzero vector q such thatgA; = --- = gA, =
qB; = --- = gB, = 0. However, if condition ii of Theorem 9 is
satisfied, then g-rank [Aq, ..., An, By, ..., Bn] = n and therefore,
for at least one numerical realization, there does not exist a vector
q # OsuchthatgA; = --- = gA, = qB; = -+ = qB, = 0.
Hence, the two conditions are sufficient to ensure the structural
controllability of the switched linear system (1).

Actually, using the terminologies ‘dilation’ and ‘S-dilation’ as
graphic criteria is not so numerically efficient. For example, to
check the second condition of Theorem 9, we need to test for all
possible vertex subsets to see whether there exist S-dilation in the
colored union graph or not. Consequently, we will adopt another
notion ‘S-disjoint edges’ to form a more numerically efficient
graphic interpretation of structural controllability.

Definition 13. In the colored union graph §, consider k edges
er = (v1,v)), e = (v2,0)),...,e = (v, v). We define for
i=1,...,kS; as the set of integers j such that v; = v, i.e, S =
{1 <j < klv; = v;}. These k edges ey, e,, ..., e are S-disjoint if
the following two conditions are satisfied:

(i) edgeseq, e,, ..., e, have distinct end vertices,

(ii) fori = 1,...,k,S; = {i} or there exist r distinct integers
i1, iz, ..., 0 suchthate; € J;,¢;, € 4;,,...,€j, € 4;,where
j1,J2, ..., jr are all the elements of S;.

Roughly speaking, k edges are S-disjoint if their end vertices are all
distinct and if all the edges which have the same begin vertex can
be associated with distinct indexes i. For this new graphic property,
the following lemma can be given.

Lemma 10. Considering switched linear system (1), there exist n S-
disjoint edges in the associated colored union graph G if and only if
[A1,As, ..., An, B1, By, ..., By] has g-rank = n.

Proof. Necessity: If there exist n S-disjoint edges in §, matrix
[A1,Ay, ..., An, B1, By, ..., Byl contains at least n free parame-
ters. Since the n S-disjoint edges have distinct end vertices, the cor-
responding n free parameters lie on n different rows. Besides, the
n S-disjoint edges have distinct begin vertices or have same begin
vertex that can be associated with distinct indexes i. This implies
that these n free parameters lie on n different columns. Keep these
n free parameters and set all the other free parameters to be zero.

We can see that matrix [A1, Az, ..., Am, B1, B2, . .., Bn] has follow-
0 2 0 0 ... 0
0 0 0 A ... O

ing form: , which has g-rank = n.

w0 0 0 ... 0
Sufficiency: From the Definition 12.3 and the following discus-

sions of Reinschke (1988), for a structured matrix Q, g-rank Q = s-
rank Q, where s-rank of Q is defined as the maximal number of free



3536 X. Liu et al. / Automatica 49 (2013) 3531-3537

parameters that no two of which lie on the same row or column. If
matrix [A1, Ay, ..., An, B1, By, ..., By] has g-rank = n, it follows
that there exists n free parameters from n different rows, which
implies that the corresponding n edges have different end vertices,
from n different columns, which implies that these n edges start
from different vertices or start from the same vertices but can be
associated with different indexes. Hence the condition that matrix
has g-rank = n is sufficient to ensure the existence of n S-disjoint
edges.

With the above definition and lemma, another necessary and
sufficient condition for structural controllability of system (1) can
be proposed here.

Theorem 11. The switched linear system (1) with graphic represen-
tations 4,1 € {1, ..., m}, is structurally controllable if and only if its
colored union graph § satisfies the following two conditions:

(i) there is no nonaccessible vertex in the colored union graph §,
(ii) there exist n S-disjoint edges in the colored union graph §L

Proof. Lemmas 6 and 10 show that there exist n S-disjoint edges
in the colored union graph § if and only if there is no S-dilation in
G. Then this theorem follows immediately.

3.3. Computation complexity of the proposed criteria

Compared with the condition using ‘S-dilation’, this condition
using ‘S-disjoint edges’ does not require to check all the vertex sub-
sets, which is a more efficient criterion. The maximal number of
‘S-disjoint edges’ can be calculated using bipartite graphs. For ex-
ample, we can use the algorithm in Micali and Vazirani (1980),
which allows us to compute the cardinality of maximum match-
ing into a bipartite graph. A bipartite graph is a graph whose ver-
tices can be divided into two disjoint sets U and ‘W such that every
edge connects a vertex in U to one in ‘W. To build a bipartite graph
in directed subgraph 4;(V;, 4;), what we need to do is adding some
vertices and making U; = {v € V;|3(v, v') € J4;}, which implies
that cardinality |U;| equals to the number of nonzero columns in
matrix [A;, B;]. Besides, W; = X, i.e., the state vertex set. Then it
follows that the maximum matching in this bipartite graph is the
same as the maximal S-disjoint edge set in §;('V;, ;). According to
the definition of S-disjoint edges, the beginning vertex from differ-
ent subgraphs should be differentiated when building the bipar-
tite graph for the colored union graph §. Therefore for the bipartite
graphof §, U = {v|3(v, V) € &;,i = 1,2, ..., m}, which implies
that cardinality |U| equals to the number of nonzero columns in
matrix [A1, Az, ..., Am, B1, B2, ..., Bn]. And W = X, i.e., the state
vertex set. Similarly, the maximum matching in this bipartite graph
is the same as the maximal S-disjoint edge set in the colored union
graph. Therefore the complexity order of the algorithm using the
method in Micali and Vazirani (1980) is O(\/p + n - q), where q
is the number of edges in the colored union graph, i.e., the num-
ber of free parameters in all system matrices, p is the number of
nonzero columns in matrix [A{, Az, ..., Am,B1, B2, ..., Byl and n
is the number of state variables. Compared with condition (ii) of
Theorem 11, condition (i) of Theorem 11 is easier to check. We have
to look for paths which connect each state vertex with one of the in-
put vertex. This is a standard task of algorithmic graph theory. For
example, the depth-first search or breadth-first search algorithm
for traversing a graph can be adopted and the complexity order is
O(]V| + |E|), where |V| and |E| are cardinalities of vertex set and
edge set in the union graph.

4. Conclusions and future work

In this paper, structural controllability for switched linear sys-
tems has been investigated. Combining the knowledge in the liter-
ature of switched linear systems and graph theory, several graphic
necessary and sufficient conditions for the structurally control-
lability of switched linear systems have been proposed. These
graphic interpretations provide us a better understanding on how
the graphic topologies of switched linear systems will influence or
determine the structural controllability of switched linear systems.
This shows us a new perspective that we can design the switch-
ing algorithm to make the switched linear system structurally
controllable conveniently just having to make sure that some prop-
erties of the corresponding graph (union or colored union graph)
are kept during the switching process. In this paper, the param-
eters in different subsystem models are assumed to be indepen-
dent. A more general assumption is that some free parameters
remain the same among different subsystems switching, i.e., de-
pendence among subsystems. It turns out that our necessary and
sufficient condition derived here would be a necessary condition
under this dependence assumption. Besides, our result can be
treated as basic starting point for exploring the structural control-
lability of switched nonlinear systems: using Lie algebra or transfer
function methods to get full characterization for controllability of
the switched non-linear system, then try to interpret each condi-
tion into graphic one and finally combine these conditions together
to get graphic interpretations for structural controllability for the
switched nonlinear system. To obtain a full characterization for the
dependent case or switched nonlinear case needs further investi-
gation.
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