P . 7
university of :7’%//4
groningen ?',,g’z,, University Medical Center Groningen

i

University of Groningen

Algebraic Necessary and Sufficient Conditions for the Controllability of Conewise Linear
Systems

Camlibel, M. Kanat; Heemels, W. P. M. H. (Maurice); Schumacher, J. M. (Hans)

Published in:
IEEE Transactions on Automatic Control

DOI:
10.1109/TAC.2008.916660

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2008

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Camlibel, M. K., Heemels, W. P. M. H. M., & Schumacher, J. M. H. (2008). Algebraic Necessary and
Sufficient Conditions for the Controllability of Conewise Linear Systems. |IEEE Transactions on Automatic
Control, 53(3), 762-774. https://doi.org/10.1109/TAC.2008.916660

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.


https://doi.org/10.1109/TAC.2008.916660
https://research.rug.nl/en/publications/bca5caa6-8976-47b6-9f48-74f114f5c710
https://doi.org/10.1109/TAC.2008.916660

762

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 53, NO. 3, APRIL 2008

Algebraic Necessary and Sufficient Conditions
for the Controllability of Conewise Linear Systems

M. Kanat Camlibel, Member, IEEE, W. P. M. H. (Maurice) Heemels,
and J. M. (Hans) Schumacher, Senior Member, IEEE

Abstract—The problem of checking certain controllability prop-
erties of even very simple piecewise linear systems is known to be
undecidable. This paper focuses on conewise linear systems, i.e.,
systems for which the state space is partitioned into conical regions
and a linear dynamics is active on each of these regions. For this
class of systems, we present algebraic necessary and sufficient con-
ditions for controllability. We also show that the classical results
of controllability of linear systems and input-constrained linear
systems can be recovered from our main result. Qur treatment em-
ploys tools both from geometric control theory and mathematical
programming.

Index Terms—Conewise linear systems, controllability, hybrid
systems, piecewise linear systems, push-pull systems, reachability.

I. INTRODUCTION

HE NOTION of controllability has played a central role
T throughout the history of modern control theory. Con-
ceived by Kalman, the controllability concept has been studied
extensively in the context of finite-dimensional linear systems,
nonlinear systems, infinite-dimensional systems, n-dimensional
systems, hybrid systems, and behavioral systems. One may re-
fer, for instance, to Sontag’s book [1] for historical comments
and references.

Outside the linear context, characterizations of global con-
trollability have been hard to obtain. In the setting of smooth
nonlinear systems, results have been obtained for local control-
lability, but there is no hope to obtain general algebraic char-
acterizations of controllability in the large. The complexity of
characterizing controllability has been studied by Blondel and
Tsitsiklis [2] for some classes of hybrid systems, and these au-
thors show that even within quite limited classes, there is no
algorithm to decide the controllability status of a given system.
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In this paper, we present algebraically verifiable necessary
and sufficient conditions for global controllability of a large
class of piecewise linear systems. We assume that the product of
the state space and the input space is covered by a finite number
of conical regions, and that on each of these regions separately
we have linear dynamics, with continuous transitions between
different regimes. Systems of this type do appear naturally;
some examples are provided in Section 2. The systems that
we consider are finite-dimensional, but beyond that there is no
restriction on the number of state variables or the number of
input variables.

The construction of verifiable necessary and sufficient condi-
tions relies on the fact that, in a situation where different linear
systems are obtained by applying different feedbacks to the
same output, the zero dynamics of these systems are the same.
On the basis of classical results in geometric control theory, the
systems may, therefore, be decomposed in a part that is com-
mon and a part that is specific to each separate system, but that,
due to the invertibility assumption, has a simple structure in
the sense that there exists a polynomial inverse. The latter fact
may be exploited to “lift” the controllability problem from each
separate mode to the common part. The reduced controllability
problem in this way is still nonclassical due to the presence
of a sign-dependent input nonlinearity. The controllability of
such “push—pull” systems may be studied with the aid of results
obtained by Brammer in 1972 [3]. By a suitable adaptation of
Brammer’s results, we arrive at the desired characterization of
controllability.

Controllability problems for piecewise linear systems and
various related model classes have drawn considerable atten-
tion recently. However, none applies to the class of conewise
linear systems (CLSs) in the generality as treated in the current
paper. Indeed, Lee and Arapostathis [4] provide a characteri-
zation of controllability for a class of “hypersurface systems,”
but they assume, among other things, that the number of inputs
in each subsystem is equal to the number of states minus one.
Moreover, their conditions are not stated in an easily verifiable
form. Brogliato obtains necessary and sufficient conditions for
global controllability of a class of piecewise linear systems in a
recent paper [5]. Besides the facts that [5] applies to the planar
case (state space dimension equal to 2) and is based on a case-
by-case analysis, also the class of systems is different to the
one studied here. In [5], typically one or more of the dynamical
regimes is active on a lower dimensional region, while the re-
gions for CLSs are full dimensional. Bemporad et al. [6] suggest
an algorithmic approach based on optimization tools. Although
this approach makes it possible to check controllability of a
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given (discrete-time) system, it does not allow drawing conclu-
sions about any class of systems, as in the current paper. The
characterization that we obtain is much more akin to classical
controllability conditions. Characterizations of controllability
that apply to some classes of piecewise linear discrete-time sys-
tems have been obtained by Nesic [7]. In continuous time, there
is work by Smirnov [8, Ch. 6] that applies to a different class
of systems than we consider here, but that is partly similar in
spirit. Habets and van Schuppen [9] discuss “controllability to
a facet,” which is a different problem from the one considered
here: we study the classical controllability problem of steering
the state of system from any initial point to any arbitrary final
point.

The controllability result that we obtain in this paper can be
specialized to obtain a number of particular cases that may be of
independent interest. For instance, earlier work in [10] and [11]
on planar bimodal systems and on general bimodal systems,
which, in fact, provided the stimulus for continued investigation,
can now be recovered as special cases, as is demonstrated in
Section IV later.

The paper is organized as follows. The class of systems that
we consider is defined in Section II, and some examples are
given to show how systems in this class may arise. Some prepara-
tory material about systems with linear dynamics but possibly
a constrained input set is collected in Section III. Section IV
presents the main results, and Section V concludes. The bulk
of the proofs is in Appendix C, which is preceded by two ap-
pendixes that, respectively, summarize notation and recall some
facts from geometric control theory.

II. CONEWISE LINEAR SYSTEMS

A particular class of piecewise linear systems is of interest in
this paper. This section aims at setting up the terminology for
these systems.

A continuous function ¢ : RF — R’ is said to be conewise
linear if there exists a finite family of solid polyhedral
cones {V1,Vs, ...,V } with U;); = R¥ and ¢ x k matrices
{M?,M?,... ,M"}, such that g(y) = M’y fory € J;.

Consider the systems of the form

i(t) = Az(t) + Bu(t) + f(y(t))
y(t) = Cz(t) + Du(t)

(1a)
(1b)
where = € R" is the state, u € R™ is the input, y € R, A €
R BeR>™™ CeRP™, DeRP and f: RP — R"

is a continuous conewise linear function. These systems will be
called CLSs.

A. Examples of Conewise Linear Systems

Some examples, with an increasing level of generality, are in
order.

Example I1.1: A bimodal piecewise linear system with a con-
tinuous vector field can be described in the form

. {A1m+Blu if
N A2£E+BQ’UJ if

Ar+du<0
dr+du>0

2

where A1, Ay € R"*" By, By e R"*™ ¢ e R",and d € R™
with the property that

Ar+d"u=0= Az + Biu= Az + Byu. 3)

Equivalently, Ay — A; = ec’ and By — B, = ed! for some
n-vector e. To fit the system (2) into the framework of CLS
(1),one cantake A= A;, B=B,,C=¢',D=d",r=2,
Vi = (—0,0], M* =0,), = [0,00), and M? = e.

Remark 11.2: The so-called sign systems are closely related
to bimodal systems. In the discrete-time setting, they are of the
form

A_x; + B_wy; if CTJ?t <0
Tl = A()C.Ct + B()ut if CTLL't =0
A+I’t + B+Ut if CT:Et > 0.

Itis known from [2] that certain controllability problems of these
systems are undecidable, i.e., (roughly speaking) there is no
algorithm that can decide whether such a system is controllable
or not. This result already gives, even in this seemingly very
simple case, an indication of the complexity of controllability
problems.

Example 11.3: An interesting example of CLSs arises in the
context of linear complementarity systems. Consider the linear
system

T =Ax+ Bu+ Ez (4a)

w=Cx+ Du+ Fz (4b)

where x € R, u € R™, and (2, w) € RP*?. When the external
variables (z, w) satisfy the so-called complementarity relations

Co>zlwec(l* (4¢)

where C is a cone and C* is its dual, the overall system (4) is
called a linear cone complementarity system (LCCS). A wealth
of examples, from various areas of engineering as well as oper-
ations research, of these piecewise linear (hybrid) systems can
be found in [12]-[15]. For the work on the analysis of general
LCCSs, we refer to [16]—[22]. A special case of interest emerges
when C = R”, and all the principal minors of the matrix F’ are
positive. Such matrices are called P-matrices in the literature
of the mathematical programming. It is well known (see, for
instance, [23, Ths. 3.1.6 and 3.3.7]) that every positive defi-
nite matrix is in this class. P-matrices enjoy several interesting
properties. One of the most well-known facts is in the context
of linear complementarity problem, i.e., the problem of finding
a p-vector 2z satisfying

0<zlqg+Fz>0 5)

for a given p-vector ¢ and a p X p matrix F. It is denoted by
LCP(q, F'). When the matrix F'is a P-matrix, LCP(q, F') admits
a unique solution for any g € RP. This is due to a well-known
theorem (see [23, Th. 3.3.7]) of mathematical programming.
Moreover, for each g, there exists an index seta C {1,2,...,p}
such that:

1) _(F(m)71Q(x > 0and oo — Fieq (EX(1)71LI<1 >0

2) the unique solution z of the LCP(q, F) is given by z, =

—~(Foa)'qo and z4e =0
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where a“ denotes the set {1,2,...,p} \ . This shows that the
mapping g — z is a conewise linear function.

B. Solutions of Conewise Linear Systems

We say that an absolutely continuous function x is a solution
of (1) for the initial state xy and the locally integrable input w if
(x, u) satisfies (1) almost everywhere and z(0) = x(. Existence
and uniqueness of solutions follow from the theory of ordinary
differential equations as the function f is Lipschitz continuous
by its definition.

Let us denote the unique solution of (1) for the initial state
xo and the input u by x*°-“. We call the system (1) completely
controllable if for any pair of states (zo,x;) € R"*", there
exists a locally integrable input u such that the solution 2*°-* of
(1) satisfies """ (T") = x4 for some T > 0.

We sometimes use the term “controllable” instead of “com-
pletely controllable.” Before proceeding further, we will briefly
review the controllability problem for the case of linear
dynamics.

III. CONTROLLABILITY OF LINEAR SYSTEMS
Consider the linear system
T = Ax + Bu 6)

where A € R"*" and B € R"*"™,

Ever since Kalman’s seminal work [24] introduced the notion
of controllability in the state space framework, it has been one
of the central notions in systems and control theory. Tests for
controllability were given by Kalman and many others (see,
e.g., [25] and [1] for historical details). The following theorem
summarizes some classical results on the controllability of linear
systems.

Theorem II1.1: The following statements are equivalent.

1) The system (6) is completely controllable.

2) The implication

AeEC,zeC, 2 A=12"BT2=0=2=0

holds.

Sometimes, we say that the pair (A, B) is controllable, meaning
that the associated linear system (6) is completely controllable.

In some situations, one may encounter controllability prob-
lems for which the input may only take values from a set
U C R™. A typical example of such constrained controllability
problems would be a (linear) system that admits only nonnega-
tive controls. Study of constrained controllability goes back to
the 1960s. Early results consider only restraint sets I/ that con-
tain the origin in their interior (see, for instance, [26]). When
only nonnegative controls are allowed, the set I/ does not con-
tain the origin in its interior. Saperstone and Yorke [27] were
the first to consider such constraint sets. In particular, they con-
sidered the case U = [0, 1]™. More general restraint sets were
studied by Brammer [3]. The following theorem states necessary
and sufficient conditions in case the restraint set is a cone.

Theorem I11.2: Consider the system (6) together with a solid
cone U as the restraint set. Then, (6) is completely controllable
with respect to { if and only if the following conditions hold.
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1) The pair (A4, B) is controllable.
2) The implication

reRzeR" ZTA=x B zelf* = 2=0

holds.
The proof of this theorem can be obtained by applying [3, Cor.
3.3] to (6) and its time-reversed version.
Sometimes, we say that a pair (A, B) is controllable with
respect to I/ whenever the linear system (6) is completely con-
trollable with respect to .

IV. MAIN RESULTS
A. Controllability of Push—Pull Systems

An interesting class of systems that appears in the context of
controllability of CLSs are of the form

i = Az + f(u) 7)

where z € R", ue R, Ae¢ R"", and f:R™ - R" is a
continuous conewise linear function.

Notice that these systems are of the form of Hammerstein
systems (see, e.g., [28]). We prefer to call systems of the type
(7) push—pull systems. The terminology is motivated by the
following special case. Consider the system

Biu if u<0
Tz = Az + ] )
Bsu if >0

where the input « is a scalar. In a sense, “pushing” and “pulling”
have different effects for this system.

The notation z*°'* denotes the unique absolutely continuous
solution of (7) for the initial state z( and the input u. We say
that the system (7) is:

1) completely controllable if for any pair of states (zo,zy) €
R"*" there exists a locally integrable input u such that
the solution 7" of (7) satisfies ™" (T") = x; for some
T>0;

2) reachable from zero if for any state z; € R", there exists
a locally integrable input v such that the solution z*-" of
(7) satisfies 2°:*(T) = x4 for some T > 0.

The following theorem presents necessary and sufficient con-
ditions for the controllability of push—pull systems. Later, we
will show that controllability problem of a CLS can always be
reduced to that of a corresponding push—pull system.

Theorem 1IV.1: The following statements are equivalent.

1) The system (7) is completely controllable.

2) The system (7) is completely controllable with C*-inputs.

3) The system (7) is reachable from zero.

4) The system (7) is reachable from zero with C*°-inputs.

5) The implication

2Texp(At)f(u) > 0forall t >0and u € R™ = 2 =0
©)
holds.
6) The pair (A,[M'M?--- M"]) is completely controllable
with respectto Vi X Vo X --+ X V.
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B. Controllability of Conewise Linear Systems

Consider the CLS (1) withm = p. Our first aim is to put it into
a certain canonical form. Let V* and 7", respectively, denote
the largest output-nulling controlled invariant and the smallest
input-containing conditioned invariant subspaces of the system
Y(A, B, C, D) (see Appendix II). Also let K € K(V*). Apply
the feedback law, u = —Kx + v, where v is the new input.
Then, (1) becomes

&= (A—BK)x+ Bv+ f(y)
y=(C —DK)x + Dv.

(10a)
(10b)

Obviously, controllability is invariant under this feedback.
Moreover, the systems X(A, B, C, D) and (A — BK,B,C —
DK, D) share the same V* and 7 * due to Proposition IL.1 (see
Appendix II). Suppose that the transfer matrix D + C(sI —
A)7!B is invertible as a rational matrix. Proposition I1.2 im-
plies that the state space R" admits the following decomposition
R™ = V* @ T*. Let the dimensions of the subspaces V* and 7 *
be n; and no, respectively. Also let the vectors {x1,x9, ..., 2, }
be a basis for R", such that the first n; vectors form a basis for
V* and the last ny for 7*. Alsolet L € £(7*). One immediately
gets
0
B_LD:[B’} (11)

2

C—-DK = { 0 ] (12)
Cy
in the coordinates that are adapted to the earlier ba-
sis as V* Cker(C'— DK) and im(B — LD) C T*. Here,
B} and C are my x m and p x ny matrices, respectively.
Note that (A — BK — LC' + LDK)V* C V*and (A — BK —
LC + LDK)T* C T* according to Proposition II.1. There-
fore, the matrix (A — BK — LC 4+ LDK) should be of the

form | S

blocks have n; and ns rows (columns), respectively. Let the
matrices K and L be partitioned as

0,. .
>|<] in the new coordinates where the row (column)

K=[K K, L= [2}

where K and Lj are m X n; and nj X m matrices, respec-
tively. With these partitions, one gets

Ay LC
A—BK:[ e 2} (13a)
L,D
B= { } (13b)
B,

where A, and Bs are matrices of the sizes nj x n; and
ng X m, respectively. Also, let the matrices M’, in the new
coordinates, be partitioned as

(14)

e[

M;

where M, ; is a matrix of the size n; x m, and let f; be defined
accordingly as

fily) = Myy if y € V1. (15)
Now, one can write (10) in the new coordinates as
1= Anz +9(y) (16a)
&9 = Azemy + Bav + fo(y) (16b)
y = Chyxy + Dv (16¢)
where g(y) = L1y + f1(y) is a conewise linear function.
By construction, one has
V*(Asq, By, Cy, D) = {0} (17a)
T*(Agg, By, Cy, D) = R"2. (17b)

We already know from the invertibility hypothesis and
Proposition II.2 that the matrix [Cy D] is of full row rank
and the matrix col(Bz, D) is of full column rank. Therefore,
Proposition 1.2 guarantees that the transfer matrix of the sys-
tem X (Asq, Bo, Cy, D) has a polynomial inverse. This allows
us, as stated in the following lemma, to reduce the controlla-
bility problem of the CLS (16) to that of the push—pull system
(16a) where the variable y is considered as the input.

Lemma IV.2: Consider the CLS (1) such that p = m and the
transfer matrix D + C(sI — A)~' B is invertible as a rational
matrix. Then, the following statements are equivalent.

1) The CLS (1) is completely controllable.

2) The push—pull system

& = Anz +9(y) (18)

is completely controllable.
By combining the previous lemma with Theorem IV.1, we are
in a position to present the main result of the paper.

Theorem IV.3: Consider the CLS (1) such that p = m and the
transfer matrix D + C(sI — A)~' B is invertible as a rational
matrix. The CLS (1) is completely controllable if and only if:

1) the relation

> (A+M'C| im (B+ M'D)) =R"

i=1

19)

is satisfied and
2) the implication

ArER zeR" w; € R™,

A+ MC -2 B+ M'D
[T w?]{ * MDY
C D

w; € Y foralli=1,2,...,r = z =0 holds.

Remark IV4: Note that the second condition is a state-
ment about the real invariant zeros and the invariant left zero
directions of the systems X(A+ M'C, B+ M'D,C, D). A
quick observation shows that the invariant zeros of the systems
S(A+ MC,B+ M'D,C, D) coincide. They also coincide
with the invariant zeros of the system X( A, B, C, D). Therefore,
this condition comes to play only if the system X(A, B, C, D)
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has some real invariant zeros. In this case, one can easily check
the second condition by first computing the real invariant zeros
of the system (A, B, C, D) and then computing the left kernel
of the corresponding matrices for each real invariant zero A and
1=1,2,...,7.

Remark 1V.5: The necessity of the first condition is rather
intuitive. What might be curious is that this condition is not
sufficient, as shown by the following example. Consider the
bimodal system

. L2
xr, =
—1

SE'JQ = U.

if 1‘220

In order to cast this system as a CLS, one can take

A—{g 8} B—[ﬂ C=[0 1] D=0 (20)

Y =R_ Mlzm ¥ =R, Mzz[_ol]. @1

Straightforward ~calculations yield that (A+ M'C |im
(B+ M'D)) = (A+ M?C | im(B + M?D)) = R?. Hence,
the first condition is fulfilled. However, the overall system can-
not be controllable as the derivative of x; is always nonpositive.
This is in accordance with the theorem since the second con-
dition is violated in this case for the values A =0, z = [1 0],
w; = —1,and wy = 1.

Remark IV.6: The earlier remark shows that even though all
the constituent linear systems are controllable, the overall sys-
tem may not be controllable. On the other extreme, one can find
examples in which the constituent systems are not controllable
but the overall system is. To construct such an example, note
that the second condition becomes void if the system has no
real invariant zeros. Therefore, it is enough to choose constitute
linear systems such that: 1) they are uncontrollable; 2) they do
not have any real invariant zeros; and 3) they satisfy the first
condition of Theorem IV.3. For such an example, consider the
bimodal system

i?l = X2
. —I1 if Iy ZO
Ty = .

—x1 + x5 if x5 <0
T3 =24
iy = —T3 + T if z5 >0
YT~ if 25 <0
i5 = Uu.

To cast this system as a CLS, one can take

0 1 0 0 0 0 0

-1 0 0 0 1 0 0
A=10 0 0 1 o|,B=|0].cT=10]| (22

0 0 -1 0 0 0 0

0 0 0 0 0 1 1

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 53, NO. 3, APRIL 2008

0
-1
D=0 =R M =0)=R. M= |0 (23)
1
0
It can be verified that the system (A,B,C,D) has no
real invariant zeros. So, the second condition of Theo-
rem IV.3 is void. It can also be verified that (A + M'C |
im (B + M'D)) = span{e;, ez, e5} and (A + M*C | im(B +
M?D)) = span{es, e4, €5 }, where ¢; is the ith standard basis
vector, i.e., all components of e; are zero except the ith com-
ponent that is equal to 1. Note that both the constituent linear
systems are not controllable, but the overall system is, since the
first condition is satisfied.

In what follows, we shall establish various already known
controllability results as special cases of Theorem IV.3.

Remark IV.7 (Linear Systems): Take C =0, D = I, and r =
1.Let Yy =R™ and M' = 0. With these choices, the CLS (1)
boils down to a linear system of the form

T = Az + Bu.

In this case, condition (1) is equivalent to saying that
(A |imB) = R", i.e., the pair (A, B) is controllable, whereas
the left-hand side of the implication 2 can be satisfied only
with wy = 0 as J)§ = {0}. This means, however, that the sec-
ond condition is readily satisfied provided that the first one is
satisfied. Therefore, the system is controllable if and only if
(A |imB) =R".

Remark IV.8: (Linear Systems With Positive Controls): Take
C =0and D = I. For an index set « C {1,2,...,m}, define
the cone Y, :={yeR™ |y; >0ifi € a,y; <0if i & a}.
Note that the cones ), are polyhedral and solid. Also, note
that U,)Y, = R™. Let N® be a diagonal matrix such that
the (i,4)th element is 1, if ¢ € o, or —1, otherwise. Note
that Y, = {y | N,y > 0}. Also, note that N®y = |y| when-
ever y € ),. Here, |y| denotes the componentwise absolute
value of the vector y. Define M* = B(N® — I). Note that
Bu + f(Cxz + Du) = B|u| with the earlier choices of C, D,
N,, and ), . Hence, the CLS (1) boils down to a linear system
of the form

T = Az + Bu

where the input is restricted to be nonnegative. Note
that A4+ M*C=A and B+ M*D=BN®. Thus,
(A4+ M*C | im(B+ M*D)) = (A | imBN®) = (A | imB)
as N“ is nonsingular. This shows that condition 1 is equivalent
to condition 1 of Theorem III.2, with / = R’'. Let A € R,
z€R", and w, € R™ be as in condition 2, i.e., be such
that

A—AI BN©
[—2T wg][ 0 7 }:0 (24a)

Wy € Vi (24b)
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for all & C {1,2,...,m}. It immediately follows from (24a)
that

2TA=22T

w, = N“BT 2.

(25a)
(25b)

Note that ), is self-dual, i.e., YV = Y, . So, (25b) implies that
BTz >0,as N*N* = ]. Together with (25a), this proves the
equivalence of condition 2 of Theorem IV.3 to condition 2 of
Theorem II1.2, with &/ = R,

As a consequence of the earlier analysis, Theorem III.2 with
U = R} can be seen as a special case of Theorem IV.3.

Remark IV.9: (Bimodal Systems): In [11], necessary and suf-
ficient conditions for the controllability of single-input bimodal
piecewise linear systems of the form

Az + bu
j}:
A +ecl)x +bu

ifcTz<0
(26)
ifTx>0

are presented. It was shown, under the assumption that the trans-
fer matrix ¢! (sI — A")~'b is nonzero, that necessary and suf-
ficient conditions for controllability of the systems of the form
(26) are

1) the pair (A4, [b €]) is controllable, and

2) the implication . € R, z # 0

A=Al b

[z8 w;) =0,1=1,2= wiwy >0

e 0

where A; := A’ and Ay := A’ + ec” holds. One can recover
this result from Theorem IV.3 as follows. To fit the system (26)
into the framework of CLS (1), take m =1, r =2, A= A,
B=bC=c',D=0,)1=R_, M' =0, ), =R, and
M? =e. Note that A+ M'C =A', A+ M?C = A +ec”,
and B+ M'D =B+ M?D =10 in this case. With these
choices, it can be verified that implication 2 of Theorem IV.3
is equivalent to the one given by 2. Therefore, it is enough to
show that condition 1 of Theorem IV.3 is equivalent to the
one given by 1. Note that (A + M'C |im (B + M'D)) +
(A+ M2C |im (B+ M?D)) = (A" |im b) + (A +ecl |
im b). We claim that the latter equivalence holds if the trans-
fer function ¢’ (sI — A’)b is nonzero (hence invertible), i.e.,
it holds that (A’ | im b) + (A’ + ec! | im b) = R" if and only
if the pair (A’, [be]) is controllable. Note that (A’ | im b) C
(A’ | im [be]) and (A’ + ec’ | im b) C (A’ | im [be]). This im-
mediately shows that the pair (A’,[be]) is controllable if
(A |im b) + (A’ + ec'|im b) = R™. For the rest, we use the
following well-known identity

(sI-X) ' — (sI-Y) ' = (s[-X) H(X-Y)(s] - V).
27

Now, suppose that the pair (A’, [be]) is controllable. To show
that (A’ | im b) + (A’ + ec! |im b) is equal to the entire R", as-
sume z € R", such that 27 (A")kb = 27 (A’ + ec” )b = 0 for
all integers k, i.e., z is orthogonal to the subspace (A’ | im b) +
(A" +ec’|im b). Stated differently, we have 27 (sl —
ANV =2 (sI — A —ec”)"'b=0. By using (27), we

get
0=2"[(sT — A —ech)™ —(sT —A)']b
=21 (sT — A" —ecl ) et (sT — A)) 10

As the transfer function ¢’ (sI — A’)~'b is nonzero, we get
2T (sI — A" — ec”)~le = 0. Now, we can use (27) once more
to obtain

2 (sI — A —ecl) e
= 2T (sT—A'—ec” ) ec! (sT — A') etz (sT — A') e

Hence, 27 (sI — A’)"'e=0. This means, however, that
2T (sI — A')~1[b e] = 0. As the pair (A’, [b €]) is controllable,
this can happen only if z = 0.

C. Input Construction

The conditions of Theorem IV.3 guarantee only the existence
of an input that steers a given initial state x; to a final state ;. A
natural question is how to construct such an input. Although the
proof (see Appendix III) is not constructing an input, it reveals
how one can do it. To elaborate, note that we can assume,
without the loss of generality, the CLS is given in the form of
(16). In view of Lemma IV.2, one can first construct a function
y that achieves the control on the x; component, and then,
construct the corresponding input v by applying Proposition
IL.4. By applying Proposition III.5 and Lemma III.4, one can
find two inputs: one steers the x5 component of the initial state
to zero and the other steers it from zero to its final value. This
means that we can assume, without the loss of generality, that
the z» components of both the initial and final states are zero. In
view of Lemma III.1, one can solve, for some sufficiently large
£, (47) for ™/ by taking the left-hand side as the x; component
of the final state, T = /¢ and A, = T/(¢r). By using these 1"/,
one constructs from (43) a function, say y. This function, when
applied to (16a), steers the 1 component from zero to its final
value. Now, reverse the time in (16a) and apply the same idea
by taking the left-hand side of (47) as the x; component of the
initial state. Let the time reversal of the corresponding function
that is obtained from (43) be y;. This function, when applied
to (16a), steers the x; component from its initial value to zero.
Therefore, the concatenation of y; and ys, say y, steers the x;
component of the initial state to that of the final state for the
dynamics (16a).

V. CONCLUSION

In this paper, we studied the controllability problem for the
class of CLSs. This class is closely related to many other well-
known hybrid model classes like piecewise linear systems, lin-
ear complementarity systems, and others. Previous studies on
controllability for these systems indicated the hard nature of
the problem. Due to additional structure that is implied by the
continuity of the vector field of the CLSs, necessary and suffi-
cient conditions for controllability could be given. To the best of
the authors’ knowledge, it is the first time that a full algebraic
characterization of controllability of a class of piecewise linear
systems appears in the literature. The proofs of the main results
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combine ideas from geometric control theory and controllabil-
ity results for constrained linear systems. As such, the original
results of controllability of linear systems and input-constrained
linear systems were recovered as special cases. Also, the pre-
liminary work by the authors on bimodal continuous piecewise
linear systems [10], [11] form special cases of the main re-
sult of the current paper. Moreover, the controllability of the
so-called “push—pull systems” was completely characterized.
Interestingly, the algebraic characterization of controllability
also showed that the overall CLS can be controllable although
the subsystems are not. Vice versa, it can happen that all linear
subsystems are controllable but the overall system is not.

This work showed the benefits of using geometric control
theory and constrained control of linear systems in the field
of piecewise linear systems. Some structure on the piecewise
linear system enabled the application of this well-known theory.
We believe that this opens the path to solving problems like
controller design, stabilization, observability, detectability, and
other system and control theoretic problems of interest for this
class of systems. This investigation forms one of the major issues
of our future research.

APPENDIX I
NOTATION

In this paper, the following conventions are in force.

1) Numbers and Sets: The Cartesian product of two sets S
and T is denoted by S x T. For a set .S, S” denotes the n-
tuples of elements of S, i.e., the set § xS x --- x S, where
there are n — 1 Cartesian products. The symbol R denotes the
real numbers, R, the nonnegative real numbers (i.e., the set
[0,00)), and C the complex numbers. For two real numbers
a and b, the notation max(a,b) denotes the maximum of a
and b.

2) Vectors and Matrices: The notations v” and v* denote
the transpose and conjugate transpose of a vector v. When two
vectors v and w are orthogonal, i.e., vTw =0, we write v L w.
Inequalities for real vectors must be understood componentwise.
The notation R™*™ denotes the set of n x m matrices with real
elements. The transpose of M is denoted by M ™. The identity
and zero matrices are denoted by I and 0, respectively. If their
dimensions are not specified, they follow from the context. Let
M"™*™ be a matrix. We write M;; for the (i, j)th element of M.
Fora C {1,2,...,n}and 8 C {1,2,...,m}, M,z denotes the
submatrix {M;; }ica,jep- If n =m and o = (3, the submatrix
M, is called a principal submatrix of M, and the determi-
nant of M, is called a principal minor of M. For two matri-
ces M and N with the same number of columns, col(M, N)
will denote the matrix obtained by stacking M over N. For a
square matrix M, the notation exp(M ) denotes the exponential
of M,ie,Y oM ¥ /k!. All linear combinations of the vectors
{v1,v2,...,v;} C R™ are denoted by span{vy, va, ..., v }.

3) Cones and Dual Cones: A setC is said tobe a coneif x € C
implies that ax € C for all a > 0. A cone is said to be solid if
its interior is not empty. A cone C C R" is said to be polyhedral
if it is of the form {v € R" | Mv > 0} for some m X n matrix
M. For a nonempty set Q (not necessarily a cone), the dual
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cone of Q is the set {v | u’v > 0 for all u € Q}. It is denoted
by Os.

4) Functions: For a function f : R — R, f*) stands for the
kth derivative of f. By convention, we take f(°) = f. If f is
a function of time, we use the notation f for the derivative of
f- The set of all arbitrarily many times differentiable functions
is denoted by C™. The support of a function f is defined by

supp(f) = {t e R| f(¢) # 0}.

APPENDIX II
SOME FACTS FROM GEOMETRIC CONTROL THEORY
Consider the linear system (A4, B, C, D)

i = Ax + Bu (28a)

y=Cx+ Du (28b)

where € R” is the state, u € R™ is the input, y € R? is the
output, and the matrices A, B, C, D are of appropriate sizes.

We define the controllable subspace and unobservable sub-
space as (A |im B) :=im B+ Aim B+ ---+ A" lim B
and (ker C' | A) :==kerCN A kerCN---N A" ker C, re-
spectively. It follows from these definitions that

(A|im B) = (ker BT | AT)" (29)

where W denotes the orthogonal space of W.

We say that a subspace V is output-nulling controlled in-
variant if for some matrix K, the inclusions (A — BK)V C V
and V C ker(C — DK) hold. As the set of such subspaces is
nonempty and closed under subspace addition, it has a maximal
element V*(X). Whenever the system X is clear from the con-
text, we simply write V*. The notation K()) stands for the set
{K|(A-=BK)Y CVandV C ker(C — DK)}.

One can compute V* as a limit of the subspaces V' = R"

Vi={z| Az + Bu € V'"! and Cz + Du = 0 for some u}.

(30)
In fact, there exists an index i < n — 1 such that V7 = V* for
all j > i.

Dually, we say that a subspace 7 is input-containing con-
ditioned invariant if for some matrix L, the inclusions (A —
LC)T C T andim(B — LD) C 7 hold. As the set of such sub-
spaces is nonempty and closed under the subspace intersection,
it has a minimal element 7 *(X). Whenever the system X is clear
from the context, we simply write 7 *. The notation £(7) stands
forthe set {L | (A— LC)T C7 and im(B—-LD)CT}.

We sometimes write V*(A, B,C, D) or T*(A, B,C, D) to
make the dependence on (A, B, C, D) explicit.

We quote some standard facts from geometric control theory
in what follows. The first one presents certain invariants under
state feedbacks and output injections. Besides the system X (28),
consider the linear system X ; given by

i=(A—BK - LC + LDK)z + (B — LD)v (31a)
y=(C —DK)x + Dv. (31b)

This system can be obtained from ¥ (28) by applying both state
feedback u = — Kz + v and output injection —Ly.
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Proposition 11.1: Let K € R™*" and L € R"*P be given.
The following statements hold.

1) (A]im B) = (A — BK | im B).

2) (kerC | A)y = (kerC' | A — LC).

3) V'(Zk.) = V().

4 T (Zk,) =T(%).

The next proposition relates the invertibility of the transfer
matrix to controlled and conditioned invariant subspaces.

Proposition 11.2 (cf. [29]): The transfer matrix D + C(sI —
A)7!B is invertible as a rational matrix if and only if
V*@T*=R", [C D] is of full row rank, and col(B, D) is
of full column rank. Moreover, the inverse is polynomial if
and only if V*N (A |im B) C (kerC' | A) and (A | im B) C
T+ (ker C | A).

We define the invariant zeros of the system (28) to be the
zeros of the nonzero polynomials on the diagonal of the Smith
form of

(32)

Po(s) = [As] B} |

c D

The matrix Py (s) is sometimes called system matrix.

We know from [29, Th. 2] that the invariant zeros coincide
with the eigenvalues of the mapping that is obtained by restrict-
ing A— BK — LC + LDK to the subspace V*/(V*NT¥),
where K € KK(V*) and L € £L(T*), such that (kerC' | A) C
ker K andim L C (A | im B).

It is known, for instance, from [30, Cor. 8.14], that the transfer
matrix D + C(sI — A)™! B is invertible as a rational matrix if
and only if the system matrix Py (A) is of rank n 4+ m for all but
finitely many A € C. In this case, the values of A € C such that

rank Py (1) <n+m (33)

coincide with the invariant zeros.

If A € Cis an invariant zero, then the elements of the kernel of
the matrix Py (1) are called invariant (right) zero directions (see,
e.g., [31]). They enjoy the following dynamical interpretation.
Let A € C be an invariant zero and col(Z, @) be an invariant zero

direction, i.e.,
[A —-Al B } [a: ] 0
c D]la]

Then, the output y of (28) corresponding to the initial state &
and the input ¢ — @ exp(At) is identically zero.
The following proposition presents sufficient conditions for
the absence of invariant zeros. It can be proved by using (30).
Proposition 11.3: Consider the linear system (28) with p =
m. Suppose that V* = {0} and the matrix col(B, D) is of full
column rank. Then, the system matrix

{A)»I B}
C D

is nonsingular for all A € C.

Systems that have transfer functions with a polynomial in-
verse are of particular interest for our treatment. The following
proposition can be proven by straightforward calculations.

Proposition 11.4: Consider the linear system (28). Suppose
that the transfer matrix D + C(sI — A)~' B has a polynomial

(34)

inverse. Let H(s) = H" + sH' + --- + s" H" be this inverse.
For a given p-tuple of C*°-functions ¥, take

h (-1

2(0) =Y A BH'F)(0) (35a)
{=0 j=0
d\ _
) =11 () o0 (35b)

Then, the output y, corresponding to the initial state 2(0) and
the input u, of the system (28) is identical to .

The last proposition presents sufficient conditions under
which the values of the output and its higher order derivatives at
a certain time instant uniquely determine the state at the same
time instant.

Proposition I1.5: Consider the linear system (28) with p = m.
Suppose that V* = {0}. Let the triple (u,z,y) satisfy (28)
with the pair (u,y) being (n —1) times differentiable. If
y*)(t) = CA*zfork =0,1,...,n — 1forsometand Z € R"
then z(t) = Z.

Proof: Note that y(t) = Cz results in

Cz(t) + Du(t) = Cz
and hence, (t) — & € V' in view of (30). Similarly, y") (t) =
C Az results in
CAx(t) + CBu(t) + DuV (t) = CAZ.

This would mean that A(xz(t) — Z) + Bu(t) € V', and hence,
x(t) — 7 € V2. By continuing in this way, one can show
that z(t) — 2 € V¥ for all k=0,1,...,n — 1. This, how-
ever, means that z(t) — & € V*. Therefore, z(t) = Z by the
hypothesis. [ |

APPENDIX III
APPENDIX: PROOFS
A. Proof of Theorem IV.1

We will show that the following implications hold:

2 = 1 = 3 <« 4
f f U
4 6 & 5H = 4

Note that the three implications in the first line are evident.
1) 3 =5 : Suppose that 3 holds. Let z € R" be such that

21 exp(At)f(u) > 0 (36)

forall t > 0 and for all w € R™. Then, for any solution x of (7)
with 2(0) = 0, one has

T
2L a(T) =2 / exp(A(T — s))f(u(s))ds > 0. (37)
0

As the statement 3 holds, 2:(T") may take any arbitrary value by

choosing a suitable input function. Therefore, z must be zero.
2) 5 = 6 : Suppose that 5 holds. Due to Theorem IIL.2, it is

enough to show that
a) the pair (A, [ M!

M? MT1]) is controllable and



770

b) the implication A € R,z € R",
2TA=22T, (Mi)Tz €Y foralli=1,2,...,r=2=0

holds.
a) Let ' € C and v € C" be such that v*[s'] — A M!
M? ... M"] = 0. This means that

st =v*A

VM =0

(38a)
(38b)

for all i =1,2,...,r. Let ¢ and w be, respectively, the
real and imaginary parts of s’. Also let v; and v be,
respectively, the real and imaginary parts of v. One can
write (38) in terms of o, w, v1, and vy as

vl o wl [
T A= (39a)
vy —w o] v
v M' = vl M' =0 (39b)
forall? = 1,2,...,r. Note that (39a) results in
ol o w vl
exp(At) = exp t (40)
vl —w o vl

Together with (39b), this implies that UJT exp(At)M* =
0 for all ¢, for all 4, and for all j € {1,2}. In view
of statement 5, both v; and vy must be zero. Hence,
so is v. Consequently, the pair (A, [M*M? ... M"]) is
controllable.

b) Let z € R" and A € R be such that

A=2"T (41a)
(M) 2 € yr (41b)
for all i=1,2,...,r. Then, 2" M'v is nonnegative

for any v € Y;. Thus, we get 2z f(v) >0 for all v.
Note that 27 exp(At) = exp(rt)z! due to (41a). Then,
2T exp(At) f(v) > Oforallv € R™. In view of statement
5, this implies that z = 0.
Now, statement 6 follows from (a), (b), and Theorem III.2. 3)
5 = 4 : This implication follows from the following lemma.
Lemma II1.1: Consider the system (7). Suppose that the im-
plication

21 exp(At) f(u) >0 forall t >0and u € R = 2=0

(42)
holds. Then, there exist a positive real number 7" and an integer
£ such that for a given state x¢, one can always find vectors
nd ey fori=1,2,...,rand j =0,1,...,¢ — 1 such that
the state x; can be reached from the zero state in time 7" by the
application of the input

a(t) =0t (t— (ir+i—1)A) (43)

for (jr +i— 1)Ay <t < (jr +1i)A, where Ay = T'/(¢r) and
* :R — R is a nonnegative valued C*° function with
supp(62) C (A/4,3A/4) and [ 62 (t) = 1.
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Proof: First, we show that if (42) holds, then there exists a
positive real number 7" such that the implication

2T exp(At)f(u) >0Vt € [0,T] and u € R™ = 2 =0 (44)

holds. To see this, suppose that the previous implication does not
hold for any 7. Therefore, for all T', there exists 0 # zp € R”
such that

Zhexp(At)f(u) >0 forall t€[0,T]andu € R™. (45)

Without the loss of generality, we can assume that ||z || = 1.
Then, the sequence {zr } ey admits a convergent subsequence
due to the well-known Bolzano—Weierstrass theorem. Let z.,
denote its limit. Note that ||z || = 1. We claim that

2L exp(At)f(u) >0

for all t>0 and uw € R™. To show this, suppose that

2L exp(At) f(u') < 0 for some ¢’ and « € R™. Then, for

some sufficiently large 7", one has 2%, exp(At') f(u/) < 0 and

t' < T'. However, this cannot happen due to (45). In view of

(42), (46) yields z,, = 0. Hence, by contradiction, there exists

a positive real number 7" such that the implication (44) holds.
Now, consider the input function in (43). Note that

@) = Mia(t)  if (jr+i— 1A, <t < (Gr +i)Ay.

The solution of (7) corresponding to z(0) =0 and v =@ is
given by

(46)

#(T) = / exp[A(T — )] ((s)) ds

Straightforward calculations yield that
-1 r
2(T) = AA) D > explA(T — (jr +i — 1)A)| My
j=0 i=1
J an
where A(A) = fOA exp(—As)0> (s) ds. Then, it is enough to
show that there exists an integer ¢ such that the previous equation
is solvablein "/ € ) fori =1,2,...,randj = 0,1,...,¢ —
1 for any z(T") € R"™. To do so, we invoke a generalized Farkas’
lemma (see, e.g., [32, Th. 2.2.6]).
Lemma l1.2: Let H € RPN ¢ € R, and a closed convex
cone C C RY be given. Suppose that HC is closed. Then, either
the primal system

Hv =q, veCl

has a solution v € RY or the dual system

wlq <0, H'wecC

has a solution w € R”, but never both.
An immediate consequence of this lemma is that if the
implication

wlHy > 0forall veC = w=0

(48)

holds, then the primal system has a solution for all ¢q. Consider,
now, (47) as the primal system. Note that A(A,) is nonsin-
gular for all sufficiently large ¢, as it converges to the iden-
tity matrix as ¢ tends to infinity. As )); is polyhedral cone,
A(Ay) exp(A7)M'Y; must be polyhedral, and hence, closed
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for all sufficiently large ¢ and for all 7. Therefore, in view of
(48), in order to show that for an integer ¢, (47) has a solution
for arbitrary x(T'), it is enough to show that the relation

-1 r
2T A(AY) Z Zexp[A(T — (r+i—1)A)|Mn >0
j=0i=1
(49)
for all '/ €Y;,i=1,2,...,r,and j=0,1,...,£/—1 can

only be satisfied by z = 0. To see this, suppose, on the contrary,
that for each integer ¢, there exists zy # 0 such that

r

(-1
A MBS explAT = (jr +i = DANIM Y 2 0

j=0i=1

(50

for all o'/ €Y;, i=1,2,...,7, and j=0,1,...,0—1.
Clearly, we can take ||z/]| =1. In view of the Bolzano—

Weierstrass theorem, we can assume, without the loss of gen-
erality, that the sequence {z;} converges, say to 2., as ¢
tends to infinity. Now, fix ¢ and ¢ € [0, 7. It can be verified
that there exists a subsequence {/;} C N such that the in-
equality (jo, 7 + 1 — 1)Ay, <T —t < (i, 7+ )y, holds for
some jy, € {1,2,...,¢}.tis a standard fact from distribution
theory that #* converges to a Dirac impulse as A tends to zero.
Hence, A(Ay) converges to the identity matrix as ¢ tends to
infinity. Let £ = ¢, and j = j,, in (50). By taking the limit, one
gets

2L exp(At)M'n > 0

forallt € [0,T],n € V;,andi = 1,2, ..., r. Consequently, one
has

2L, exp(At) f(u) > 0 (51)

forallt € [0,T]and u € U. Hence, 2., must be zero due to (44).
Contradiction! [ |

4) 6 = 5 : Suppose that 6 holds. It follows from Theorem
II1.2 that

a) the pair (A, [M!'M?--- M"]) is controllable and

b) the implication A € R, z € R",

dA=2T (MY zeYifori=1,2,...,r=2=0

holds.
At this point, we invoke the following lemma.
Lemmalll.3:Let G € RV>*N and H € RY*M be given. Also
let YW C RM be such that its convex hull has nonempty interior
in RM . Suppose that the pair (G, H) is controllable and the
implication
reR zeRY ZTG=22T H ze W = 2=0
holds. Then, also the implication
zTexp(Gt)HUEO forall ¢t >0andveW = 2=0

holds.

The proof can be found in the sufficiency proof of [3, Th.
1.4]. Take G = A, H = [M'M?--- M"],and W = Y| x Vp X
-+ x Y. It follows from (a) and (b) that the hypothesis of the

aforementioned lemma is satisfied. Therefore, the implication

21 exp(At) [M' M? M"]v>0  forall t >0

andv eV XY XXV, =2=0
holds. In particular, the implication

2T exp(At)f(u) > 0forall t >0 andueld =2z=0

holds.

5) 6 = I : Note that if the statement 6 holds for the system
(7), so does it for the time-reversed version of the system (7).
Therefore, the statement 4 holds (via 6 = 5 = 4) for both (7)
and its time reversal. This means that one can steer any initial
state first to zero, and then, to any final state. Thus, complete
controllability is achieved.

6)4 = 2 : As the statement 4 holds (via4 = 3 = 5 = 6) for
both (7) and its time reversal, one can steer any initial state first
to zero, and then, to any final state with C* inputs in view of
Lemma III.1.

B. Proof of Lemma IV.2

We need the following auxiliary results. The first one guar-
antees the existence of smooth functions lying in a given poly-
hedral cone.

Lemmalll4:Let) C RP? be apolyhedral cone and y be a C*>
function, such that y(t) € Y forall ¢t € [0, €], where 0 < € < 1.
Then, there exists a C*° function g such that:

a) y(t) =y(t), forallte [0,¢];

b) 3¥(1) =0, forallk=0,1,..

c) y(t) € Y, forall ¢t € [0, 1].

Proof: We only prove the case p = 1 and ) = R, . The rest
is merely a generalization to the higher dimensional case. Let i
be a C™ function, such that (t) = 1 for t < €/4, y(t) > 0 for
€/4 <t < 3e/4,and y(t) = 0for3e/4 < t.Such a function can
be derived from the so-called bump function (e.g., the function
o in [33, Lemma 1.2.3]) by integration and scaling. It can be
checked that the product of ¢ and § proves the claim. [ |

The second auxiliary result concerns the existence of so-
lutions of CLS with certain properties. It follows from [34,
Lemmas 2.4 and 3.3, and Th. 3.5].

Proposition I11.5: Consider the CLS (1) with u = 0. Then,
for each initial state x, there exists an index set ¢ and a positive
number € such that y(¢) € ); forall ¢ € [0, €].

We turn to the proof of Lemma IV.2. Obviously, 1 implies
2. For the rest, it is enough to show that the system (16) is
controllable if 2 holds.

Note that V*(Aay + MiCy, By + MiD,Cy, D) = {0} and
T*(Ayy + MiCy, By + MiD,Cy, D) =R™ for all i=
1,2,...,r due to (17) and Proposition II.1. Further, the ma-
trices [Cy D] and col(Bsy, D) are of full, respectively, row and
column rank. According to Proposition II.2, the transfer matrix
D + Cy(sI — Agy + MiCy) 1 (By + M4 D) has a polynomial
inverse forall i = 1,2,...,7.

Take any 19, 1y € R"! and &9, x2y € R"2. Consider the
system (16). Apply v = 0. By applying Proposition IIL.5, we
can find an index %y and an arbitrarily small positive number e

.;and
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such that y(t) € Y;, forall ¢ € [0, €]. By applying Lemma I11.4,
we can get a C™ function y;,, such that:

a) yin () = y(t), forallt € [0, ¢€;

by (1) =o, forall k = 0,1,..; and

) Yin € Vig» forall ¢ € [0, 1].

Then, by applying Propositions I1.4 and IL5 to the system
Y (Ags + My Cy, By + M," D, Cy, D), we can find an input
vin such that the output y of (16b) and (16c¢) is identically yiy,
and the state xo satisfies 22(0) = x99. Note that the input vy,
should be zero on the interval [0, €] by the construction of y;,
and invertibility. Moreover, x5(1) = 0 due to (b) and Proposi-
tion IL.5. Therefore, the input v;, steers the state col(xg, Z20)
to col(x, 0) where 2}, := z1(1). By employing the very same
ideas in the reverse time, we can come up with an input vy,
such that it steers a state col(x ;,0) to col(x1 7, 27 ). Now, we
will show that the state col(, 0) can be steered to col(x7 ;, 0).
To see this, apply Theorem IV.1. This gives a positive number
T > 0 and a C'*™ function y = ypiq, such that the solution x;
of (18) satisfies z1(0) = 2, and 21(T") = z7 ;. According to

Lemma III.1, yy,iq function can be chosen such that yl(lj i)d (0) =

yl(lj i)d (T) =0forallj = 0,1, .... Moreover, one can find a finite
number of points, say 0 =ty <t; < --- <tg =T, such that
Ymid (t) € Vi, whenevert € [t,,t,,1]. Since the transfer matrix
D + Cy(sI — Agg + MiCy) ™1 (By + M4 D) has a polynomial
inverse for all © = 1,2, ..., r, repeated application of Proposi-
tion IL.4 to the systems X(Agy + My* Cy, By + My* D, Cy, D)
yields an input vy, iq and a state trajectory xo such that (16b) and
(16¢) are satisfied for y = yy,iq. Moreover, x5 (0) = z2(T) =0
due to Proposition II.5. Consequently, the concatenation of
Vin, Umid, and voyt steers the state col(xyg,xg0) to the state
col(zyr,zay).

C. Proof of Theorem IV.3

In view of Lemma 1 and Theorem IV.1, it is enough to show

that the controllability of the pair
(A1, [Ly + M} Ly + M} Ly + M)

with respect to V; X Vs X --- X ), is equivalent to the condi-
tions presented in Theorem IV.3. Note that the former is equiv-
alent to the following conditions:

a) the pair (A1, [ L1 + M{

is controllable and
b) the implication

Ly +M12 Ly —‘rM{])

AL =2 eR (L + M) 2 € Yr

foralli = 2z=10

holds.

Our aim is to prove the equivalence of (a) to 1 and of (b) to 2.

7)a<1:

Note that (A + M'C |im (B+ M'D)) = ((A— BK) +
M{(C — DK) | im (B + M*D)) for any K due to Proposition
II.1. Take K € K(V*). Note that the condition in 1 of Theorem
IV.3 is invariant under state space transformations. Therefore,
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one can, without the loss of generality, take

_ A Ly + Mj)C:
(A_BK)+M7(C_DK): |: 11 ( 1 1/,) 2:| (523)
0 Ago + M35Cs
; (L + M{)D
B+ MD = Ve (52b)
By + M;D

LetR; denote (A — BK) + M'(C' — DK) | im (B + M'D)).
Note that R; is an input-containing conditioned invariant sub-
space of the system X(A, B, C, D). Hence, 7*, the smallest
of the input-containing conditioned invariant subspaces, must
be contained in R;. In the coordinates that we chose, this is
equivalent to the inclusions

. 0
im [Iw } CR;.

At this point, we need the following auxiliary lemma.

Lemma 111.6: Let O, P, and Q be vector spaces such that
O=P® Q. Alsolet mp(mg) : O — O be the projection on P
(Q) along Q (P). Suppose that the linear maps F': O — O,
G:8— 0,and F : O — O satisfy the following properties:

a) P is F-invariant;

b) mpFmp = F; and

¢) QC(F |imG).

Then, (F | im (mpFrg)) +im (mpG) C (F | im G).

Proof: Note that

(53)

F(F |im G) = mpFrp(F | im G) (54a)
= mpF(PN(F |im G)) (54b)
Cmp(PN(F |im G)) (54c)

C(PN(F|imG)) C (F |im G). (54d)

This shows that the subspace (F' | im G) is F-invariant. Note
also that

immpFrg =mpFQ C mpF(F | im G)
C 7p(F|im G) C (F | m G)
and
immpG Cim G C (F | im G). (55)

These two inclusions show that the subspace
(F|im G) contains im (mpFmg)+im (7mpG). Since
(F | im (mpFmg)) +im (7pG) is the smallest F-invariant
subspace that contains im (7p F'rg) + im (mpG), the inclusion

(F | im (mpFmg)) +im (mpG) C (F | im G)

holds. [ |
Now, take
O —R" P:im[fgl} Q:im{lgz] 5—R"
(56a)
F'=(A-BK)+M'(C-DK) G'=B+M'D
(56b)
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o A11 0
F_[ ! 0} (56¢)
Note that
TP = Iny O_andﬁ |9 0
0 0 °7 0 I, ]
Then, one has
mpFimp — | A1 8} (57a)
mpFimg = 8 (L1+éwl)c?] (57b)
G = | D +0M1) ] (57¢)

Note that the first hypothesis of Lemma II1.6 is satisfied due
to (52). It follows from (56) and (57a) that the second one
is also satisfied. Finally, the third follows from (53). Then,
Lemma IIL.6 results in

(15 8 m 13385 ) en

By the invertibility hypothesis, the matrix [Cy D | must be of
full row rank. Then, the previous inclusion can be written as

(58)

i
([ Jim[os]en
Summing both sides over i, one gets
~ /(A 0] . [Li+M
S5 im0 ) exr @
i=1
This implies that
Ay 0O | im Ly +M! Li+MZ - Ly+M
0 O 0 0 0
QZRi'
i=1

Together with (53), the previous inclusion implies that
the implication (a) = 1 holds. For the reverse di-
rection, suppose that 1 holds but (a) does not. Then,
there exists a nonzero vector z and A € C such that
(M- A Lo+ M} L+ M7 Ly + M7]=0.
It can be verified that the real par[ of z, say w, belongs to R:-
for all 4. Thus, w belongs to N/_, R} = (>_;_; R;)*. This,
however, contradicts 1.

8) b < 2: Note that statement 2 is invariant under state space
transformations. This means that it is enough to prove the state-
ment for the system (16). Let A € R, v € R"!, z € R"2, and

€ R™ be such that the following product is equal to zero:

v 17 [Ann — Al (L1 +M7)Cy (Li+M{)D
2 0 Ago+MiCy — Al Ba+(Lyi+M3)D
Wi 0 Cy D
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This would result in

Note that V*(AQQ + MéCQ, BQ + MQLD, CQ,

T
z
v All_ |:'U}Z_(L1+M1L)'U:|

A+ M;Cy—al  By+(Li+M3)D] _
C, D =

D) = {0} for all

i. Then, it follows from Proposition I1.3 that z = 0 and w] =

T(Ly+ M7}). This implies that (b) is equivalent to 2. [
REFERENCES
[1]1 E.D. Sontag, Mathematical Control Theory: Deterministic Finite Dimen-

[2]

[3]
[4]
[5]
[6]

[7]
[8]
[9]

(10]

(1]

[12]

[13]
[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

sional Systems, 2nd ed. New York: Springer-Verlag, 1998.

V. D. Blondel and J. N. Tsitsiklis, “Complexity of stability and con-
trollability of elementary hybrid systems,” Automatica, vol. 35, no. 3,
pp. 479-490, 1999.

R. F. Brammer, “Controllability in linear autonomous systems with posi-
tive controllers,” SIAM J. Control, vol. 10, no. 2, pp. 329-353, 1972.
K.K.Lee and A. Arapostathis, “On the controllability of piece-wise linear
hypersurface systems,” Syst. Control Lett., vol. 9, pp. 89-96, 1987.

B. Brogliato, “Some results on the controllability of planar variational
inequalities,” Syst. Control Lett., vol. 55, no. 1, pp. 65-71, 2005.

A. Bemporad, G. Ferrari-Trecate, and M. Morari, “Observability and con-
trollability of piecewise affine and hybrid systems,” IEEE Trans. Automat.
Control, vol. 45, no. 10, pp. 1864—1876, Oct. 2000.

D. Nesic, “Controllability for a class of simple Wiener-Hammerstein sys-
tems,” Syst. Control Lett., vol. 36, no. 1, pp. 51-59, 1999.

G. V. Smirnov, Introduction to the Theory of Differential Inclusions.
Providence, RI: American Mathematical Society, 2000.

L. C. G. J. M. Habets and J. H. van Schuppen, “A controllability result
for piecewise-linear hybrid systems,” presented at the Eur. Control Conf.,
Porto, Portugal, 2001.

M. K. Camlibel, W. P. M. H. Heemels, and J. M. Schumacher, “Stabil-
ity and controllability of planar bimodal complementarity systems,” in
Proc. 42th IEEE Conf. Decision Control, Hawaii Island, HI, 2003, vol. 2,
pp- 1651-1656.

M. K. Camlibel, W. P. M. H. Heemels, and J. M. Schumacher, “On the
controllability of bimodal piecewise linear systems,” in Hybrid Systems:
Computation and Control, Lecture Notes in Computer Science series 2993,
R. Alur and G. J. Pappas, Eds, Berlin, Germany: Springer-Verlag, 2004,
pp- 250-264.

M. K. Camlibel, L. Iannelli, and F. Vasca, “Modelling switching power
converters as complementarity systems,” in Proc. 43th IEEE Conf. Dec.
Control, Paradise Islands, Bahamas, 2004, vol. 3, pp. 2328-2333.

J. M. Schumacher, “Complementarity systems in optimization,” Math.
Program. Series B, vol. 101, pp. 263-295, 2004.

A. J. van der Schaft and J. Schumacher, An Introduction to Hybrid Dy-
namical Systems.  London, U.K.: Springer-Verlag, 2000.

W. P. M. H. Heemels and B. Brogliato, “The complementarity class of
hybrid dynamical systems,” Eur. J. Control, vol. 26, no. 4, pp. 651-677,
2003.

M. K. Camlibel, W. P. M. H. Heemels, A. J. van der Schaft, and J. M. Schu-
macher, “Switched networks and complementarity,” IEEE Trans. Circuits
Syst. 1, vol. 50, no. 8, pp. 1036-1046, Aug. 2003.

W. P. M. H. Heemels, M. K. Camlibel, and J. M. Schumacher, “On
the dynamic analysis of piecewise-linear networks,” IEEE Trans. Cir-
cuits Syst.—1: Fundam. Theory Appl., vol. 49, no. 3, pp. 315-327, Mar.
2002.

M. K. Camlibel, W. P. M. H. Heemels, and J. M. Schumacher, “On linear
passive complementarity systems,” Eur.J. Control, vol. 8, no. 3, pp. 220—
237,2002.

A.J.vander Schaftand J. M. Schumacher, “The complementary-slackness
class of hybrid systems,” Math. Control, Signals Syst.,vol. 9, pp. 266-301,
1996.

M. K. Camlibel, “Popov—Belevitch—-Hautus type controllability tests for
linear complementarity systems,” Syst. Control Lett., vol. 56, pp. 381—
387, 2007.

A.J. van der Schaft and J. M. Schumacher, “Complementarity modelling
of hybrid systems,” IEEE Trans. Automat. Control,vol. 43,no. 4, pp. 483—
490, Apr. 1998.



774

[22] W.P. M. H. Heemels, J. M. Schumacher, and S. Weiland, “Linear comple-
mentarity systems,” SIAM J. Appl. Math., vol. 60, no. 4, pp. 1234-1269,
2000.

[23] R.W.Cottle,J.-S. Pang, and and R. E. Stone, The Linear Complementarity
Problem. Boston, MA: Academic, 1992.

[24] R. E. Kalman, “On the general theory of control systems,” in Proc. Ist
World Congr. Int. Fed. Automat. Control, 1960, pp. 481-493.

[25] T. Kailath, Linear Systems.  Englewood Cliffs, NJ: Prentice-Hall, 1980.

[26] E.B.Lee and L. Markus, Foundations of Optimal Control Theory. ~New

York: Wiley, 1967.

S. H. Saperstone and J. A. Yorke, “Controllability of linear oscillatory

systems using positive controls,” SIAM J. Control, vol. 9, no. 2, pp. 253—

262, 1971.

[28] R. Haber and H. Unbehauen, “Structure identification of nonlinear dy-
namic systems—A survey on input/output approaches,” Automatica,
vol. 26, no. 4, pp. 651-677, 1990.

[29] H. Aling and J. M. Schumacher, “A nine-fold canonical decomposition
for linear systems,” Int. J. Control, vol. 39, no. 4, pp. 779-805, 1984.

[30] H.L. Trentelman, A. A. Stoorvogel, and M. L. J. Hautus, Control Theory
for Linear Systems.  London, U.K.: Springer-Verlag, 2001.

[311 A. G. J. MacFarlane and N. Karcanias, ‘“Poles and zeros of linear multi-
variable systems: A survey of algebraic, geometric and complex-variable
theory,” Int. J. Contr., vol. 24, no. 1, pp. 33-74, 1976.

[32] B. D. Craven, Mathematical Programming and Control Theory.
don, U.K.: Chapman and Hall, 1978.

[33] L. Hormander, The Analysis of Linear Partial Differential Operators I..
Berlin, Germany: Springer-Verlag, 1983.

[34] M. K. Camlibel, J. S. Pang, and J. Shen, “Conewise linear systems: Non-
zenoness and observability,” SIAM J. Control Optim., vol. 45, no. 5,
pp- 1769-1800, 2006.

[27]

Lon-

M. Kanat Camlibel (M’05) was born in Istanbul,
Turkey, in 1970. He received the B.Sc. and M.Sc.
degrees in control and computer engineering from
Istanbul Technical University, Istanbul, Turkey, in
1991 and 1994, respectively, and the Ph.D. degree
in systems and control theory from Tilburg Univer-
sity, Tilburg, The Netherlands, in 2001. From 2001
to 2007, he was with the University of Groningen,
Groningen, The Netherlands, and Tilburg University,
as a Postdoctoral Fellow, Dogus University, Istanbul,
and Eindhoven University of Technology, Eindhoven,
The Netherlands, as an Assistant Professor. He is currently with the Department
of Mathematics, University of Groningen, as an Assistant Professor. His cur-
rent research interests include the analysis and control of nonsmooth dynamical
systems, in particular, piecewise linear and complementarity systems.

Dr. Camlibel is a Subject Editor for the International Journal of Robust and
Nonlinear Control.

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 53, NO. 3, APRIL 2008

W. P. M. H. (Maurice) Heemels received the M.Sc.
degree (with honours) in mathematics and the Ph.D.
degree (with highest distinction) from the Depart-
ment of Electrical Engineering (EE), Technische Uni-
versiteit Eindhoven (TU/e), Eindhoven, The Nether-
lands, in 1995 and 1999, respectively.

From 2000 to 2004, he was with the Control
Systems Group, EE, TU/e, as an Assistant Profes-
sor. During 2001, he was a Visiting Professor at the
Swiss Federal Institute of Technology (ETH), Zurich,
Switzerland. Since 2004, he has been with the Em-
bedded Systems Institute, TU/e, as a Research Fellow. During 2004, he was
with the R&D laboratory, Oce, Venlo, The Netherlands. Since 2006, he has
been with the Control Systems Technology Group, Department of Mechanical
Engineering, TU/e, as an Associated Professor. His current research interests
include hybrid and nonsmooth dynamical systems.

Dr. Heemels was awarded the Advanced Semiconductor Manufacturing
Lithography (ASML) Award for Best Ph.D. Thesis at the TU/e in 1999/2000.

J. M. (Hans) Schumacher (M’80-SM’96) was born
in Heemstede, The Netherlands, in 1951. He received
the M.Sc. and Ph.D. degrees in mathematics from the
Vrije Universiteit, Amsterdam, The Netherlands, in
1976 and 1981, respectively.

He was a Postdoctoral Fellow at the Laboratory for
Information and Decision Sciences, Massachusetts
Institute of Technology (MIT), Cambridge, MA, the
Department of Econometrics of Erasmus, University
in Rotterdam, Rotterdam, The Netherlands, and the
European Space Research and Technology Center
(ESTEC), Noordwijk, The Netherlands. From 1984 to 1999, he was with the
Center for Mathematics and Computer Science (CWI), Amsterdam. He is cur-
rently with the Department of Econometrics and Operations Research, Tilburg
University, Tilburg, The Netherlands, as a Professor. He is the author or coau-
thor of more than 100 papers in scientific journals and conference contributions,
the coeditor of the volumes Three Decades of Mathematical System Theory
(Springer, 1989) and System Dynamics in Economic and Financial Models (Wi-
ley, 1997), and the coauthor of the book An Introduction to Hybrid Dynamical
Systems (Springer, 2000). His current research interests include nonsmooth dy-
namics and control, mathematical finance, and insurance.

Dr. Schumacher is an Associate Editor of the Systems & Control Letters. He
was a Corresponding Editor of the STAM Journal on Control and Optimization.




