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3 INRIA, ZIRST Montbonnot, 655 avenue de ’Europe, 38334 Saint Ismier, France
4 Tilburg University, P.O. Box 90153, 5000 LE Tilburg, The Netherlands

Abstract. In this paper, we will present observer and output-based con-
troller design methods for linear complementarity systems (LCS) employ-
ing a passivity approach. Given various inherent properties of LCS, such
as the presence of state jumps, mode dynamics described by DAEs, and
regions (“invariants”) for certain modes being lower dimensional, several
proposed observers and controllers for other classes of hybrid dynamical
systems do not apply. We will provide sufficient conditions for the ob-
server design for a LCS, which is effective also in the presence of state
jumps. Using the certainty equivalence approach we obtain output-based
controllers for which we will derive a separation principle.

1 Introduction

Complementarity systems form a class of hybrid dynamical systems that re-
ceived considerable attention in recent years [T1213L41BEL[6L7L8L9LT0]. The linear
complementarity system LCS(A, B,C, D, E, F) is given by

z(t) = Ax(t) + Bw(t) + Eu(t) (1a)
2(t) = Cx(t) + Duw(t) + Fu(t) (1b)
0<2(t) Lw(t) = (1c)

where the inequalities are interpreted componentwise and | indicates the orthog-
onality between the vectors z(t) and w(t), i.e, 2" (t)w(t) = 0. The complemen-
tarity conditions (Id) constitute a particular set of equalities and inequalities,
which are related to the well-known relations between the constraint variables
and Lagrange multipliers in the Karush-Kuhn-Tucker conditions for optimality,
the voltage-current relationship of ideal diodes, the conditions between unilateral
constraints and reaction forces in constrained mechanics, etc. As such, the com-
plementarity framework includes mechanical systems with unilateral constraints,
constrained optimal control problems, switched electrical circuits, etc.
Although LCS has its own peculiarities, it has connections to other classes of
hybrid systems. Indeed, observe that (Id) implies that w;(t) = 0 or z;(t) = 0
for all i € m := {1,...,m}. As a consequence, the system (I has 2™ modes.
Each mode can be characterized by the active index set J C m, which indicates
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260 W.P.M.H. Heemels et al.

z;=0,i€ J and w; =0, € J where J¢:={i € m | ¢ & J}. For mode J the
dynamics is given by the linear differential and algebraic equations (DAEs)

z(t) = Az(t) + Bw(t) + Eu(t), (2a)
z(t) = Cz(t) + Dw(t) + Fu(t), (2b)
2(t)=0,i€eJ, and w;(t) =0, i€ J, (2¢)

The evolution of system ([I]) will be governed by (@) for mode J as long as the
remaining inequalities (“the invariant” in the terminology of hybrid automata

ATI2T3]) in [{@d)
zi(t) >0, i € J° and wi(t) >0, i € J (3)

are satisfied. Impending violation of (@) will trigger a mode change. As a conse-
quence, during the evolution in time of the system several mode dynamics will
be active successively. This indicates that LCS might be recast within the hy-
brid automaton framework [IT[12,[13]. However, with exception only of the very
simplest cases, the reformulation of LCS dynamics into the hybrid automaton
framework leads to voluminous and opaque system descriptions. This effect is
already evident in the example worked out in [I4], which concerns an electrical
circuit with two diodes. Alternatively one can rewrite LCS in the formulation
i € F(x) for x € C and 2™ € G(z) for x € D, as used for instance in [I5]. Again,
the transformation is in general cumbersome, and the resulting system data F',
G, C and D do generally not satisfy the assumptions adopted in [I5] (cf. the
example below). Structural properties become harder to study and compactness
of descriptions is lost when LCS are translated to such generic frameworks.

To show further links between LCS and other (sub)classes of hybrid dynamical
systems, let us consider an LCS with one complementarity pair and F' = 0:

i=Az+bwteu; z=ca+dw; 0<zLlw>0 (4)

where A € R™*", p e R c e R™*! d € R, and 0 # e € R™*!. As either 2 =0
or w = 0, this system has two modes. When d > 0, one can rewrite (@) as

5
(A=bd ¢z +eu ifcz<0, 5)

,_{Ax+eu ichxEO,
which is a piecewise linear (PWL) system [16]. When d = 0 and ¢'b > 0, we
have

. {Am +eu if (c"x>0)or (c'ez=0andc" Az +c'eu>0), ()

P(Az+eu) ifc'z=0and ¢ Az +c'eu < 0.

where P = I —b(c"b)~!c. In this case one has also a bimodal PWL system, but
the second subsystem ‘lives’ on a lower dimensional subspace given by ¢’z = 0,
which is a situation hardly studied within the realm of PWL systems. Note also
that for ¢'x < 0, there is no smooth evolution possible and state jumps will
occur. In this situation, LCS can also be considered as differential inclusions
(DIs) with normal cones as their set values (see e.g. [7]). These DIs do in general
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not satisfy the boundedness conditions of its values nor the upper semicontinuity
properties as often used within the context of DIs. In the case when d = ¢"b = 0,
c'ab > 0 and e = 0 (no external inputs) the flow set, i.e. the set of states from
which the system can continue with a smooth solution temporarily [I5], is given
by all g such that (¢ xg,c’ Azg) = 0 (see [2, Thm. 6.8]), where = denotes the
lexicographic ordering. This indicates that the flow set has no simple closedness
properties. This indicates that although LCS have connections to PWL systems
and other classes of hybrid systems, they also have their own peculiarities. For
instance, the presence of state jumps (think of impacts in constrained mechanical
systems) in continuous-time LCS, differentiates them from much of the work
done for continuous-time PWL systems. Although for discrete-time LCS strong
equivalence links have been established in [I7] with piecewise affine systems [16]
and other classes of hybrid models such as min-max-plus-scaling systems [18]
and mixed logic dynamic systems [19], in the continuous-time framework, which
is the natural habitat for most of the LCS applications, such broad equivalence
relations are out of the question. There are relations though of LCS to other
specific classes of nonsmooth systems such as the mentioned “normal cone DIs”
and projected dynamical systems [71[8].

The attention that LCS received recently is not surprising given the broad
range of interesting applications. The research [1112}[3]4}[BL[6L 78,9, T0] focussed
on several fundamental system-theoretic issues like well-posedness, discretiza-
tion (simulation), controllability, observability, stabilizability and stability. In
this paper the emphasis will be on observer-based controller design, a topic that
is hardly touched upon for LCS. We will adopt a “certainty equivalence con-
trol” approach, where one designs output feedback controllers that generate the
control input via a state feedback law using an estimate of the state, which is
obtained from an observer. For linear systems, the separation principle gives a
formal justification of this approach. Due to the absence of a general controller-
observer separation principle for nonlinear systems and certainly hybrid systems,
the observer-based controller may not result in a stable closed-loop system.

Several interesting papers are available on observer design for hybrid systems,
especially in the context of switched and piecewise linear systems, e.g. [20,21]
[22,[23,24]. Unfortunately, these results do not apply to LCS as LCS typically
exhibit lower dimensional regions and state jumps. Observer and observer-based
controller design methods for Lur’e type systems as studied in [25[26] 27, 28]
are also related to LCS. Indeed, one can consider LCS as a kind of Lur’e type
systems in which the linear system ([a)-({IL) is interconnected with the non-
smooth and unbounded complementarity relations in ([Id). Typically, the results
in [25l26,2728] study locally Lipschitz slope restricted nonlinearities in the feed-
back path. As such their conditions do not allow for the non-smoothness and set-
valued nonlinearities (and even state jumps) as induced by the complementarity
relations. Observer designs for differential inclusions with bounded set-values are
treated in [29]. Since complementarity conditions are unbounded, [29] does not
cover LCS.In summary, although there are various interesting approaches for
hybrid observer design, none of them includes (all) the peculiarities of LCS.
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Before focussing on controller and observer design for LCS, we will explain the
solution concepts for LCS and also extend available well-posedness (existence
and uniqueness of solutions) results for LCS to include external inputs. This
will result in global existence results thereby excluding the Zeno phenomenon of
livelock (an infinite number of discrete actions on one time instant) and providing
continuations beyond accumulation points of mode switching times. Next, we will
present passivity conditions for state feedback design and observer design for
LCS. Interestingly, this means that we will present methods for observer design
for systems without knowing the mode and allowing for state resets. Next we
will present a separation principle for this class of hybrid dynamical systems.

2 Preliminaries

R denotes the real numbers, Ry := [0, 00) the nonnegative real numbers, Lo(T)
the square integrable functions on a time-interval 7' C R, and B the Bohl func-
tions (i.e. functions having strictly proper rational Laplace transforms) defined
on R;. Note that sines, cosines, exponentials, polynomials and their sums and
products are all Bohl functions. The distribution 552) stands for the i-th dis-
tributional derivative of the Dirac impulse supported at t. The dual cone of
a set @ C R" is defined by Q* = {z € R"|z"y > Oforally € Q}. For a
positive integer m, the set m is defined as {1,2,...,m} and 2™ denotes the
collection of all subsets of m. A vector u € RF is called nonnegative, denoted
by u > 0, if u; > 0 for all 4 € k. This means that inequalities for vectors are
interpreted componentwise. The orthogonality u'y = 0 between two vectors
u € R¥ and y € R” is denoted by u L y. As usual, we say that (A, B, Q)
(or sometimes (A, B,C, D)) is minimal, when the matrices [B AB ... A" 1B]
and [CT ATCT ... (AT)"~1CT] have full rank. A matrix M € R¥*F is called
positive definite (not necessarily symmetric), if 2" Mz > 0 for all  # 0. It
is called nonnegative definite, if " Mz > 0 for all z € RF. For a matrix
M € R¥*! we denote its kernel by kerM := {z € R! | Mz = 0} and its im-
age by imM := {Mz | € R'}. Finally, for two linear subspaces V; and Vs
we write Vi @ Vo =V, if V = V) + Vs = {1}1-1-1)2 | v € V1, vy € VQ} and
Vi NVy ={0}.

2.1 Linear Complementarity Problem

We define the linear complementarity problem LCP(q, M) (see [30] for a survey)
with data ¢ € R* and M € R*** by the problem of finding z € R¥ such that
0<z L g+ Mz > 0. The solution set of LCP(gq, M) will be denoted by
SOL(q, M). The notation K (M) will denote the set {q | LCP (g, M) is solvable}.

Let a matrix M of size k x k and two subsets I and .J of k of the same cardinal-
ity be given. The (I, J)-submatriz of M is the submatrix My := (M;j)icr,jes-
The (I, J)-minor is defined as the determinant of M;;. The (I, I)-submatrices
and -minors are also known as the principal submatrices and the principals mi-
nors. M is called a P-matriz if all its principal minors are positive. P-matrices
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play an important role in linear complementarity problems, as the following
result is well known (cf. [30, thm. 3.3.7]).

Theorem 1. For a given matriz M € R¥**_ the problem LCP(q,M) has a
unique solution for all vectors ¢ € RF if and only if M is a P-matriz.

2.2 Passivity of a Linear System
We will recall the notion of passivity as it is defined in [3I] for a linear system

S$(A,B,C,D):  i(t) = Ax(t)+ Bu(t); y(t) = Cz(t) + Du(t). (7)

Definition 1. [31] The system X (A, B,C, D) given by (@) is said to be passive
if there exists a function V : R™ — R, (called a storage function), such that

V(x(to)) + / LT (@Wy0)dt > V()

holds for all t, > to, and for all solutions (u,x,y) € LY (to,t1) of ([@).
Next, we quote a very well-known characterization of passivity.

Theorem 2. [3I] Assume that (A, B, C) is minimal. Then the following state-
ments are equivalent:

1. ¥(A, B,C, D) is passive.
2. The following matrix inequalities have a solution
(8)

T _ T
P=P >0and (A P+PA PB-C ))go.

B'P—-C —(D+DT

Moreover, V(z) = 2T Pz defines a quadratic storage function if and only if P
satisfies the linear matrix inequalities (8]).

Next we will define strict passivity of ().

Definition 2. Y (A, B,C, D) is called strictly passive, if there are P and & > 0
with

9)

T T
P—PT>0and (A P+ PA+eP PB-C )go

B'P-C —(D4+D")

The following technical assumption will be used below. Its former part is stan-
dard in the literature on dissipative systems, see e.g. [31]. Both conditions are
related to removing specific kinds of redundancy in the system description.

Assumption 3. (A, B,C) is minimal and ( > has full column rank.

B
D+DT
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3 Linear Complementarity Systems and Initial Solution

We now are going to study the behaviour of the LCS given in (). Before present-
ing a global solution concept that incorporates the switching of modes, we will
first concentrate on what we call “initial solutions,” which are trajectories that
satisfy the dynamics of one mode only and that satisfy the inequality conditions
possibly only in their beginning. We will employ the theory of distributions in
formalizing the solution concept, since the abrupt changes in the trajectories
(e.g. impacts in mechanics) can be modeled adequately by Dirac impulses (see
also Example [l below). To do so, we recall the concepts of Bohl distribution and
ingtial solution [2].

Definition 3. We call w a Bohl distribution, if w = Wimp + Wreg With Wipyp =
Zé:o w‘ié(()l) for w™" € R and w,eqy € B. We call Wiy, the impulsive part of w
and wpeq the reqular part of w. The space of all Bohl distributions is denoted by
Bimp -

Note that Bohl distributions have rational Laplace transforms. It seems natural
to call a (smooth) Bohl function w € B initially nonnegative if there exists an
€ > 0 such that w(t) > 0 for all ¢ € [0, ¢). Note that a Bohl function w is initially
nonnegative if and only if there exists a o¢ € R such that its Laplace transform
satisfies w(o) > 0 for all ¢ > (. Hence, there is a connection between small time
values for time functions and large values for the indeterminate s in the Laplace
transform. This fact is closely related to the well-known initial value theorem.
The definition of initial nonnegativity for Bohl distributions will be based on
this observation (see also [2]).

Definition 4. We call a Bohl distribution w initially nonnegative, if its Laplace
transform w(s) satisfies w(o) > 0 for all sufficiently large real o.

To relate the definition to the time domain, note that a scalar-valued Bohl
distribution w without derivatives of the Dirac impulse (i.e. Wiy = w?6 for some
w® € R) is initially nonnegative if and only if either w® > 0, or w® = 0 and there
exists an € > 0 such that w,c4(t) > 0 for all ¢ € [0,¢). With these notions we can
recall the concept of an initial solution [2]. Loosely speaking, an initial solution
to (M) with initial state zo and Bohl input u € B* is a triple (w,x,z) € B "+
satisfying (@) for some mode I and satisfying (@) either on a time interval of
positive length or on a time instant at which Dirac distributions are active.

At this point we only allow Bohl functions (combinations of sines, cosines,
exponentials and polynomials) as inputs. In the global solution concept we will
allow the inputs to be concatenations of Bohl functions (i.e., piecewise Bohl),
which may be discontinuous.

Definition 5. The distribution (w,x,z) € B;fn;"+m is said to be an initial solu-

tion to () with initial state xo and input u € B* if

1. x = Ax+ Bw+ Eu+x0dg and z = Cx+ Du+ Fu as equalities of distributions.
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2. there exists an J C m such thatw; = 0,7 € I° and z; =0, i € J as equalities
of distributions.
3. w and z are initially nonnegative.

The statements 1 and 2 in the definition above express that an initial solution
satisfies the dynamics (@) for mode J on the time-interval R, and the initial
condition z(0) = xg.

Ezample 1. Consider the system #(t) = w(t), 2(t) = x(t) together with (Id).
This represents an electrical network consisting of a capacitor connected to a
diode. The current is equal to w and the voltage across the capacitor is equal
to z = . For initial state z(0) = 1, (w,x,z) with w = 0 and z(¢) = x(t) =1
for all t € R is an initial solution. This corresponds to the case that the diode
is blocking and there is no (nonzero) current in the network. To show that the
distributional framework is convenient, consider the initial state x(0) = —1, for
which (w,x,z) with w = J, x(t) = z(¢t) = 0, ¢t > 0 is the unique initial solution.
This corresponds to an instantaneous discharge of the capacitor at time instant 0
resulting in a state jump from x(0) = —1 to 0 at time 0 induced by the impulse.

This circuit example indicates that there is a clear physical interpretation of
the impulses in initial solutions to model the abrupt changes in trajectories of
electrical circuits (see also [3L[I4]). Also for mechanical systems, these initial
solutions induce state jumps with a clear physical meaning (related to inelastic
restitution laws) as shown in [2].

4 Initial and Local Well-Posedness

In this section, we are interested in existence and uniqueness of initial solutions,
and we will provide an extension to a local well-posedness result.

Definition 6. A rational matriz H(s) € R™¥!(s) is said to be of index v, if it is
invertible as a rational matriz and s~"H~1(s) is proper. It is said to be totally
of index r, if all its principal submatrices Hyj(s) for J C 1 are of index r.

The theorem below is an extension of a result proven in [5] that used F = 0.

Theorem 4. Consider an LCS with external inputs given by () such that
G(s) = C(sI — A)™'B + D is totally of index 1 and G(o) is a P-matriz for
sufficiently large o. Define Qp := SOL(0,D) = {v € R™ |0 < v L Dv > 0}
and let K (D) be the set {g € R™ | LCP(q, D) solvable}.

1. For arbitrary initial state xo € R™ and any input u € B, there exists exactly
one initial solution, which will be denoted by (w™o*,x*0%, z%0:¥),
2. No initial solution contains derivatives of the Dirac distribution. Moreover,

Zo,u

— 0085, xTOU . ,T0U _ 0 0
imp = W 003 X0 =0 z = Dw"dg for some w” € QOp.

w imp imp

3. For all xg € R™ and u € B¥ it holds that Czo + Fu(0) + CBw® € K(D).
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4. The initial solution (w*0-* x*0:% z%0:%) js smooth (i.e., has a zero impulsive
part) if and only if Cxo + Fu(0) € K(D).

The impulsive part wfﬁl’; = w%y of the initial solution induces a state jump
from zg to xo + Bw®, which in circuits might correspond to infinitely large
currents related to instantaneous discharges of capacitors (see Example [I) and
in mechanical systems to infinite reaction forces that cause resets in the velocities

of impacting bodies.

Theorem 5. Consider an LCS with (A, B,C, D) is passive and Assumption [3
holds. Then G(s) = C(sI — A)"'B + D is totally of index 1 and both G(c) and

D + s7'CB are P-matrices for sufficiently large o. In this case the results of
Theorem [{] hold for M) with K(D) = Q.

For brevity we skip the proof (see e.g. [3] for the case F' = 0.) Theorem [l gives
explicit conditions for existence and uniqueness of solutions.The second state-
ment indicates that derivatives of Dirac distributions are absent in the behaviour
of LCS of index 1. The fourth statement gives necessary and sufficient condition
for an initial solution to be smooth. In particular, a LCS satisfying the condi-
tions of Theorem [Hlis “impulse-free’ (no state jumps), if Qp =SOL(0, D) = {0}
(or, in terms of [30], if D is an Ro-matrix). Note that in this case QF, = R™. In
case the matrix [C' F| has full row rank, this condition is also necessary. Other
sufficient conditions, that are more easy to verify, are D being a positive definite
matrix, or Ker(D + D7) NR™ = {0}. For the general case of (not necessarily
passive) systems with transfer functions totally of index 1, Theorem @] implies
that K(D) = R™ (in terms of [30] this means that the matrix D should be a
so-called @Q-matrix) is sufficient for the system being impulse-free. One condition
that guarantees this is that w” Dw > 0 for all w € R and w # 0.

Note that the first statement in Theorem [ by itself does not immediately
guarantee the existence of a solution on a time interval with positive length. The
reason is that an initial solution with a non-zero impulsive part may only be valid
at the time instant on which the Dirac distribution is active. If the impulsive part
of the (unique) initial solution is equal to w"dy, the state after re-initialization is
equal to zo+Bw". From this “next” initial state again an initial solution has to be
determined, which might in principle also have a non-zero impulsive part, which
results in another state jump. As a consequence, the occurrence of infinitely
many jumps at ¢ = 0 without any smooth continuation on a positive length
time interval is not immediately excluded (sometimes called “livelock” in hybrid
systems theory). However, Theorem H] excludes this kind of Zeno phenomenon:
if smooth continuation is not directly possible from x, it is possible after one
re-initialization. Indeed, since C(zg + Bw®) + Fu(0) = Cxg + Fu(0) + CBu® €
K(D), it follows from the fourth claim that the initial solution corresponding to
xo + Bw® and input u is smooth. This initial solution satisfies the (in)equalities
in () on an interval of the form (0,e) with € > 0 by definition and hence, we
proved a local existence and uniqueness result. However, we still have to show
global existence of solutions as other kinds of Zeno behaviour (accumulation of
mode switching times) might prevent this.
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5 Global Well-Posedness

Before we can formulate a global well-posedness theorem, we need to define a
class of allowable input functions and the global solution concept.

Definition 7. A function u: Ry — R is called a piecewise Bohl function, if

— w is right-continuous, i.e. lim; ), u(t) = u(7) for all T € Ry

— for all 7 € Ry there are € > 0 and v € B such that u(t) = v(t) for all
te(r,t+e)

— w is locally bounded in the sense that for any interval [0, T) there is a constant
M such that |u(t)] < M for all t € [0,T].

We denote this function space as PB. A distribution u : Ry — R is called
piecewise Bohl with first order impulses, if u is the sum of a piecewise Bohl
function u,cy and the distribution Wiy = > pcp w?dy, where I' = {1;}; is a
finite or countable subset of R, which is isolated . We denote this distribution
space by PBy.

Definition 8. Let (w,x,z) € PBy"™" ™ be given with

§ : 0 § : 0 § : 0
Wimp = w 597 Ximp = € 597 Zimp — z 69

oer oecr oecr

for w® € R™, 2% € R"® and w? € R™ for § € I' and some I'. Then we call
(w,x%,2z) a (global) solution to LCS () with input function v € PB and initial
state xq, if the following properties hold.

1. For any interval (a,b) such that (a,b) N I" = 0 the restriction Xycy |(a,p) s
(absolutely) continuous and satisfies () for almost all t € (a,b)

2. For each @ € I the corresponding impulse (w%3q,2%5¢,2%04) is equal to
the impulsive part of the unique initial solutiod to @) with initial state
Kreg(0—) = limy1g Xpeq(t) (taken equal to zo for 6 = 0) and input t —
u(t —0).

3. For times 6 € I it holds that X,eq(0+) = Xpeg(0—) + Bw® with w® the
multiplier of Dirac pulse supported at 6.

Theorem 6. Consider an LCS with external inputs given by () such that
G(s) = O(sI — A)"tB+ D is totally of index 1 and G(o) is a P-matriz for suffi-
ciently large o. The LCS () has a unique (global) solution (w,x,z) € PByT"HE
for any initial state xo and input u € PBE. Moreover, Ximp = 0 and impulses in
(w,z) can only show up at the initial time and times for which Fu is discontin-
uous (i.e. I' in Definition[d can be taken as a subset of {0} UL ).

! The set I' C R is called isolated, if for all 7 € I' there is an ¢ > 0 such that
I'n(r—er+4+¢e)={r}.

2 Note that we shift time over 0 to be able to use the definition of an initial solution,
which is given for an initial condition at ¢ = 0.
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Proof. The proof follows along similar lines as the proof of the case F' = 0 as
given in the thesis [5] by carefully incorporating the presence of impulses (see
also [3] for the passive case). |

This theorem implies that if F'u is continuous, jumps of the state can only occur
at the initial time instant 0.

6 Stability and State Feedback Design for LCS

Let us first define formally what we mean by stability of LCS.

Definition 9. The LCS ([) without inputs (i.e. E = F = 0) is called globally
asymptotically stable (GAS), if

Global existence: for each xo there erxists a global solution to (M) and more-
over, for each T > 0 all solutions (w,x,z) € PBJ"™ to @) for initial
state xo defined on [0,T') can be continued to a global solution on [0,00);

Lyapunov stability: for each € > 0 there exists a 6 > 0 such that ||xreq(t)]| <
g, for all t > 0 when |zo|| < 6, where (w,x,2z) € PBy+"™ is a global
solution in the sense of Definition[8 to () for initial state xo;

Attractiveness: lim;_.o X,eq(t) =0 for any global solution (w,x,z) € PBy.

In this section we aim at designing a state feedback controller
u(t) = Kx(t) (10)
that renders the system () GAS.
Assumption 7. (A+ EK,B,C + FK, D) is strictly passive and minimal.

For necessary and sufficient conditions of “passifiability” for the case D = 0
(i.e. finding K such that (A+ EK, B,C + FK,0) is strictly passive), see [25].

Theorem 8. Consider the LCS (@) and the state feedback [IQ) and suppose that
Assumptions[d and[7 hold. Then the closed-loop system ([I))-(I0) is GAS.

In [3] it was shown that a sufficient condition for GAS is the strict passivity of the
underlying system. The above theorem on state feedback design is a consequence
of that result. After these preparatory steps, we continue with the main results
of this paper related to observer design and output-based controller design.

7 Observer Design

Consider the LCS () and assume that only
y(t) = Gz(t) € RP (11)

is measured instead of the complete state being available for feedback. Based on
this output measurement, we aim at estimating the continuous state x(t) of ()
using an observer. For the observer design to be meaningful, we have to assume
some conditions of the existence of solutions to the observed system (TI).
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Assumption 9. For any initial state xo and for any input function v € PB*
there exists a global solution (w,x,z) € PBy" ™ to system () in the sense of
Definition [8.

The well-posedness theory derived before can be used to guarantee this property.
For instance, Theorem [G] shows that under the assumption that G(s) = C(sI —
A)71B + D is totally of index 1 and G(o) is a P-matrix for sufficiently large o,
Assumption [ is indeed satisfied.

We propose the following observer for LCS ([l) with measured output (ITI):

2(t) = Ad(t) + Ba(t) + EU( )+ L(y(t) —4(t)) (12a)
2(t) = Cilt )+Dw(t) Fu(t) + M(y(t) — 9(t)) (12b)
< Z(t) Lw(t) > 0. (12¢)
g(t) = Gz(t), (12d)

where we have two observer gains (L and M).
Assumption 10. (A — LG, B,C — MG, D) is strictly passive and minimal.

First of all, one has to show that the observer structure (IZ) produces estimates
Z of the state z, i.e. that existence of global solutions to ([I2)) is guaranteed
given an initial estimate #o and external inputs u € PB* and y € PBP. Using
Theorem [ the following result can be proven.

Theorem 11. Consider the observer [I2)) with external inputs u € PB* and
y € PBP, where y is obtained from the LCS given by [Il) and ([ for some
initial state xo and input w. If Assumption [ and Assumption [0 are satisfied,
then for any initial state &g there exists a unique global solution (W,%,z) to (I2).

Since we proved global existence of &, we can consider the observation error
e := x — 2, which evolves according to the following dynamics

é(t) = (A — LG)e(t) + Bw(t) — Bi(t) (13a)
z(t) = Cx(t) + Dw(t) + Fu(t) (13Db)
2(t) = Ci(t) + Dw(t) + Fu(t) + M(y(t) — 4(t)) (13c)
0<z(t) Lw(t) >0, and 0<2(t) Ld(t) >0 (13d)

Theorem 12. Consider the error dynamics [I3) such that Assumption[d, As-
sumption[q and Assumption[Id hold. Then the error dynamics is cAd

Proof. See the report [32]. O

The theorem shows (under the given hypothesis) that the observer ([I2]) recovers
asymptotically the state of the LCS (Il) based on the output (), even when
the state of the system or observer exhibits state jumps. Since the jumps in

3 Note that the definition of GAS has to be slightly generalized to allow for exogenous
signals.
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both the observer and the observed plant are triggered by discontinuities in the
external signal (due to the low index of the underlying linear system), the time
instants of the jumps coincide for the observer and controller, which is exploited
in the proof. For higher index systems (e.g. mechanical systems with unilateral
constraints) this property is lost, which complicates observer design significantly.

8 Separation Principle: Observer-Based Controller

To design an output-based controller for ([Il) with (I, we will employ a “cer-
tainty equivalence” approach by using the estimate & obtained from the designed
observer in the state feedback controller, i.e. u(t) = K& (t) = Ka(t)— Ke(t). The
closed-loop system consisting of the system (), the observer (I2) and the con-
troller u(t) = K (t) becomes

(i> - \(M R fG) (i) * (g —OB> (Z) (14a)

~ ~
=:A.

;) =\ciFrr (¢t FE - MG W (14b)
(z) \(C—i—FK (V FK )() \<V>/<w>
=:Cel =:Dgy

0< (2) 1 (Z) >0 (14c)

We focus on the so-called basic observer, which is the observer (I2)) with M =0
implying that there is only an innovation (output injection) term in the differ-
ential equation (IZal) and not in the complementarity relation (I2H). We will
return to the extended observer with M # 0 in Remark [l We will start by
proving closed-loop well-posedness.

Theorem 13. Consider the system ([[dl) such that Assumptions [3, [1 and
with M = 0 are satisfied. The system ([[4) has for each initial condition xo and
e a unique global solution in the sense of Definition[8. Moreover, only on time
0, there can be a discontinuity in the state trajectory x.

Proof. See the report [32]. O
Now we can state a separation principle for LCS.

Theorem 14. [Separation principle] Consider the closed-loop LCS ([I4). If
Assumptions [3, [ and [I0 with M = 0 are satisfied, then the LCS ([Id) is GAS.

Proof. See the report [32].

Once the observer ([[2) is included in an observer-based control configuration for
the LCS (), jumps in the state variable of (Id]) can only take place at the initial
time (under the given hypothesis of the theorem above). The reason is that for
the ‘open’ LCS () the state jumps are triggered by the external signal u, while
the closed-loop system ([[4]) is a ‘closed’ system without external inputs. Note,
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however, that when the observer is applied to an ‘open’ LCS (), the state of
(@) is still recovered asymptotically (under the hypothesis of Theorem [[2]) even
when state jumps (triggered by discontinuities in «) remain to be persistently
present. The fact that jumps only occur at the initial time is related to the low
index of the underlying linear system of the LCS (Id)). In general for systems of
higher index (like constrained mechanical systems) discontinuities are not only
externally triggered by exogenous signals, but also by internal events (impacts).

Remark 1. The extended observer case (i.e. M # 0) can be covered in a similar
manner as above under the assumption that F = 0.

9 Conclusion

We presented observer and output-based controller design methods for linear
complementarity systems (LCS) employing a passivity approach. We provided
sufficient conditions for the observer design for a LCS, which is effective also
in the presence of state jumps. Using the certainty equivalence approach we
obtained output-based controllers for which we provided a separation principle
in case the basic observer (“M = 0”) is used or there is no direct feedthrough
of the input in the complementarity conditions (“F = 0”). Future work will
involve the study of the full separation principe for both F' and M nonzero.
Another important line of future research is the observer and observer-based
control design of LCS for which the underlying linear system is of higher index
(such as constrained mechanical systems.)

References

1. van der Schaft, A.J., Schumacher, J.M.: Complementarity modeling of hybrid sys-
tems. IEEE Transactions on Automatic Control 43, 483 (1998)

2. Heemels, W., Schumacher, J., Weiland, S.: Linear complementarity systems. SIAM
Journal on Applied Mathematics, 1234-1269 (2000)

3. Camlibel, M., Heemels, W., Schumacher, J.: On linear passive complementarity
systems. European Journal of Control 8, 220-237 (2002)

4. Shen, J., Pang, J.: Semicopositive lineaer complementarity systems. Intern. J. Ro-
bust and Nonlinear Control 17(15), 1367-1386 (2007)

5. Camlibel, M.: Complementarity methods in the analysis of piecewise linear dynam-
ical systems. PhD thesis Tilburg University (2001)

6. Brogliato, B.: Some perspectives on the analysis and control of complementarity
systems. IEEE Trans Automatic Control 48, 918-935 (2003)

7. Brogliato, B., Daniilidis, A., Lemaréchal, C., Acary, V.: On the equivalence between
complementarity systems, projected systems and differential inclusions. System
and Control Letters 55, 45-51 (2006)

8. Heemels, W., Schumacher, J., Weiland, S.: Projected dynamical systems in a com-
plementarity formalism. Operations Research Letters 27(2), 83-91 (2000)

9. Camlibel, M., Heemels, W., van der Schaft, A., Schumacher, J.: Switched networks
and complementarity. IEEE Trans. Circuits Systems-I 50, 1036-1046 (2003)



272

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

W.P.M.H. Heemels et al.

Camlibel, M., Heemels, W., Schumacher, J.: Consistency of a time-stepping method
for a class of piecewise-linear networks. IEEE Trans. Circuits Systems-I 49(3), 349—
357 (2002)

Lynch, N., Segala, R., Vaandrager, F., Weinberg, H.: Hybrid I/O automata. In:
Proc. Workshop Verification and Control of Hybrid Systems, pp. 496-510 (1996)
Branicky, M., Borkar, V., Mitter, S.: A unified framework for hybrid control: model
and optimal control theory. IEEE Trans. Automatic Control 43(1), 31-45 (1998)
Lygeros, J., Johansson, K., Simic, S., Zhang, J., Sastry, S.: Dynamical properties
of hybrid automata. IEEE Trans. Aut. Control 48(1) (2003)

Heemels, W., Camlibel, M., van der Schaft, A., Schumacher, J.: Modelling, well-
posedness, and stability of switched electrical networks. In: Maler, O., Pnueli, A.
(eds.) HSCC 2003. LNCS, vol. 2623, pp. 249-266. Springer, Heidelberg (2003)
Cai, C., Teel, A., Goebel, R.: Smooth Lyapunov functions for hybrid systems. Part
I: Existence is equivalent to robustness. IEEE Trans. Automatic Control 52(7),
1264-1277 (2007)

Sontag, E.: Nonlinear regulation: The piecewise linear approach. IEEE Trans. Au-
tomatic Control 26(2), 346-358 (1981)

Heemels, W., De Schutter, B., Bemporad, A.: Equivalence of hybrid dynamical
models. Automatica 37(7) (2001)

De Schutter, B., van den Boom, T.: On model predictive control for max-min-plus-
scaling discrete event systems. Automatica 37(7), 1049-1056 (2001)

Bemporad, A., Morari, M.: Control of systems integrating logic, dynamics, and
constraints. Automatica 35, 407-427 (1999)

Alessandri, A., Coletta, P.: Design of Luenberger observers for a class of hybrid
linear systems. In: Di Benedetto, M.D., Sangiovanni-Vincentelli, A.L. (eds.) HSCC
2001. LNCS, vol. 2034, pp. 7-18. Springer, Heidelberg (2001)

Iulia Bara, G., Daafouz, J., Kratz, F., Iung, C.: State estimation for a class of
hybrid systems. In: Int. Conf. Automation of Mixed Processes, pp. 313-316 (2000)
Petterson, S.: Switched state jump observers for switched systems. In: Proceedings
of the IFAC World Congress, Prague, Czech Republic (2005)

Juloski, A., Heemels, W., Weiland, S.: Observer design for a class of piecewise
linear systems. Intern. J. Robust and Nonlinear Control 17(15), 1387-1404 (2007)
Pavlov, A., van de Wouw, N., Nijmeijer, H.: Convergent piecewise affine systems:
analysis and design. In: Proc. CDC/ECC, Sevilla, Spain (2005)

Arcak, M., Kokotovié, P.: Observer based control of systems with slope-restricted
nonlinearities. IEEE Trans. Automatic Control 46(7), 1146-1150 (2001)

Arcak, M.: Certainty-equivalence output-feedback design with circle-criterion ob-
servers. IEEE Trans. Automatic Control 50, 905-909 (2005)

Fan, X., Arcak, M.: Observer design for systems with multivariable monotone non-
linearities. Systems and Control Letters 50, 319-330 (2003)

Rajamani, R.: Observers for Lipschitz nonlinear systems. IEEE Trans. Aut. Con-
trol 43, 397-401 (1998)

Osorio, M., Moreno, J.: Dissipative design of observers for multivalued nonlinear
systems. In: Proc. CDC, pp. 5400-5405 (2006)

Cottle, R., Pang, J.S., Stone, R.: The Linear Complementarity Problem. Academic
Press, Boston (1992)

Willems, J.: Dissipative dynamical systems. Archive for Rational Mechanics and
Analysis 45, 321-393 (1972)

Heemels, W., Camlibel, M., Brogliato, B., Schumacher, J.: Observer-based control
of linear complementarity systems. Technical report, Eindhoven University of Tech-
nology, Department of Mechanical Engineering, DCT report DCT 2008.002 (2008)



	Observer-Based Control of Linear Complementarity Systems
	Introduction
	Preliminaries
	Linear Complementarity Problem
	Passivity of a Linear System

	Linear Complementarity Systems and Initial Solution 
	Initial and Local Well-Posedness
	Global Well-Posedness
	Stability and State Feedback Design for LCS
	Observer Design
	Separation Principle: Observer-Based Controller
	Conclusion



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.01667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice




