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Stability of switched linear hyperbolic systems

by Lyapunov techniques (full version)

Christophe Prieur, Antoine Girard, and Emmanuel Witrant

Abstract

Switched linear hyperbolic partial differential equations are considered in this paper. They model
infinite dimensional systems of conservation laws and balance laws, which are potentially affected by a
distributed source or sink term. The dynamics and the boundary conditions are subject to abrupt changes
given by a switching signal, modeled as a piecewise constant function and possibly a dwell time. By
means of Lyapunov techniques some sufficient conditions are obtained for the exponential stability of
the switching system, uniformly for all switching signals. Different cases are considered with or without
a dwell time assumption on the switching signals, and on the number of positive characteristic velocities
(which may also depend on the switching signal). Some numerical simulations are also given to illustrate

some main results, and to motivate this study.

I. INTRODUCTION

Lyapunov techniques are commonly used for the stability analysis of dynamical systems, such
as those modeled by partial differential equations (PDEs). The present paper focuses on a class
of one-dimensional hyperbolic equations that describe, for example, systems of conservation
laws or balance laws (with a source term), see [5].

A switching behavior occurs for many control applications when the evolution processes
involve logical decisions, see [7] for the case where a stabilizing feedback is designed by means

of Lyapunov techniques applied to a discretization of switched parabolic PDE; see also [10],
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where the well-posed issue and the dependence of the solutions on the data of a network of
hyperbolic equations with switching as a control are considered. Switching can indeed be an
efficient control strategy for many infinite dimensional systems such as the wave equation ([8]),
the heat equation ([21]) or other infinite dimensional systems written in abstract form (as in [9]).

The exponential stabilizability of such systems is often proved by means of a Lyapunov
function, as illustrated by the contributions from [13], [18] where different control problems
are solved for particular hyperbolic equations. For more general nonlinear hyperbolic equations,
the knowledge of Lyapunov functions can be useful for the stability analysis of a system of
conservation laws (see [4]), or even for the design of exponentially stabilizing boundary controls
(see [3]). Other control techniques may be useful, such as Linear Quadratic regulation [1] or
semigroup theory [17, Chap. 6].

In this paper, the class of hyperbolic systems of balance laws is first considered without any
switching rule and we state sufficient conditions to derive a Lyapunov function for this class of
systems. It allows us to relax [5] where the Lyapunov stability for hyperbolic systems of balance
laws has been first tackled (see also [4]). Then, switched systems are considered and sufficient
conditions for the asymptotic stability of a class of linear hyperbolic systems with switched
dynamics and switched boundary conditions are stated. Some stability conditions depend on
the average dwell time of the switching signals (if such a positive dwell time does exist). The
stability property depends on the classes of the switching rules applied to the dynamics (as in
[15] for finite dimensional systems). The present paper is also related to [19] where unswitched
time-varying hyperbolic systems are considered.

In [2], the condition of [14] is employed. It allows analyzing the stability of hyperbolic
systems, assuming a stronger hypothesis on the boundary conditions. More precisely, our ap-
proach generalizes the condition of [4], which is known to be strictly weaker than the one
of [14]. Therefore our stability conditions are strictly weaker than the ones of [2]. Moreover
the technique in [2] is trajectory-based via the method of characteristics, while our approach is
based on Lyapunov functions, allowing for numerically tractable conditions. Indeed, the obtained
sufficient conditions are written in terms of matrix inequalities, which can be solved numerically.
Furthermore the estimated speed of exponential convergence is provided and can be optimized.
See Section V for the use of line search algorithms to numerically compute the variables in

our stability conditions, and thus to compute Lyapunov functions. The main results and the
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computational aspects are illustrated on two examples of switched linear hyperbolic systems.
The paper is organized as follows. The class of switched linear hyperbolic systems of balance
laws considered in this paper is given in Section II and a first stability condition is proven.
Switched systems of balance laws are presented in Section III. In Section IV our main results
are derived for the stability of switched hyperbolic systems. The conditions depend on the class
of piecewise constant switching signals that is considered (with and without a sufficiently large
dwell time). The stability conditions may also differ if the number of positive characteristic
velocities does not depend on the switching signal (see Section IV-A) or if this number is a
function of this signal (see Section IV-B). Section V collects the discussions on computational
aspects. It deals in particular with the numerical check of our stability conditions, and the
numerical computations of the considered Lyapunov functions. In Section VI two examples
illustrate the main results and motivate the class of Lyapunov functions considered in this paper.
Notation. The set R, is the set of nonnegative real numbers. Given a matrix G, the transpose matrix of G
is denoted as GT. When G is invertible, then, to simplify the notation, (G_l)T is denoted as G~ T. For positive
integers m and n, I, and 0O, ,, are respectively the identity and the null matrix in R™*"™ and in R™*™. Given
some scalar values (ai,...,a,), diag(ai,...,a,) is the matrix in R”*™ with zero non-diagonal entries, and with
(a1,...,ay,) on the diagonal. Moreover given two matrices A and B, diag[A, B] is the block diagonal matrix
formed by A and B (and zero for the other entries). The notation A > B means that A — B is positive semidefinite.

The usual Euclidian norm in R” is denoted by | - | and the associated matrix norm is denoted || - ||, whereas the set

of all functions ¢ : (0,1) — R™ such that fol |¢(z)|? < oo is denoted by L?((0,1);R™) that is equipped with the
norm || || £2((0,1);rn). Given a topological set S, and an interval I in Ry, the set C°(1,S) is the set of continuous

functions ¢ : I — S.

II. LINEAR HYPERBOLIC SYSTEMS

Let us first consider the following linear hyperbolic partial differential equation:
Oyt ) + Adyy(t, @) = Fy(t.z), z€[0,1], t € Ry (1)

where y : Ry x [0,1] — R”, F'is a matrix in R™*", A is a diagonal matrix in R"*" such that
A = diag(Ay, ..., A\y), with Ay < O for k € {1,...,m} and A\, > 0 for k € {m+1,...,n}.
We use the notation y = (Z; >, where y~ : Ry x [0,1] = R™ and y* : R, x [0,1] = R"™™. In
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addition, we consider the following boundary conditions:
y~ (1)) _ y~(t,0)
(y*(t,(})) - G (y*(t,l)) ) S R—i— (2)
where G is a matrix in R™*". Let us introduce the matrices G__ in R™*™, G_, in R™*(=m)

Go in R=m>m and G, in RO=™*(=m) such that G = (g; ot )

We shall consider an initial condition given by
y(0,2) = y'(x), @€ (0,1) 3)

where 3° € L?((0,1); R™). Then, it can be shown (see e.g. [5]) that there exists a unique solution
y € CO%(Ry; L*((0,1); R™)) to the initial value problem (1)-(3). As these solutions may not be
differentiable everywhere, the concept of weak solutions of partial differential equations has
to be used (see again [5] for more details). The linear hyperbolic system (1)-(2) is said to
be globally exponentially stable (GES) if there exist » > 0 and C' > 0 such that, for every
Yo € L*((0,1); R™); the solution to the initial value problem (1)-(3) satisfies

ly(t, 2oz < Ce 190l 2o)mny, Yt € Ry (4)

Sufficient conditions for exponential stability of (1)-(3) have been obtained in [5] using a
Lyapunov function. In this section, we present an extension of this result. This extension will
be also useful for subsequent work on switched linear hyperbolic systems.

Let AT =diag(|Ai], ..., |A\a])-

Proposition 2.1: Let us assume that there exist v > 0, i € R and symmetric positive definite
matrices Q= in R™™ and QF in R""X("=m) sych that, defining for each x in [0, 1], Q(x) =
diag[e?**Q~, e 2**Q7T], Q(x)A = AQ(x), the following matrix inequalities hold

—2uQ(2)AT + FTQ(x) + Q(x)F < —2vQ(x) )
T T
Im Om,nfm [m Om,nfm G,, Ger G,, Ger
Q(0)A < QDA
G—l—— G++ G+— G++ On—m,m ]n—m On—m,m In—m
(6)

Then there exists C such that (4) holds and the linear hyperbolic system (1)-(2) is GES.
Proof: Let us consider the Lyapunov function, for all y € L*((0,1); R"),
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Since Q(z) and A commute and are symmetric, then Q(x)A is symmetric, 0, Q(x)A = —2uQ(x)A*
and

y" Q(x)ADy + 0,yAQ(z)y — 2uy " Q(x)ATy = 0,(y ' Q(z)Ay). (7)

Then, computing the time-derivative of V' along the solutions of (1) yields the following:
1
Vo) = [ Q@A+ ay” Qs
0

_ /0 O,y dr /0 0wy TAQ()y i+ /0 (T Q) + Q) F)y do
Then, Equation (7) yields:
V) = b7~ [ 2w WAy de+ [ yT(FTQ) + Q) Fly da
= T(,0)/Q0)Ay(r,0) — T (5 )Q()AY(E 1)

+/ y' (—2uQ(z)A" + FTQ(2) + Q(z)F)y dx
0

-

7 Im 0m7n—m Im Om,n—m

= Q(0)A
+ G- Gy G Gy
T

G__ G_ G__ G_ —(t,0
B + Q(l)A + Yy ( )
On—m,m In—m On—m,m ]n—m y+(t7 1)

" / yT (-20Q@)A + FTQ(x) + Qa)F) y da

where the last equality is obtained by the boundary conditions (2). Then, (5) and (6) imply that
V(y(t,.)) < =20V (y(t,.)) which yields, for all t € R, V(y(t,.)) < V(y°)e~2*. By remarking
that there exist « > 0, # > 0 (depending on the eigenvalues of @, @t and on ) such
that oly(t, )| 220y < VV(Y(E ) < Blly(t, )l z2(0.1)z), We obtain that, for all ¢ € R,
ly(t, )l 2o,y < 2e™ M1yl 2(0,1)m)- u

If all the diagonal elements of A are different, the assumption that Q(z)A = AQ(x) is equiv-
alent to () being diagonal positive definite!. The main contributions of the previous proposition

with respect to the result presented in [5] is double: first, we do not restrict the values of

'This equivalence follows from the computation of matrices Q(x)A and AQ(x), and from a comparison between each of

their entries.
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parameter ;o to be positive, this allows us to consider non-contractive boundary conditions (it
will be the case for the numerical illustration considered in Example VI-B); second, we provide
an estimate of the exponential convergence rate (see Section V for computational aspects of this
estimate). When all the diagonal elements of the matrix A are positive, then Proposition 2.1 can
be interpreted in terms of two finite dimensional linear systems that share a common Lyapunov
function: one in continuous-time associated to (1) and one in discrete-time associated to (2).
Indeed we have the following result:

Corollary 2.2: Let us assume that m = 0 and there exists a diagonal positive definite matrix
M in R™™ such that V : y € R" = yT My is a common Lyapunov function for the continuous-

time and discrete-time linear systems
gt) = (A'F — pl) y(t), teRy, (8)
y(t+1) = (e"G)y(t), teN. )

Then, the linear hyperbolic system (1)-(2) is GES.

Proof: Remark first that AT = A since it is assumed that m = 0. Let Q = MA™!,
then () is diagonal positive definite. By writing the Lyapunov equation of the continuous-time
system (8), we obtain (A™'F — )" M + M (A~'F — uI) < 0 which can be rewritten as
(F — ,u/\)T Q+Q(F —pA) = —2uQA+F'Q+ QF < 0. This implies existence of v > 0 such
that (5) holds. Also the Lyapunov equation of the discrete-time system (9) gives e*G'' MetG <
M. This can be rewritten as G QAG < e2#QA which is equivalent to (6), since m = 0 and
Q(z) = e~2*(Q. Thus the assumptions of Proposition 2.1 hold and this concludes the proof of
Corollary 2.2. [ ]

Let us remark that increasing p improves the stability of (8) and degrades that of (9) while
decreasing 1 will have the reverse effect. Another interpretation of the previous result is that the
linear hyperbolic system (1)-(2) is GES if there is a balance between the expansion (respectively
contraction) rate of the continuous-time linear system ¢(f) = A~'Fy(t) and the contraction

(respectively expansion) rate of discrete-time linear system y(t + 1) = Gy(¢).
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III. SWITCHED LINEAR HYPERBOLIC SYSTEMS

We now consider the case of switched linear hyperbolic partial differential equation of the

form (see [2])
Ouw(t,z) + LowOyw(t, z) = Aspyw(t,xz), x€[0,1], t € Ry (10)

where w : R, x [0,1] = R™, 0 : Ry — I, I is a finite set (of modes), A; and L, are matrices
in R"*", for + € I. The partial differential equation associated with each mode is hyperbolic,
meaning that for all ¢+ € I, there exists an invertible matrix .S; in R™*" such that L; = S; 'A;S;
where A; is a diagonal matrix in R™*" satisfying A; = diag(Ai1,..., Ain), With A;x < 0 for
ke{l,....m;} and \;x > O for k € {m; + 1,...,n}. The matrices .S; can be written as

-

Si= (s s (11)

where S;” and S;“ are matrices in R"*" and R("~™)*" We define the matrices F;, = S;AiS; !
and A =diag(|\i1],...,|\in|) for i € I. The boundary conditions are given by

Blyw(t,0) + Byyw(t,1) =0, t>0 (12)

where, for all ¢ € I, BY = GYS, and B} = G}S;, G? and G} being matrices in R™*" that satisfy

0 _ —Gi—— Omi;nfmi 1 _ Imi —Gi— 4
Gi o (_GH—— Infmi ) Gl o Omi,n—mi *Gi++ :

Gi—— Gi_+

For i € I, let us define the matrices in R"*", GG, = (Gi+— Crot

). We shall consider an initial
condition given by

w(0,2) = w’(z), =z ¢€(0,1) (13)

where w’ € L*((0,1); R").

A switching signal is a piecewise constant function o : R, — I, right-continuous, and with
a finite number of discontinuities on every bounded interval of R, . This allows us to avoid the
Zeno behavior, as described in [15]. The set of switching signals is denoted by S(R,, ). The
discontinuities of o are called switching times. The number of discontinuities of ¢ on the interval
(7,t] is denoted by N, (7,t). Following [12], for 7p > 0, Ny € N, we denote by S, n, (R4, )
the set of switching signals verifying, for all 7 < ¢, N,(7,t) < Ny + t;—DT The constant 7 is
called the average dwell time and N, the chatter bound.

We first provide an existence and uniqueness result for the solutions of (10)-(13):
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Proposition 3.1: For all 0 € S(R.,I), w” € L?((0,1);R™), there exists a unique (weak)
solution w € C°(R; L?((0,1); R")) to the initial value problem (10)-(13).

Proof: We build iteratively the solution between successive switching times. Let (x)rex
denote the increasing switching times of o, with {, = 0 and K be a (finite or infinite) sub-
set of N. Let us assume that we have been able to build a unique (weak) solution w €
C°([0, tx]; L2((0,1); R™)) for some k > 0. Then, let i, be the value of o(t) for ¢t € [tg, txr1)-

Let us introduce the following notation, for all k£ in K and for all z in [0, 1],
yr(t,x) = S, w(t,x), tE [ty tri] (14)

Note that closed time intervals are used on both sides due to technical reasons in this proof.

Then, (10) gives that, for all k£ in K, y; satisfies the following partial differential equation

atyk(ta :L') + Azkaxyk(ta :L') = szyk(t7x)a YRS [07 1]a te [tkatk—l—l] . (15)

Also, we use the notations y;, = (3& ) where y, : Ry x [0,1] = R™% and y; : Ry x [0,1] —
k

R"™"™i . The boundary conditions (12) give, for all £ in K,

(yz?(t’”) ~- G, (y?‘“”), t € [tr tira) - (16)

Y (£,0) i (t,1)

The initial condition ensuring the continuity of w at time ¢ is the following:
yr(te, ) = S, w(ty, z), x€(0,1). (17)

It follows from [5] that, for all £ in K, there exists a unique (weak) solution

yr € C°[ty, txr1]; L2((0,1); R™)) to the initial value problem (15)-(17). Then, we can extend
the (weak) solution to the initial value problem (10)-(13), from the initial time ¢, up to the
switching time ¢, 1; (17) ensures that w € C°([0,#41]; L?((0,1); R™)), and the uniqueness of
yx ensures that w is the unique solution. Finally, since there are only a finite number of switching
times on every bounded intervals of R, the solution can be defined for all times, resulting on

a unique solution w € C°(R; L?((0,1); R")). |

IV. STABILITY OF SWITCHED LINEAR HYPERBOLIC SYSTEMS

Let S C S(R,,I). The switched linear hyperbolic system (10)-(12) is said to be globally
uniformly exponentially stable (GUES) with respect to the set of switching signals S if there

exist v > 0 and C' > 0 such that, for every wy € L?((0,1); R"), for every o € S, the solution to
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the initial value problem (10)-(13) satisfies ||w(¢, .)||L2(0,1)rm) < Ce ™ ||w° || L2¢(0.1)rm), VE € R
In this section, we provide sufficient conditions for the stability of switched linear hyperbolic

systems.

A. Mode independent sign structure of characteristics

Assume first that the number of negative and positive characteristics of the linear partial
differential equations associated with each mode is constant, that is for all z € I, m; = m.

We provide a first result giving sufficient conditions such that stability holds for all switching
signals. The proof is based on a common Lyapunov function equivalent to the L? norm. An alter-
native proof can be obtained by checking some semigroup properties and by using [11] (where
the equivalence is shown between the existence of a common Lyapunov function commensurable
with the squared norm and the global uniform exponential stability).

Theorem 1: Let us assume that, for all v € I, m; = m and that there exist v > 0, p € R and
diagonal positive definite matrices (); in R™*", i € I such that the following matrix inequalities

hold, for all i € I and for all x in [0, 1],

—2uQi(x)AF + F Qi(x) + Qi(n)F; < —2vQ,(x), (18)
T T
Im Om n—m Im Om n—m Gi—— Gi— Gi—— Gz'—
’ Qi(0)A; ’ < e .
GH»* Gi++ Gi+f Gi++ Onfm,m [nfm Onfm,m [nfm
(19)
where Q;(z) = diag[e®*Q;, e 2"*QF], Q; = (%'_ Qﬂ), Q; and Q] are diagonal positive

matrices in R™>*™ and R—m)x(=mi) to0ether with the following matrix equalities, for all
1,5 €1,

(57)'QSS" = (57)1QFSS, (87)'Q7 S =(57)'Q; 5 (20)
Then, the switched linear hyperbolic system (10)-(12) is GUES with respect to the set of switching
signals S(R,., I).

Proof: Given the diagonal matrices (); satisfying the assumptions of Theorem 1, let M~ =
(S7)'Q;S; and MT = (S)TQ; S/, by (20), these matrices do not depend on the index
1 € I. The proof is based on the use of a common Lyapunov function given by, for all w in
L*((0,1);R™), X

V(w) :/0 w(z) " M(x)w(x) dr,
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10

where M(x) = e** M~ + e 2" M. Let (t)rer denote the increasing switching times of o,
with ¢y = 0 and K a (finite or infinite) subset of N. For k € K, let i;, be the value of o(t) for
t € [tk,tks1), and let y, be given by (14). It thus satisfies the boundary conditions (16). Let us

remark that, due to (11) and (17), for ¢ € [ty, tx11), V can be written as:

Viw(t,.) = / et 2)T Qs ()t ) d,

where Q;, (z) = diag[e**Q; , e **Q; ]. Note that Q;, (x) commute with A since these matrices
are diagonal. Using (18) and (19) and following the proof of Proposition 2.1, we obtain that,
along the solutions of (10)-(12), it holds, for all £ in K,

Vt € [tr, tresr), V(w(t,.)) < V(w(ty,.))e 2, 21)
Moreover, V (w(t,.)) is continuous at the switching time ¢, thus
Vk € K, V(w(ty,.)) < Viw(ty,.))e 2 te=te), (22)

Equations (21) and (22) allow us to prove that, for all t € Ry, V(w(t,.)) < V(w®)e 2.
By noting that there exist « > 0, § > 0 such that ofw(t,.)| r201)rny < V/V(w(t,.) <
Bllw(t, )| r2¢0,1)rn), We obtain that, for all £ € R, [[w(Z, )| r2¢0,1)rn) < ge_yt”wo”LQ((OJ);Rn).
This concludes the proof of Theorem 1. [ ]

The numerical computation of the unknown variables, satisfying the sufficient conditions of
Theorem 1, is explained in Section V below.

For systems that do not satisfy the assumptions of the previous theorem, but whose dynamics
in each mode satisfy independently the assumptions of Proposition 2.1 (i.e. the dynamics in each
mode is stable), it is possible to show that the system is stable provided that the switching is
slow enough:

Theorem 2: Let us assume that, for all i € I, m; = m and that there exist v > 0, v > 1,
i € R, diagonal positive definite matrices (Q; in R™", such that the following matrix inequalities

hold, for all x in [0, 1],

_Q,UiQi(x)A;_ + FiTQi(iU) + QZ(JC)FZ < —QVQi(fL’), (23)
T T
Im Om,n—m [m Om,n—m Gi—— Gi— Gi—— Gi—
Qi(0)A; < ! Qi(1)A; i
Gi+— Gi++ Gi+— Gi—H— On—m,m ]n—m On—m,m ]n—m
(24)
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11

where Q;(z) = diag[e®i®Q;, e 2M*Qf], Q; = ( ) Q+) Q; and Q7 are diagonal positive
matrices in R™*™ and RM=m)x(n=m4) to0ether with the following matrix inequalities, for all
1,5 €1,

(SHTQFSH <~(S))TQF ST, (25)

(S7)TQ7 ST <(57)"Q5 S5 (26)

Ap

v’

Let A, = max(jy, ..., [y) — min(ps, . .., iy), then, for all Ny € N, for all Tp > % +
the switched linear hyperbolic system (10)-(12) is GUES with respect to the set of switching
signals S-, N, (R, I).

Proof: Let (ty)rex denote the increasing switching times of o, with t, = 0 and K is a
(finite or infinite) subset of N. For k € K, let i), be the value of o(t) for ¢ € [ty, tx41), and let
yr be given by (14). It satisfies the boundary conditions (16). Given the diagonal matrices @);
satisfying the assumptions of Theorem 2, let M, = (S;)"Q; S; and M;" = (S;")TQFS;". The
proof is based on the use of multiple Lyapunov functions. More precisely, denoting M,, (z) =

i My~ + e " M, let us define, for all w in C°([0, 00); L*((0,1); R™)), for all ¢ in R,
1
Viw(t, ) = / wlt, ) My (2l ) de, i €€ [ ) @
0

which may be rewritten as V (w( fo yr(t, )T Qi (2)yx(t, ) da, if t € [y, thyr).
Note that Q; (x) commute with Aik since these matrices are diagonal. Using (23) and (24),

and following the proof of Proposition 1, we get that, along the solutions of (10)-(12),
Vk € KVt € [ty trer), V(w(t,.)) < V(w(ty,.))e 2, (28)

The function V' may be not continuous at the switching times any more. Nevertheless, by (25)

and (26), we have that, for all £ in K,

1
V(w(tin,.) = / (wlthrr, ) My (b, @)™ 5™  w(tisn, 2) ML Wty 2)e %07 ) da
0

IN

1
7/0 (w(trs1, x)TMi;w(tkH, )M (b, x)TM;;w(tkH, x)e” Hii®) dr

IN

1
re2An /o (w(tkH, x)TMi;w(tkH, z)e? ik 4+ w(tpyy, a:)TM;;w(tkH, x)e*Q“ik"”) dx

< e lim V(w(t,.))

t=t
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12

where the continuity of w is used in the last inequality (it follows from Proposition 3.1). Then,
it follows from (28) that, for all k in K, V(w(tpi1,.)) < ve22eV (w(ty,.))e 2 Er17t)  and it
allows us to prove recursively that, for all t € R, V(w(t,.)) < (fyezA“)N"(O’t) Vw®)e 2t <
(VGQA#)(NM%) V(w)e ™ Letv =v — f—g — %, the assumption on the average dwell time
gives that 7 > 0 and the previous inequality yields Vt € R, V(w(t,.)) < (762A”)N0 V(w?)e 2"t
which allows us to conclude that the switched linear hyperbolic system is GUES with respect
to the set of switching signals S, n, (R4, I). This concludes the proof of Theorem 2. [ |

Remark 4.1: Setting v = 1 and p; = p for all © € I, we recover the assumptions of
Theorem 1. In that case we have A, = 0: there is no positive lower bound imposed on the
average dwell time, which is consistent with Theorem 1. o

Remark 4.2: Note that the existence of v > 1 such that (25) holds is equivalent to Ker(S;") =
Ker(S;“), for all 7, 5 € I. Therefore the existence of v > 1 such that (25) and (26) are satisfied
is equivalent to Ker(S;") = Ker(S}") and Ker(S; ) = Ker(S} ), for all i,j € I (and also, by
recalling L; = S, 'A;S;, the subspace associated with all positive (resp. negative) eigenvalues of
L; does not depend on 7). If this condition does not hold, stability can still be analyzed using

other stability results presented in the following section. o

B. Mode dependent sign structure of characteristics

We now relax the assumption on the number of negative and positive characteristics. As in the
previous section, we provide a first result giving sufficient conditions such that stability holds
for all switching signals:

Theorem 3: Let us assume that there exist v > 0 and diagonal positive definite matrices Q);

in R™", ¢ € I such that, for all i € I,

ETQi+ QiF, < —2vQ;, (29)
GTQNFG; < Qi (30)

and such that, for all v,7 € I,
S QiS; = 8] Q;S;. (31)

Then, the switched linear hyperbolic system (10)-(12) is GUES with respect to the set of switching
signals S(R4., I).
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Proof: We use the same notations as in Theorem 1. We consider the candidate Lyapunov

function, for all w in C°([0, 00); L*((0,1);R™)), for all t € R,

1
V(w(t,.)) :/ yr(t, 2) T Qi yr(t, x)dr, if t € [ty, tia),
0

where we used the change of variable (14). Using (29) and (30), and following the proof of
Proposition 2.1, we obtain that, along the solutions of (10)-(12), it holds, for all £ in K, and
for all ¢ € [tg, try1), V(w(t,.)) < V(w(ty,.))e ), Recalling (14), we have yi(tpy1,.) =
Sipw(trs1, ) and Yeq1 (trg1, .) = Sy, W(tkt1, ), Which gives ypy1(tes1,.) = SZHIS% Yr(teat, -)-
Hence, Equation (31) yields, for all k£ in K,

1
Vil ) = [ morltien ) Qo 2)ds
O1
— / Ye(trr1, ©)'S; TSI—II;+1QZk+1 a1 i e (trgr, )da
01
- / Yeltrr, @) Qo (tisn, 2)de = lim V(w(t,.).
0 t=t
Thus, V' is continuous at the switching time ?;,;. The end of the proof is similar to that of
Theorem 1. u
The assumptions of the previous theorem are quite strong. To assure the asymptotic stability
for switching signals with a sufficiently large dwell time, weaker assumptions are needed. More
precisely, considering the assumptions of Theorem 2, the last main result of this paper can be
stated:
Theorem 4: Let us assume that there exist v > 0, v > 1, u; € R, and diagonal positive
definite matrices (); in R™*", ¢ € I such that the matrix inequalities (23), (24) hold (where the

same notation for Q;(x) is used) together with the following matrix inequalities, for all i,j € I,

Let A, = 2|p;| if I is a singleton and A, = 2max;zjer(|p] + |p;]) else. Then, for all Ny € N,
for all Tp > % + %, the switched linear hyperbolic system (10)-(12) is GUES with respect
to the set of switching signals S;, n,(Ry, ).

Proof: We use the same notations as in Theorem 2, and we consider the candidate Lyapunov

function (27). Using (23) and (24), Equation (28) still holds along the solutions of (10)-(12).
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Moreover, for all k£ in K,

1
V(w(tisr,.) < 62Mk+1/ yk+1(tk+17x)TQik-Hyk-i-l(tk-i-lvx>dx
0
1
< Wewi’““/ yk+1(tk+1,x)TQz‘kika(tkH,x)dx
0

1
< 762”"’““”'“1’“/ y(ters, )T Qi ()Y (trg, w)d
0

< AP lim V(w(t, ).

=t
The end of the proof follows the same lines as that of Theorem 2. [ ]
Let us note that Theorem 3 can be deduced from Theorem 4 by selecting v =1 and p; = 0

forall i € I.

V. COMPUTATIONAL ASPECTS

The sufficient stability conditions of the results presented in this paper may be solved using
classical numerical tools. More precisely, let us remark that the matrix inequalities (18) and (19)
in the statement of Theorem 1 are linear in (); but nonlinear in y, some numerical methods may
be used:

« by particularizing to the case p = 0;

« or when the source terms in (10)-(12) are diagonal;

« or when the matrices A; are either all positive definite or all negative definite.

Let us consider these three cases in the next three sections.

A. Particularizing to the case 1 =0

By letting 1+ = 0 in the conditions (18) and (19), the matrix inequalities in Theorem 1 do not

depend on the z-variable. Therefore the following matrix inequalities

Fl Qi+ QiF; < —2vl, , Qi < . (33)
T T
[m Om,n—m Im Om,n—m Gi—— Gi—+ Gi—— Gi—+
Qil\; < Qil\;
Gi—‘r— Gi—‘r—i- Gi—i—— Gi++ On—m,m In—m On—m,m ]n—m
34)

imply (18) and (19).
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The previous conditions (33) and (34) are linear in the unknown variables v and (); and can
therefore be solved using semi-definite programming (see e.g., [16] with [20]). It is thus obtained
the following result as a corollary of Theorem 1:

Corollary 5.1: Let us assume that, for all © € I, m; = m, and there exist v > 0, and diagonal
positive definite matrices (); in R™*" satisfying the matrix inequalities (20), (33) and (34). Then,
the switched linear hyperbolic system (10)-(12) is GUES with respect to the set of switching
signals S(R,., I).

Moreover the proof of Theorem 1 implies that the function given by, for all w in L?((0,1); R"),

V(w) :/0 w(x) " Mw(z) d,

where M = (57)7Q;S; + (S;)TQ; S} is a Lyapunov function of (10)-(12), and, since the
estimation

lw(t, Ml z2onmn) < Ce™ [[w’ [l r2(o,1)mm)

holds along the solutions w of (10)-(12), for a suitable value C' > 0 (which does not depend
on the solution), it implies that the value of v is an estimation of the speed of the exponential
stability. Semi-definite programming (as in [20]) allows us to optimize this estimation and to
compute the largest positive value v such that the linear matrix inequalities (33), (34), and (20)
have a solution in the variables (); and v.

Analogous corollaries may be written by letting p; = 0, for all ¢ € I, in Theorems 2 and 4,
and by considering directly Theorem 3 (for which p = 0).

To conclude this section, let us emphasize that this approach is allowed since © = 0 is possible
in our main results. This is not possible using the approach of [5], where . should be a strictly

positive value.

B. With a diagonal source term

If, for each ¢ in I, the source term F; in (10)-(12) is diagonal, then (18) is equivalent to
—pA} 4 F < v, (35)

Therefore the following result is a corollary of Theorem 1:
Corollary 5.2: Let us assume that for all i € I, m; = m, the matrices F; are diagonal and

that there exist v > 0, u € R, and diagonal positive definite matrices Q; in R™*" satisfying the
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matrix inequalities, (19), (20) and (35). Then, the switched linear hyperbolic system (10)-(12)
is GUES with respect to the set of switching signals S(R,, I).

The sufficient conditions (19), (20) and (35) of Corollary 5.2 are nonlinear in the unknown
variables v, p and @);, due to the term Q;(1) in (19) which depends nonlinearly on @); and p.
However, 1 being a scalar variable, one may combine a line search algorithm with semi-definite
programming to solve (19), (20) and (35). Analogously, when the source terms are diagonal in
(10)-(12), line search algorithms could be used to numerically check the sufficient conditions of

Theorems 2 and 4.

C. When A; are all positive definite or all negative positive

Let us assume in this section, that all velocities in (10)-(12) have the same sign, that is that
either, for all ¢ in I, A; is positive definite or, for all ¢ in I, A; is negative definite. To ease the
presentation of this section, it is assumed, that the first case occurs: for all 7 in 7, A;r = A, and

m; = 0. Then the following matrix inequalities
—2uQiN\; + F;' Qi + QiF; < —2vl,,, Q; < I, (36)
Gl QiNG; < e Qi (37)

imply (18) and (19). This gives us the following corollary of Theorem 1:

Corollary 5.3: Let us assume that, for all i € I, m; = 0, and that there exist v > 0, u € R,
and diagonal positive definite matrices (Q; in R™™" satisfying the matrix inequalities (20), (36)
and (37). Then, the switched linear hyperbolic system (10)-(12) is GUES with respect to the set
of switching signals S(R, I).

The conditions (20), (36) and (37) of Corollary 5.3 are again nonlinear in the unknown
variables v, p and Q;, due to the product of x and @; in (36) and the product of e~2* and
Q; (37). However, since p is a scalar variable, one may combine a line search algorithm with
semi-definite programming to solve (20), (36) and (37). Analogous techniques could be used as
well in Theorem 2. For Theorem 4, similar simplifications can be done if, for all 7 € I, A; is

negative definite or positive definite.
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VI. EXAMPLES
A. Mode independent sign structure of characteristics
Consider the wave equation: J7u(t,z) — d?u(t,x) = 0, where z € [0,1], ¢ € Ry, and
u : Ry x [0,1] — R. The solutions of the previous equations can be written as u(t,z) =

wi (t, ) + we(t, x) with w = () verifying
Oyw(t,x) + Lo,w(t,z) =0, x€][0,1], t e Ry (38)

where L = diag(—1,1). We consider for this hyperbolic system the following switching bound-

ary conditions:

wi(t,1) = —1.2wy(t, 1) ifi(t) =1 wg(t,0) = 0.6wi(t,0) ifi(t) =1
—0.6wsy(t,1) ifi(t) =2 12w (t,0) ifi(t) =2

(39)
This is a switched linear hyperbolic system of the form (10)-(12) with Ly = Ly = L, A} =
Ay =04, S1 =52 =1, Gi = (s 57) and Gy = (% ~09). With the notations defined in the
previous sections, we also have Af = A;“ = I, and I} = F, = 0. We are in the particular
case described in Section V-B. Though, we were not able to apply Corollary 5.2 as we could
not find v > 0, u € R, and diagonal positive definite matrices (); and ()5 such that the set of
matrix inequalities (35), (19), and (20) hold. Actually, this could be explained by the fact that
it is possible to find a switching signal that destabilizes the system as shown on the left part of
Figure 1 (where a periodic switching signal is used with a period equals to 1).

We can prove the exponential stability for a set of switching signals with an assumption
on the average dwell time using Theorem 2. Let us remark that since F; = F;, = 0, (23) is
equivalent to u; > v for i € {1,2}. One can verify that Equations (24), (25) and (26) hold as
well for the choices @1 = (°(%9), Q2 = (% 9) and v = 2. Then, Theorem 2 guarantees the
stability of the switched linear hyperbolic system for switching signals with average dwell time
greater than % = 2.3105. The right part of Figure 1 shows the stable behavior of the switched
linear hyperbolic system for a periodic switching signal with a period equals to 2.4. To illustrate

Corollary 5.2, we add a diagonal damping term to (38):
Oww(t,x) + Lo,w(t,z) = Aw(t,z), x€]0,1], t € Ry (40)

where A = diag(—0.3,—0.3). The boundary conditions are given by (39). Now, A; = A; =

F; = F, = A and the other matrices of the system remain unchanged. In the present case
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uit,x

Time evolution of © = w + w2, solution of (38)-(39) for periodic switching signals of period 1 (left) and 2.4 (right).

Fig. 1.

(35) is equivalent to v < p + 0.3. One can verify that Corollary 5.2 applies with y© = —0.2,
). Then, Theorem 1 guarantees the stability of the switched linear

150
1

1/:0.1andQ1:Q2:(0
hyperbolic system for all switching signals. Figure 2 shows the stable behavior of the switched

linear hyperbolic system for a periodic switching signal of period 1.

B. Mode dependent sign structure of characteristics
To illustrate the results of Section IV-B, we consider the following switched linear hyperbolic

ze0,1], teR, 1)

system
Oww(t, ) + LiyOyw(t, x) = Fw(t, x),
where w: Ry x [0,1] = R, i(t) € I ={1,2}, L1 =1 and Ly = —1 and F' € R. The boundary
conditions are given by
w(t,0) = Gw(t,1) ifi(t)=1
(4,0) = Gu(t,1) if i() )
w(t,1) = Gw(t,0) if i(t) =2

and GG > 0. This is a switched linear hyperbolic system of the form (10)-(12) with A; = Ay, = F,
(G. With the notation defined in the previous sections, we also

51252:1,andG1:G2
have Af = Ay =1and Fy, = F, = F.
DRAFT
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uit,x

Fig. 2. Time evolution of u = wi + w2, solution of (39)-(40) for a periodic switching signal of period 1.

We assume that /' < —In(G); if this does not hold, then it can be shown that the linear
hyperbolic systems in each mode are both not asymptotically stable. If F' < 0 and G < 1, then
Theorem 3 applies with (); = ()2 = 1 and v = —F'. Hence, in that case Theorem 3 guarantees
the stability of the switched linear hyperbolic system for all switching signals. If G > 1 (resp.
F' > 0) then the condition (30) (resp. (29)) of Theorem 3 does not hold and thus Theorem 3
does not apply.

If G >1,let F < pu < —In(G), then Theorem 4 holds with p; = pe = p, v = p — F,
v =1 and @1 = @2 = 1. Then, Theorem 4 guarantees the stability of the switched linear

hyperbolic system for switching signals with average dwell time 7p greater than % = %
for any 1 € (F,—In(G)). The minimal value of ;TQ% in this interval is ?g;(f}, therefore the

stability of the switched linear hyperbolic system is guaranteed for switching signals with 7p

—21In(G)
(G F°

Figure 3 shows unstable and stable behaviors for these values of GG and F' and for periods equal
to 1.2 and 4.6.
If F>0,let G and p such that F' < g < —In(G), then Theorem 4 holds with py = po = p,

greater than For G = 2 and F' = —1, in that case the minimal required 7p is 4.5178.

v=u—F,v=1and ; = @3 = 1. Then, Theorem 4 guarantees the stability of the
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switched linear hyperbolic system for switching signals with 7p greater than =* = % for any

2In(G) .
In(G)+F°

p € (F, —In(G)). The minimal value of = in this interval is therefore stability of the

switched linear hyperbolic system is guaranteed for switching signals with 7p > lf(lggi)F For

G = 0.5 and F' = —0.1, the minimal required 7p is 2.3372. Figure 4 shows unstable and stable

behaviors for these values of G and F' and for periods equal 0.9 and 2.4.

\
et %)
o o oL L
m W - W = m @ m
R

=
I

=
[

Fig. 3. Time evolution of w, solution of (41)-(42) with F' = —1 and G = 2, for periodic switching signals of period 1.2 (left)
and 4.6 (right).

VII. CONCLUSION

In this paper, some sufficient conditions have been derived for the exponential stability of
hyperbolic PDE with switching signals defining the dynamics and the boundary conditions.
This stability analysis has been done with Lyapunov functions and exploiting the dwell time
assumption, if it holds, of the switching signals. The sufficient stability conditions are written
in terms of matrix inequalities which lead to numerically tractable problems.

This work lets many questions open and may have natural applications on physical applica-
tions. In particular, exploiting the sufficient conditions for the derivation of switching stabilizing

boundary controls (as for the physical application considered in [6]) seems to be a natural
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Wt

Fig. 4. Time evolution of w, solution of (41)-(42) with F' = 0.1 and G = 0.5, for periodic switching signals of period 0.9
(left) and 2.4 (right).

extension. The generalization of the results to linear hyperbolic with space-varying entries may

also be studied.

REFERENCES

[1] I. Aksikas, A. Fuxman, J.F. Forbes, and J.J. Winkin. LQ control design of a class of hyperbolic PDE systems: Application
to fixed-bed reactor. Automatica, 45(6):1542-1548, 2009.

[2] S. Amin, EM. Hante, and A.M. Bayen. Exponential stability of switched linear hyperbolic initial-boundary value problems.
IEEE Transactions on Automatic Control, 57(2):291-301, 2012.

[3] J.-M. Coron, G. Bastin, and B. d’ Andréa Novel. Dissipative boundary conditions for one-dimensional nonlinear hyperbolic
systems. SIAM Journal on Control and Optimization, 47(3):1460-1498, 2008.

[4] J.-M. Coron, B. d’Andréa Novel, and G. Bastin. A strict Lyapunov function for boundary control of hyperbolic systems
of conservation laws. IEEE Transactions on Automatic Control, 52(1):2-11, 2007.

[5] A. Diagne, G. Bastin, and J.-M. Coron. Lyapunov exponential stability of linear hyperbolic systems of balance laws.
Automatica, 48(1):109-114, 2012.

[6] V. Dos Santos and C. Prieur. Boundary control of open channels with numerical and experimental validations. IEEE
Transactions on Control Systems Technology, 16(6):1252-1264, 2008.

[71 N.H. El-Farra and P.D. Christofides. Coordinating feedback and switching for control of spatially distributed processes.
Computers & chemical engineering, 28(1-2):111-128, 2004.

[8] M. Gugat and M. Tucsnak. An example for the switching delay feedback stabilization of an infinite dimensional system:

The boundary stabilization of a string. Systems & Control Letters, 60(4):226-233, 2011.

July 17, 2013 DRAFT



(9]

(10]

(11]

(12]

(13]

[14]

(15]
[16]

(17]

(18]

(19]

[20]

[21]

22

F. Hante, M. Sigalotti, and M. Tucsnak. On conditions for asymptotic stability of dissipative infinite-dimensional systems
with intermittent damping. Journal of Differential Equations, to appear.

F.M. Hante, G. Leugering, and T.I. Seidman. Modeling and analysis of modal switching in networked transport systems.
Applied Mathematics & Optimization, 59(2):275-292, 20009.

FEM. Hante and M. Sigalotti. Converse Lyapunov theorems for switched systems in Banach and Hilbert spaces. SIAM
Journal on Control and Optimization, 49(2):752-770, 2011.

J.P. Hespanha and A.S. Morse. Stability of switched systems with average dwell-time. In 38th IEEE Conference on
Decision and Control (CDC), volume 3, pages 2655-2660, Phoenix, AZ, USA, 1999.

M. Kirstic and A. Smyshlyaev. Backstepping boundary control for first-order hyperbolic PDEs and application to systems
with actuator and sensor delays. Systems & Control Letters, 57:750-758, 2008.

T.-T. Li. Global classical solutions for quasilinear hyperbolic systems, volume 32 of RAM: Research in Applied
Mathematics. Masson, Paris, 1994.

D. Liberzon. Switching in systems and control. Springer, 2003.

J. Lofberg. Yalmip : A toolbox for modeling and optimization in MATLAB. In Proc. of the CACSD Conference, Taipei,
Taiwan, 2004. http://users.isy.liu.se/johanl/yalmip/.

Z.-H. Luo, B.-Z. Guo, and O. Morgul. Stability and stabilization of infinite dimensional systems and applications.
Communications and Control Engineering. Springer-Verlag, New York, 1999.

C. Prieur and J. de Halleux. Stabilization of a 1-D tank containing a fluid modeled by the shallow water equations. Systems
& Control Letters, 52(3-4):167-178, 2004.

C. Prieur and F. Mazenc. ISS-Lyapunov functions for time-varying hyperbolic systems of balance laws. Mathematics of
Control, Signals, and Systems, 24(1):111-134, 2012.

J.F. Sturm. Using SeDuMi 1.02, a MATLAB toolbox for optimization over symmetric cones. Optimization Methods and
Software, 11-12:625-653, 1999. http://sedumi.ie.lehigh.edu/.

E. Zuazua. Switching control. European Mathematical Society, 13:85-117, 2011.

July 17, 2013 DRAFT



