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FINITE-TIME OUTPUT REGULATION FOR LINEAR
TIME-VARYING HYPERBOLIC BALANCE LAWS*

YUBO BAIt, CHRISTOPHE PRIEUR}, AND ZHIQIANG WANGS#

Abstract. This work is concerned with the output regulation problem for a non-autonomous
infinite dimensional system. Specially, a regulator for boundary controlled time-varying hyperbolic
systems is designed. The disturbances can act within the space domain, and affect both boundaries
and the to-be-controlled output. The to-be-controlled output comprises in-domain pointwise, distrib-
uted and boundary outputs. The output regulation problem is solved in finite time. The regulator
design is based on the solvability of the regulator equations. Due to the time-varying setting of the
system and the generality of the to-be-controlled output, solving regulator equations becomes more
challenging compared to the case of autonomous systems. A novel method is introduced to overcome
this difficulty. By considering the regulator equations as a control system, we examine the dual
system of the regulator equations and transform the solvability of the regulator equations into the
validity of an observability-like inequality. Under the conditions regarding the boundary coupling
term and the to-be-controlled output, we have proven this inequality. Additionally, time-varying
setting also brings an advantage to the problem. Since the regulator equations is time-dependent, its
solvability does not depend on the eigenmodes of the signal model. On the contrary, in the case of
autonomous systems, its solvability depends on the relationship between the plant transfer behavior
and the eigenmodes of the signal model.
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1. Introduction. Control of partial differential equations (PDEs) has garnered
significant attention due to its mathematical complexity and its applications in various
other fields such as engineering and physics. One significant class of PDE systems is
hyperbolic systems, which arise in many application scenarios such as open channels,
gas flow pipelines, or road traffic flow models. The boundary stabilization of these
hyperbolic systems has been considered in literature for decades, see, for instance, [6].
Therein, the exponential stability of hyperbolic systems is studied. More recently,
finite-time stabilization of hyperbolic systems has also received much attention. One
can refer to [14, 15] for finite-time stabilization of homogeneous linear and quasilinear
hyperbolic systems and to [12] for finite-time stabilization of linear time-varying hy-
perbolic systems. In [12], a time-dependent backstepping method was used to design
the state feedback control.

In this paper, we investigate the output regulation problem of the hyperbolic
systems. For the output regulation problems, unlike the stabilization problems, the
objective is to design feedback control such that the output of the system tracks a
given reference and rejects the disturbances. There has been a very fruitful literature
on the output regulation of the hyperbolic system. In [1, 2], boundary disturbance
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2 Y. BAI, C. PRIEUR, AND Z. WANG

rejection for linear 2 x 2 hyperbolic systems was considered by using the backstepping
approach. Concerning robust output regulation, [16] used backstepping method to de-
sign a robust state feedback regulator for boundary controlled linear 2 x 2 hyperbolic
systems. Therein, the output to be controlled is assumed to be available for measure-
ment. Therefore, the regulator design is based on the internal model principle. Later
on, [19] generalized this work into general n x n linear heterodirectional hyperbolic
systems, where the so-called p-copy internal model principle has to be fulfilled in order
to achieve the robust output regulation. In addition to the previous references, we
would also like to mention some works on the output regulation of other types of infi-
nite dimensional systems, including [31] for cascaded network of hyperbolic systems,
[23, 27] for heat equation, [4] for Korteweg-de Vries equation, [22] for beam equation,
[28] for thermoelastic system and [32] for infinite-dimensional nonlinear systems.

Concerning the finite-time output regulation of hyperbolic systems, which is the
focus of this article, the first result was obtained in [17]. In this paper, the back-
stepping method was used to design the feedback regulator for boundary controlled
linear 2 x 2 time-invariant hyperbolic systems. Moreover, [18, 20] achieved finite-time
output regulation for general n x n time-invariant hyperbolic systems with different
convergent time. These three works focus on autonomous hyperbolic systems.

This paper is concerned with the finite-time output regulation problem for linear
hyperbolic systems when the coupling coefficients of the system depend on both time
and space variables. Therein, the disturbances can act within the domain, affect-
ing both boundaries and the output to be controlled. The output to be controlled
comprises in-domain pointwise, distributed and boundary outputs. In this work, we
focus on the design of the feedback regulator, assuming that the system states, ref-
erence signal states, and disturbance states are known. Using the results from [12],
we transform the design of the feedback regulator into the solvability of regulator
equations.

Compared to the literature mentioned, in particular [17], this paper considers
non-autonomous hyperbolic systems, which introduces new challenges to the solvabil-
ity of regulator equations. As mentioned in [17], the regulator equations of time-
independent hyperbolic system can be expressed as ordinary differential equations
(ODEs) and can be explicitly solved. The solvability condition can be character-
ized as the relationship between the signal model and the transfer behavior of the
system. However, under the time-varying setting, the regulator equations are PDEs
rather than ODEs. Due to the time-varying setting and the generality of the to-
be-controlled output, directly solving the regulator equations becomes difficult. We
applied a novel approach to address this challenge. We consider the regulator equa-
tions as a control system. Similarly to dealing with controllability problems, we
examine the dual system of the regulator equations. Then, the solvability of the
regulator equations is transformed into the validity of an observability-like inequality
and Lyapunov-like functions are used to prove this observability-like inequality. We
characterize the solvability of the regulator equations through the solvability of an
operator equation, similarly to how [13] represents null-controllability via an operator
equation. In handling the operator equation, we employ a dual approach to analyze
the observability of the dual system, whereas [13] utilizes the Fredholm theory. The
Lyapunov-like functions share similar weights as the ones used in (1.29) of [15], where
a more general setting is considered. The weights have been previously proposed in
[13]. These weights are crucial to establish the well-posedness of the broad solutions
where the boundary conditions have the form of (2.4) (see the proof of Lemma 3.2 of
[13]). These weights are re-used in the time varying setting, see [12]. Through this
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REGULATION FOR TIME-VARYING BALANCE LAWS 3

method, we can only obtain feedback gain function with L? regularity over a finite
time domain, which restricts us to solving the output regulation problem only within
a finite time domain and considering only broad solution (with weak regularity) to
the system.

In addition, due to our approach, we need assumptions on the dimensions of
the system and the to-be-controlled output, namely, the number of equations with
negative speeds (i.e., dimension of the input) is not less than the number of equations
with positive speeds, which is not less than the dimension of the to-be-controlled
output. In the meantime, time-varying setting also brings the following advantage: the
solvability of the regulator equations depends no longer on the relationship between
the plant transfer behavior and the eigenmodes of the signal model. In other words,
our approach relaxes the assumptions of [17, 18, 20]. Due to the discontinuity in
spatial variables of the dual system of the regulator equations, it is necessary to apply
specific techniques for the well-posedness. Inspired by the proof in [12, 13, 15], this is
done in Appendix A. The proof of the well-posedness involves essentially the weight
norms || - ||z, and || - ||5,, which have been proposed in [13] and are considered in [15]
as well. The proof of the well-posedness is based on the technique in [13, 15], but still
needs to be precisely proven as done in this paper.

The remaining part of this paper is organized as follows. In Section 2, we introduce
the considered output regulation problem. Some preliminaries needed in the paper is
given in Section 3. Then, Section 4 presents the main results of this paper, namely the
design of the finite-time regulator. The well-posedness results for the broad solution
and the C! solution are provided in Appendices A and B, respectively.

Throughout the paper, we use the following notation. For a domain  in R™,
a Banach space X and any nonnegative integer m, let C{7(€; X) denote the vec-
tor space consisting of all functions f : €2 — X which, together with all their
partial derivatives D*f of orders |a| < m, are bounded and uniformly continu-
ous on ). For some constants T" > 0 and 0 < ty < T, we define the domain
D(to) = {(t,z)[to <t < T,0 < x < 1}, and define the function space B(tg) =
C%([to, T); L*(0,1))NCO([0, 1]; L?(to, T)). Let I belong to N* and let x;, i = 0,1,...,1,
be some points in [0,1] satisfying 0 = 9 < 21 < -+ < 27 = 1. We define the do-
main Dy(ty) = {(t,z)[to <t < T,z € Ut_,(z;_1,2;)} and define the function space
Bi(to) = C°([to, T); L*(0,1)) N CY(UL_, (zi—1,;); L2(to,T)). For a vector v and a
matrix A, denote by ||v|| the Euclidean norm and by ||A|| the matrix norm of A as-
sociated to the Euclidean norm. For symmetric matrices P and @, P > 0 (P > 0)
means that P is positive (nonnegative) definite, and P > @ (P > Q) means P—Q >0
(P—Q > 0). Denote by Id,, the n xn identity matrix. Denote by diag(Ay,..., A,) the
block diagonal matrix with matrices Ay, ..., 4, on the diagonal, where A; are square
matrices of potentially different sizes, and all off-diagonal blocks are zero matrices of
appropriate dimensions.

2. Problem statement. In this paper, combining the systems from [12, 20], we
consider the following linear time-varying n x n hyperbolic system, for (¢, z) in D(ty),

(2.1a) Ow(t,x) + A(t, z)0,w(t, x) = A(t, x)w(t, x) + g1(t, x)d(t),
(2.1b) w(t,0) = Q(H)w—(t,0) + g2 (t)d(?),

(2.1c) w_(t,1) = u(t) + g3(t)d(t),

(2.1d) w(te, z) = w(z),

(2.1e) y(t) = Celw(t, )] + ga(t)d(?).

This manuscript is for review purposes only.
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4 Y. BAL C. PRIEUR, AND Z. WANG

In (2.1), w : D(tg) — R™ is the state, w® in L?(0,1)™ is the initial data at time ¢,
u(t) in R™ is the control input, d(t) in R" is the disturbance and y(¢) in RY is the
output to be controlled. The matrix A = (a;5)1<i j<n couples the equations of the
system inside the domain, the matrix ) couples the equations of the system on the
boundary x = 0 and the matrices g;, i = 1, ...,4 are disturbance input locations. Let
us make the following assumptions on all coefficients involved in (2.1).

Assumption 2.1. The matrix A is diagonal, namely
A(t,z) = diag(A1 (¢, x), ..., An(t, )

for every (t,z) in [0,00) x [0,1].

Assumption 2.2. Assume that n > 2. Denote by m in {1,...,n — 1} the number
of equations with negative speeds and by p =n —m in {1,...,n — 1} the number of
equations with positive speeds. We assume that there exists some ¢y > 0 such that
for every (t,z) in [0, 00) X [0, 1], we have

(2.2) At x) < < Ap(t,x) < —gg <0< eg < Apyr1(t, @) < -+ < Ap(t, ),
and, for every ¢ in {1,...,n— 1},
(23) Ai+1(t,.’£) — Al(t, 513) > £9.

Assumption 2.2 is identical to the assumption in [12], where finite-time stabilization
problem is considered. Condition (2.2) consists of two components: strict hyperbolic-
ity and the propagation speeds being uniformly bounded away from zero. As stated in
[12], the latter is expected for finite-time stabilization, while (2.3) is mainly technical.
For more details, one can refer to the examples provided in Remarks 1.9 and 1.10
of [12]. All along this paper, for a vector (or vector-valued function) v in R™ and a
matrix (or matrix-valued function) B in R™*" we use the notation

v_ B__ B_+
V= , B= ,
(V+) (B+— B++>
with v_ in R™, v in RP and B__ in R™*™ B_, in R™*P, B, in RP*™ B, in
RP*P,

Assumption 2.3. The following regularities hold for A, A and Q:

A € CH([0,00) x [0,1))"*™, A € C°([0,00) x [0,1])™*™, @ € C°([0,00))P*™,
A, 9., A € L*°((0,00) x (0,1))" ", Q € L>(0, 00)P*™,

There exist constants My, My, Mg > 0 such that

Al Loe (0,00)x (0,1))mxn < Mo, |0z Al Lo ((0,00) x (0,1))nxn < Mo,
Al Los ((0,00) x (0,1)yxn < M1, [|Ql| Lo (0,00)pxm < Mgq.

The output to be controlled y(¢) in R? is modelled by the formal output operator
C; which satisfies the following assumption.

Assumption 2.4. Given f; = (fi—, fi+), 1 =0,1,...,1, and ¢ = (c_, ¢ ) satisfying

fie € C°([0,00))T™ N L>®(0,00) ™, fiy € C°([0,00))P* N L>®(0, 00) "<,
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REGULATION FOR TIME-VARYING BALANCE LAWS 5

c— € C°([0,00); L*(0,1)) ™ N L°((0, 00); L*(0,1))7*™,
et € C7([0,00); L*(0,1))7 N L*((0,00); L*(0,1))7*7,
for any ¢t > 0 and 7 in N\ {0}, the operator C; is defined by
Co: CO([o, 1))y — Ra*%

l 1
(2.4) p — Zfi(t)ﬁ(xi) +/ c(t,x)p(z)dz.
i=0 0

There exist constants My, M, > 0 such that

dnax, | fill oo (0,00)axn < Mg, lel| oo ((0,00)522(0,1))axn < M.

Clearly, for any 0 < tg < T, f in N\ {0} and p in B(to)"*", (t — Cip(t,")]) is
in L?(ty,T)9*™. It comprises in-domain pointwise, distributed and boundary out-
puts. It encompasses the outputs used in [17, 18, 20, 31]. These output types are
widely applied in real-world problems that can be modeled by hyperbolic systems. For
boundary output, one can refer to [6, 7] for the boundary set-point control problem of
the Saint-Venant equations. In [5], heat exchanger with in-domain pointwise output
is considered. The boundary conditions having the form of (2.4) has been considered
in [13, 15].

The disturbance d(t) is in R". The corresponding disturbance input locations
satisfy the following assumption.

Assumption 2.5. Matrix-valued functions g;, i = 1,2, 3,4 are known and have the
following regularities

g1 € C°([0,00) x [0,1])™*", g5 € C°([0,00))"*",
g3 € C°([0,00))™*", g4 € C°([0, 00))<".

The disturbance d(t) and the reference input r(¢) in R? to be tracked by the output
y(t) are the solutions to the following finite-dimensional signal model, for ¢ > ¢,

o(t) = S(t)u(t), v(te) =",
d(t) = pa(tyv(t), r(t) = pr(H)v(t),

where v° is in R™. The coefficients of (2.5) satisfy the following assumption.

(2.5)

Assumption 2.6. Matrix-valued functions S, pg and p, are known. S : [0,00) —
R™ *" i measurable and bounded on every finite subinterval of time, pg is in
CY([0,00))*"v and p, is in C°([0, 00))?*">.
By Assumption 2.6, there exists a unique continuous transition matrix ¥ : [0, 00)? —
R™ X" of S such that the solution of (2.5) is given by v(t) = W(t,t0)v°. One can
refer to [10, p. 5] for the properties of transition matrix ¥. Denote by

(2.6) ey(t) = y(t) —r(t)
the output tracking error. Inspired by [12, 20], let us give the notion of the uniform

finite-time output regulation that we are interested in.

DEFINITION 2.7. The output y of the system (2.1) achieves the uniform finite-
time output requlation within settling time Ty if for any T > Ty, there exists a feedback
requlator u = Kr[w,v], such that for all 0 < tq < T — Ty, w° in L*(0,1)" and v° in
R™, the output tracking error e, satisfies e, =0 a.e. in (to + 1o, T).

This manuscript is for review purposes only.
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6 Y. BAI, C. PRIEUR, AND Z. WANG

Remark 2.8. 1. Ensuring that the system output tracks a given reference
signal is a classic goal in control theory. The output regulation for linear
finite-dimensional system is well-understood and is well introduced in, for
example, [21, 30].

2. The uniformity means that the output regulation is achieved uniformly to the
initial time tq.

3. The output regulation is considered in any finite interval (¢o9,7") and the
regulator design ICr is relative to T'. This restriction is due to the machinery
of proof. See Subsection 4.2 for details.

3. Preliminaries on characteristics. In this section, let us introduce some
known facts on the characteristics associated with system (2.1) and the entry and
exit times for the interval [z;_1,2;], i = 1,...,1, see [12]. To this end, we use the
extension method introduced in [12] to extend A to a function of R? (still denoted
by A) by keeping Assumptions 2.1 to 2.3. For every j =1,...,n, let x; be the flow
associated with \;j, namely for every (¢,z) in R?, the function s — x;(s;t,z) is the
solution to the ODE, for s in R,

0
(3.1) %Xj(snf,x) = Ni(s,x5(s5t,0)),  xj(t;t,0) = .

The existence and uniqueness of the solutions to the ODE (3.1) follows the classical
theory. Moreover, since \; is bounded, the solution is global and has the regularity

(3.2) x; € CH(R?),

and, for every (s,t,2) in R3, we have
(3.3) ‘
8th(s; t7 g';) _ 7)\j (t) ;p)efts O N (T,X; (T;t,m))d7'7 8ij (57 t, 17) _ eftb Oz i (T, (T;t,a?))d‘l'.

Next we introduce the entry and exit times for the interval [x;_1,2;],i=1,...,1.
For j =1,...,n,tin R and z in [0, 1], let s;"*(¢, ) and s;m’z(t,x) be the entry and

exit times of the flow x;(-;¢,z) inside the interval [z;_1,z;], namely the respective
unique solutions to

(3.4) Xj(s;-n’i(t,x);t,x) =z, Xj(s?m’i(t,x);t,x) =z, ifje{l,...,m},
. Xj(szn’i(tax);tvx):xiflv Xj(s;ut,i(tvx);ta‘r):xi» lf]E {m+1a7n}

The existence and uniqueness of sijn’i(t,x) and s?ut’i(t,x) are guaranteed by (2.2) in
Assumption 2.2. From (3.2) and by the implicit function theorem, we have

(3.5) s s e CHR % [0,1)), i=1,...,1, j=1,....n

Especially, we denote the entry and exit times for the interval [0, 1] as

sijn(t,x) = st ), () =9 (), ifje{l,...,m},

(36) i fnl ! t Joutl oo
si'(tx) =5 (), s§M(ta)=s""(tx), fje{m+1,... n}k

Integrating the ODE (3.1) and using (2.2), we have the following bounds for every ¢
in R and z in [0, 1],

in 1 out 1 -
(3.7) tfsj(t,z)<5, 55 (t,z)7t<5, j=1,...,n.

This manuscript is for review purposes only.
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REGULATION FOR TIME-VARYING BALANCE LAWS 7

Differentiating (3.4) and using (3.3), we see that for i =1,...,1,

. Aux; (™ (t, x)st, @

gy — e e
Aj (857 (@), @)

3 0y (5 1, 2); 1,2)
o i(s: 7 (t,x);t, @

8Hs}n7z<t7x):_ wXi 5 ) ifje{m+1""7n}’

)\j (Sijn’i(t, l‘), xi,l)

. ifje{l,...,m},

with 0y, is 0y or 0.

4. Finite-time regulator. In this section, we aim to find a finite-time regulator.
Let T > 0 and 0 <ty <T. We consider the following time-dependent regulator,

(4.1) u(t) = ky (t)v(t) —|—/O oy (t, 2)w(t, x)dz,

with feedback gain functions k, : (0,7) — R™*™ and k, : D(0) — R™*" to be
determined later. By applying (4.1) to the system (2.1) and taking the signal model
(2.5) into account, we have the closed-loop system for (¢,z) in D(tg),

(4.2a) o(t) = S(t)v(t), w(t) =",

(4.2b) Ow(t,x) + A(t, )0, w(t, x) = A(t, x)w(t, x) + g1(t, x)v(t),
(420w (t,0) = QUEyw(t,0) + Ga(t)ult),

(4.2d) w_(t,1) = ky(t)v(t) + /0 ky (t, x)w(t, x)dz + g3(t)v(t),
(4.2e) w(te, z) = w'(z),

(4.2f) ey(t) = Cilw(t, )] = (pr(t) — ga(t))v(?),

where §; = g;pa, @ = 1,2,3,4, and e, is defined in (2.6). Similar to [12], we consider
the broad solutions to (4.2b)—(4.2e). The definition of broad solution and the well-
posedness of (4.2b)—(4.2e) are given in Appendix A. We have the following well-
posedness result for (4.2b)—(4.2¢).

THEOREM 4.1. Let ky, be in L°(D(0))™*" and k, be in L?(0,T)™*". Under
Assumptions 2.1 to 2.3 and 2.5, for every w® in L*(0,1)"™ and v in C°([ty, T])™, there
exists a unique broad solution w in B(to)™ to the system (4.2b)—(4.2¢).

Theorem 4.1 is a corollary of Theorem A.3 in Appendix A. Let us now state the main
result of this paper.

THEOREM 4.2 (Finite-Time Regulator). Assume that Assumptions 2.1 to 2.6
hold and assume that there exist positive constants eq and ¢ such that for allt > 0,

(4.3) QQ()" > eqldy,
and
(4.4) fir ) fis ()T > e51dy.

Let the settling time Tunit(A) be defined by

(4.5) Tunit(A) = sup[spiy; (s (£,1),0) — 1.
t>0

m

This manuscript is for review purposes only.
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Then, the output y achieves the uniform finite-time output requlation within settling
time Tunit(A). More precisely, for any T > Tynir(A), there exist gain functions ky, in
L>(D(0))™ ™ and k, in L*(0,T)™*™ such that for all 0 <ty < T — Tynie(A), w°
in L2(0,1)™ and v° in R™, the output tracking error e, of closed-loop system (4.2)
satisfies e, = 0 a.e. in (to + Tunie(A), T).

Remark 4.3. 1. It follows from conditions (4.3) and (4.4) that the number
of equations with negative speeds m (the number of the control input), the
number of equations with positive speeds p and the number of outputs to be
controlled g should satisfy m > p > q.

2. When considering the case of a 2 x 2 hyperbolic system with scalar output,
i.e., m = p=q =1, the conditions (4.3) and (4.4) are equivalent to |Q(¢)[* >
eg > 0and |fi(t)]> > ef > 0 for all t > 0. If in addition the coefficients of
the system do not depend on time, the result of this paper does not recover
the result of [17], and vice versa. On the one hand, the example in [17,
Section 6] (see also the example in item 5 of this remark) shows that the
finite-time output regulation problem can be solved when condition (4.4) is
not satisfied. On the other hand, Lemma 1 from [17] provides the sufficient
and necessary conditions for the existence of a feedback regulator with time-
invariant feedback gains. The following example illustrates that, although the
conditions of Lemma 1 from [17] are not satisfied, we can still find a feedback
regulator with a time-dependent feedback gain. Consider the following 2 x 2
system: for all (¢,2) in (0,00) x (0,1),

(4.6a) Opw (t,x) — Opwy (t, ) =0, Jpwa(t, x) + drwa(t,z) =0,
(4.6b) wo(t,0) = wi(t,0), wi(t,1) =u(t), w(0,z)=uw’(x),
(46C) y(t) = wQ(ta 1) - w2(t7 1/2),

and consider the constant reference signal r(t) = v(t) = v* for some v* in
R\ {0}. Direct calculation shows that the numerator N(s) of the transfer
function of (4.6) from u to y is N(s) = e=* — e */2. The conditions of
Lemma 1 from [17] are not satisfied since N(0) = 0 and 0 is the eigenvalue
of signal model. However, conditions (4.3) and (4.4) are satisfied, which
implies that there exists time-dependent feedback regulator uw. Indeed, by
the characteristic method, we have that for ¢ > 2, y(t) = u(t —2) —u(t —3/2).
Then u(t) = —2tv* solves the finite-time output regulation problem. Roughly
speaking, the advantage of Theorem 4.2 lies in the fact that the required
conditions (4.3) and (4.4) are independent of the signal model.

3. In (4.5), so and s | defined in Section 3 are the exit time of the charac-
teristics for the interval [0, 1]. The settling time Typnir(A) has been introduced
n [12]. The main result of [12] is used in the proof of Theorem 4.2 (see The-
orem 4.4 below). Notice that the settling time Typnir(A) is only related to the
propagation speed A of the system. Here is an example of 2 x 2 system to
compute the settling time: for all (¢,z) in (0,00) x (0, 1),

Orwy (t,z) — (1 +e H)d,wi(t, ) =0,
Orwa(t,x) + (1 + 0.5sin(27t))Oywa(t, ) = 0.

Direct calculation shows x1 (s; ¢, z) = —s+e *+t—e '+x and x2(s;t,z) = s—
cos(2ms)/(4m) —t+cos(2nt)/(4w) +x. Tt is clear that s3Ut(¢,0) = t+1. Denote
h(t) = s9"(¢,1) — t. We have h(t) solves ®(h(t),t) = 0, where ®(h,t) =

This manuscript is for review purposes only.
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REGULATION FOR TIME-VARYING BALANCE LAWS 9

1 —h+e "=t —e~t Taking the derivative of the relation ®(h(t),t) = 0 and
using the fact that 0.5 < h(t) < 1, we have that A/(t) > 0. Thus, h is a
bounded non-decreasing function and, consequently lim;_, . h(t) exists and is
equal to sup;~q h(t). Letting t — oo in the relation ®(h(t),t) = 0, we obtain
that lim; . h(t) = 1. Therefore, Typnit(A) = 2.

. Condition (4.3) is expected for the output regulation to be achieved. Here,

we provide an example to illustrate that when condition (4.3) is not satisfied,
the output regulation problem may have no solution. Let us consider the
following system: for all (¢,2) in (0,00) x (0, 1),

Opw(t,x) + Ad,w(t,z) =0,
w4 (t,0) = Qu-— (t7 0)7 w_(t,1) = u(?),
w(0,2) = w’(z), y(t) =w(t1),

where A = diag(—2,—-1,1,2), w_ = (w,w2)", wy = (w3, wy)" and Q =

2 4)

method, for £ > 2, the explicit representation of the output is

o(t) = <w3(t, 1)) _ (ul(t —3/2) + 2uy(t — 2) )

IU4(t,1) 2u1(t—1)+4uQ(t—3/2) ’

We observe that for ¢ > 2, wy(t — 1/2,1) = 2ws3(t,1). Then, for the constant
signal 7(t) = (1,0) T, the finite-time output regulation can not be achieved. In
the absence of zero-order term, namely when A = 0, as in this example, [33]
proves null controllability without any assumptions about the structure of Q.
For the general case (A is not necessarily zero), it is shown in [3, 11] that
one can reach the null-controllability at time Typuit(A) without any assump-
tion about the structure of @ (indeed, when considering time-independent
case, Tunif(A) is the same time as in [3, 11]). When @ is required to possess
certain specific structures that differ from condition (4.3), [13] proves that
null controllability can be achieved within a smaller control time. In [24], the
minimal control time for exact controllability is established when @ is full
row rank. For 2 x 2 hyperbolic systems with @ = 0, [25] investigates the min-
imal null controllability time. Furthermore, [26] explicitly characterizes the
bounds of the minimal null controllability time for n x n hyperbolic systems

with respect to zero-order term A. These facts, to some extent, reflect the
differences between the null-controllability and the output regulation.

(1 2) Clearly, condition (4.3) is not satisfied. By the characteristic

. Condition (4.4) is mainly technical. This assumption is needed because

fie @) fix(t)T > 0 is necessary for the matrix P(¢) to be positive definite
(see in particular (4.28) below). However, this condition is not necessary for
the output of some systems to achieve output regulation. Indeed, consider
system (4.6a) and (4.6b) again, but with a different output y(t) = wa(t,1/2).
By the characteristic method, we have that for ¢ > 3/2, y(t) = ws(t,1/2) =
u(t—3/2). Then for any given reference signal r, the control u(t) = r(t+3/2)
enables the finite-time output regulation to be achieved.

Before providing the proof of Theorem 4.2, let us explain its difficulty and how
we overcome these difficulties. In Theorem 4.1, we consider the broad solution to the
system (4.2b)—(4.2e), which has only weak regularity B(tg)™ = C°([to, T]; L*(0,1)")N
C°([0,1]; L*(to, T)™), and we only consider the system (4.2b)—(4.2e) over finite time

This manuscript is for review purposes only.



10 Y. BAI, C. PRIEUR, AND Z. WANG

domain (tg,T) rather than infinite time domain (o, 00). The reason for these restric-
tions lies in the time-varying nature of the system, which introduces new challenges
in the output regulation problem. In detail, due to the time-varying setting, the reg-
ulator equations (see (4.9) below) are PDEs rather than ODEs as in [17]. In [17],
the hyperbolic system to be considered is time independent, and thus, the solvability
condition for the regulator equations can be characterized as the relationship between
the signal model and the transfer behavior of the system. Furthermore, the solution
to the regulator equations is independent of time, allowing for the design of regulator
over infinite time domain (0, co) and the consideration of system over infinite time do-
main (0, 00) as well. However, when considering time-varying system and accounting
for boundary, pointwise as well as distributed outputs (2.4), directly finding solution
to the regulator equations becomes challenging. To overcome new difficulties, we
examine the dual system of the regulator equations, thereby transforming the issue
of solvability of regulator equations over any finite time domain (0,7") into proving
an observability-like inequality (as given in (4.22) below) regarding the solution to
the dual system. Then we use Lyapunov-like functions (defined in (4.23) and (4.24)
below) to prove observability-like inequality. Through this method, we can only find
gain function k, in L?(0,T)™>™ rather than in more regular function spaces such as
CO([0,T])™*™ . Furthermore, we cannot extend the gain function k, to the infinite
time domain (0, 00). Due to the regularity of gain function k,, we can only consider
system (4.2b)—(4.2e) over finite time domain (tg,T) and consider the broad solution
w in B(tp)™ to the system (4.2b)—(4.2¢).

In Theorem 4.2, we provide sufficient conditions (4.3) and (4.4) for the solvability
of the regulator equations. In detail, (4.3) implies that the boundary coupling coeffi-
cient matrix @ is uniformly row full rank, and (4.4) implies that the to-be-controlled
output should include fiq(t)wy(¢,1) and f is uniformly row full rank. These two
conditions ensure that any g-dimensional reference signal can be tracked. We use
these conditions in proving the observability-like inequality. These conditions are not
required for the output regulation problem in time-independent hyperbolic system, as
mentioned in [17, 18, 20]. They arise from time-varying settings and the machinery
of the proof.

Besides, time-varying setting also brings an advantage to the output regulation
problem. Since the regulator equations are time-dependent, its solvability no longer
relies on the relationship between the signal model and the transfer behavior of the
system. Output regulation problem can be achieved for any signal model (2.5).

We prove Theorem 4.2 in two subsections. In Subsection 4.1, we remove the
dependency of v in (4.2b)—(4.2d) and (4.2f) and provide the feedback gain k,, by using
the result in [12]. In Subsection 4.2, we prove that the regulator equation admits a
solution under the conditions (4.3) and (4.4) and therefore, provide the feedback gain
ky.

4.1. Removal of the dependency of v. Let tg be in [0, T — Tynit(A)). Inspired
by [17], we introduce a bounded invertible change of coordinates to eliminate the
dependency of v in (4.2b)—(4.2d) and (4.2f),

(47) Z(t7 (E) = U)(t, .’E) - H(ta {E)'U(t),
with II = [II;;] : D(0) — R™*™. Then (4.2) takes the form: for (¢,z) in D(t¢),

(4.8a) o(t) = S(t)v(t), w(ty) =v°,
(4.8b) Oz(t,x) + A(t, )0, 2(t, x) = A(t, z)z(t, x),

This manuscript is for review purposes only.
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REGULATION FOR TIME-VARYING BALANCE LAWS 11

(4.8¢) 20 (£,0) = Q(t)=_(t,0),

(4.8d) 1 ke (t, 2)2(t, z)dz,
0

(486) (th ) wo(x) H(t()a ) 07

(4.8f) ey(t) = C[2(t, )]

if TT is the solution to the regulator equations, for (¢,z) in D(0),

(4.9a) OII(t, z) + A(t, )0, 11(t, ) = A(t, x)II(¢, ) — II(t, ) S(¢t) + g1 (¢, ),
(4.9b) 1L, (2,0) = QO (¢, 0) + g2(t),
(4.9¢) Ce[IL(t, )] = (pr(t) — 9a(1)),

and
1
(4.10) ko(t) =TI_(¢t,1) — gs(t) — /0 ky (t, z)II(t, 2)dx,

where II(t,z) = (IIL,I1]) " (¢, ) with IT_(¢,2) in R™*"> and I, (¢, z) in RPX". The
finite-time stability of z-subsystem (4.8b)—(4.8e) follows from the following theorem,
which is the main result of [12].

THEOREM 4.4. Under Assumptions 2.1 to 2.3, there exists a gain function k,, in
L (D(0))™*"™ such that for any w® in L*(0,1)", I(tg,-) in L?(0,1)"*™ and v° in
R™, the system (4.8b) and (4.8c) with feedback law (4.8d) is finite-time stable with
settling time Tynit(A) defined by (4.5).

Remark 4.5. In [12], k,, can be defined for infinite time interval (0, 00). Thus, ki,
does not depend on T'.

If there exists a solution IT in B(0)"*™ to the regulator equations (4.9), we can
define the feedback gain function k, in L2?(0,7)™*"™ by (4.10), and Theorem 4.2 is
deduced from Theorem 4.4. The remaining thing is to find a solution to the regulator
equations (4.9). This is the goal of the next subsection.

2. Regulator equations. In this section, we prove that under the assump-
tions of Theorem 4.2, the regulator equations (4.9) admit a solution. Postmultiply
(4.9) by ¥(t,0), the transition matrix of S, and denote II(¢, z) = II(, 2)¥(t,0). This
yields the following equations, for (¢, z) in D(0),

(4.11a) OI(t, ) + A(t, )0, I1(t, z) = A(t, z)II(t, ) + g1 (L, ),
(4.11b) I, (t,0) = Q(t)II_(¢,0) + go(t),
(4.11c¢) Ct[ (t, )] = ga(t),

where gl (ta Z‘) = gl (t7 l‘)\l’(t, 0)7 QQ(t) = gQ(t)\Il(t7 0) and 94(t) = (pT(t) - g4(t))\ll(tv 0)
Remark 4.6. The solvability of (4 11) does not depend neither on the signal ma-

trix S nor on the initial condition v°. This property is essentially different from the
time independent case, where an ODE depending on S needs to be solved for II (see

[17]).
The next lemma reduces the solvability of regulator equations (4.11) to the solv-
ability of a homogeneous equation.

This manuscript is for review purposes only.
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LEMMA 4.7. The regulator equations (4.11) have a solution II in B(0)"*™ if for
any F in L?(0,T)4, the homogeneous equations, for (t,x) in D(0),

(4.12a) Opd(t, ) + A(t, )0, 9(t, ) = A(t, x)d(t, x),
(412b) b+ (ta O) = Q(t)(ﬁ,(t, O)a
(4.12¢) Cep(t, )] = F(¢).

admit a solution ¢ in B(0)™.

Proof. For i = 1,...,n,, denote by II’(t,x) in R™ the broad solution to the
following equations, for (¢,z) in D(0),

(4.13a) O (t, ) 4+ A(t, 2)0, 1T (t, x) = A(t, )T (t, ) + §i (¢, x),
(4.13b) I (£,0) = Q(HTIL(t,0) + 35(t),

(4.13¢c) I (t,1) =0,

(4.13d) 1 (0, ) = 0,

where ¢ and ¢4 are the ith columns of §; and o respectively. Due to the well-
posedness results (see Theorem A.3), there exists a unique broad solution IT¢ in B(0)"
to the system (4.13). For i = 1,...,n,, denote by ¢° the solution to (4.12) with
F(t) = §i(t) — C,[ITi(t, -)], where g4 is the ith column of g4. Thus, IT = (IT' 4 ¢!, 12 +
@2, ..., 1" + ¢™) is the solution to (4.11). |

Now we prove that under the assumptions of Theorem 4.2, the homogeneous

equations (4.12) admit a solution. By the well-posedness results (see Theorem A.3),
(4.12a) and (4.12b) together with the initial and boundary conditions

(4.14) o-(t,1) =u’(t), $(0,2) = ¢°(a),

have a unique broad solution ¢ in B(0)", where u® belongs to L%(0,7)™ and ¢°
belongs to L?(0,1)". Then define the map Fr as following

Fr: L2(0,1)" x L2(0,T)" —  L2(0,T)¢
(¢°,u?) = (E = Celo(t,0)])s

where ¢ in B(0)™ is the broad solution to (4.14), (4.12a), and (4.12b). It follows that
Fr is a linear continuous map from L?(0,1)"™ x L(0,7)™ into L?(0,T)1.

We get that the homogeneous regulator equations (4.12) have a solution if the
map Fr is onto. In order to decide whether Fr is onto or not, we use the following
classical result of functional analysis (see Theorem 4.13 of [29, p. 100]).

(4.15)

PROPOSITION 4.8. Let Hy and Hs be two Hilbert spaces. Let F be a linear con-
tinuous map from Hy into Hy. Then F is onto if and only if there exists ¢ > 0 such
that

(4.16) I (), = cllpllm,,  Vp € Ha,

where F* is the adjoint operator of F.
In order to apply this proposition, we make explicit F7 in the following lemma.
LEMMA 4.9. Let w in L?(0,T)%. Let 6 in By(0)" be the unique broad solution to
the following equations (see Theorem A.3 for the well-posedness), for (t,z) in D;(0),

(4.17a)
ata(tﬂ :L’) + aI(A(t7z)0(t’$)) - fA(t,x)TQ(t,:c) - C(t, x)Tw(t)a

This manuscript is for review purposes only.
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(4.17b)

0_(t,al)=0_(t,x7) —A__(t,z) i () Tw(t), i=1,...,01—1,
(4.17¢)

0-(1,0) = =A—— (1,007 Q() T A4 (,0)04.(£,0) + (for () Q) + fo- (1)) Tw(B)],
(4.17d)

O (t,x;) =0 (ta]) + Ay (tz) () Tw(®), i=1,...,01—1,

(4.18) Fi(w) = (0(0,-), fillw = A__(-, 1)0_(-, 1)).

Proof. Let us first assume that (A, 4, Q, ¢,w) is in C?(D(0))™*" x C1(D(0))*" x
CH0, TP*™ x CL(Dy(0))7%™ x CH0,T]9, f; is in C1[0,T]9%", i = 0,1,...,1, and the
compatibility conditions

(4.19) W(T)=0, «'(T)=0
hold. Let ¢" in C*[0,1]" and u°® in C[0, T]™ be such that

(4.20)  ¢3(0) = Q(0)92(0), ¢2 (1) =u’(0),
(u®)(0) = =A——(0,1)(6%)"(1) + A—4(0,1)¢% (1) + A——_(0,1)¢% (1),
— A4+(0,0)(65)'( ) + A+1(0,0)9% (0) + A4-(0,0)67 (0)
= Q(t)[-A-—(0,0)(¢2)"(0) + A—1(0,0)¢% (0) + A—_(0,0)62 (0)] + Q' (£)¢2 (0).
Let ¢ in CY(D(0))" be the C! solution to (4.14), (4.12a), and (4.12b) (see The-

orem B.2). Considering the boundary condition (4.12b) and the definition of the
output in (2.4), we have that

l

(4.21)  Fr(@®u0)(t) = Clo(t, )] = 3 Filt)b(t, ) + / e(t, 2)(t, 2)de

=0
= (for ()Q(t) + fo—(t))p—(t,0) +Zfz (t, ;) /0 cot, ) o(t, z)dz.

Let 0 in C5(Dy(0))" be the C! solution to (4.17) (see Theorem B.2). Then from
(4.14), (4.17), (4.12a), and (4.12b), we obtain that, using integrations by parts,

l
= Z/ / O(t, )" [0,0(t, ) + A(t, 2)Dup(t, ) — A(t, 2)p(t, x)|dzdt

l
- Z{ / / [0:0(t, 2) + 0 (A(t, 2)0(t, z)) + A(t,z) T0(t, z)] T $(t, x)dzdt

+
N
8

[ 07 o(2) — 000.0) T 6(0, )l

This manuscript is for review purposes only.
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T
+/ [0(t, x_) Aty z;)o(t, x;) — G(t,xj'1)TA(t,a:i_l)qS(t,mi_l)]dt}

// c(t, x) (txdxdt—/é)()x T¢%(x)dx

+/0 w(t)" [(fo+()Q()+fo to+Zfz m}

- / 0T et) — A (6,10 (1, 1) T 1),
0

Consequently, it follows from (4.21) that

T T
[ o )t = [ wtieoe.
0 0
1 T
= [ o007 e+ [ (5070 - A 100 1) T B,

which, together with Claim B.3 concludes the proof of Lemma 4.9. ]

In next lemma, we prove that under the assumptions of Theorem 4.2, the inequal-
ity (4.16) holds with respect to operator (4.18).

LEMMA 4.10. Let the assumptions of Theorem 4.2 hold. Let w belong to L?(0,T)?
and 0 in B;(0)" be the broad solution to (4.17). Then there exists a constant cp > 0
such that
(4.22)

1 T T
[ 1600+ [ AT wl0) - A (608 (6 DIPde 2 er [ o) Pt
0 0 0

Proof. Let us first assume that (A, A, Q, ¢, w) is in C%(D(0))"*" x C*(D(0))"*" x
CHo,T|P*™ x CL(Dy(0))9*™ x C10,T)4, fi is in C1[0,T]7%"™, i = 0,1,...,l, and the
compatibility conditions (4.19) hold. Let 6 in C{;(D;(0))™ be the C! solution to (4.17).

Fori=1,...;land 0 <t < T, let

(4.23) Vielt) =e 2 [ e (1),
w;l 1
(424) ‘/Zf(t) :e—Lt/ eﬁi(xi_x)Hgf(t,l')||2d$7
Ti—1
with positive coefficients L, a; and §; to be chosen later. Denote V (t) = Zizl (Vig (0)+
V;—(t)). The proof of (4.22) is based on identity V(0) = — OT 4V (t)dt, and the

main idea is as follows. First, V(0) is equivalent to fol 1600, z)||?de. Next, we use

integration by parts to express term [ fOT Ific(®) Tw(t) — A__(¢t,1)0_(¢,1)||2dt —
OT d¥ (t)dt as a quadratic form. Finally, by applying conditions (4.3) and (4.4) and
selecting appropriate constants L, a; and (;, we ensure that this quadratic form is
greater than or equal to cr fOT lw(t)||2dt. The weights of the Lyapunov-like functions
(4.23) and (4.24) are similar to those used in [12, 13, 15]. In [12, 13] the weights are

crucial to establish the well-posedness of the broad solutions.

This manuscript is for review purposes only.
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Let us proceed with the proof. The time derivative of V; (¢) along the C! solution
0 to (4.17) is

dviﬂ(t) = / L e, (1) T 2046, (1) — L0+ (¢ 2))da

i—1

B / e g, (1) T [~ LO4 (@) — 20, (Ao (t,2)0 (1, )

i—1

— 24, (t, )"0, (t,x) —2A_(t,2) T O_(t,z) — 24 (t,z) T w(t)]dz

= {/ | e mri1)g (1,2) T[—(L1dy — au Ay 1 (£,0) + oAy (1, @)

T2 (1) ) (1 2) — 244 (6,2) O (1,2) — 24 (t,2) T w(B)]da
- eai(xi_xiil)eJr(t’ $;>TA++(7§7 xi)0+ <t7 SL‘;)
HO (t ot )T Ay (tai1)04 (L a) )}

Similarly, the time derivative of V;_(t) along the C* solution 6 to (4.17) is

dVi— (t)
dt

=e I {/ i)y (t,2) " [—(LId,, + Bih—_(t, ) + OuA__(t, )

+2A_ _(t,x)")0_(t,x) — 24, _(t, )0, (t,2) — 2c_(t,z) " w(t)]dz
—0_(t,x; ) TA__(t,z)0_(t,x;)
tefil@immiong (¢t oak VTA_(t, 2 1)0_(t, x;r_l)} .

Taking boundary and jump conditions (4.17b)—(4.17e) into account, we conclude that

(4.25)

Lt dV o (x—xi-1) Bi(x;—x) T
Z i@z el (8 2)0, (8 ) + P @ e_(,2)0_ (¢, 2)) Tw(t)

— ec“(x $7'71)9+(t, JI) (LIdp — OéiA++ (t, .’E) + 8IA++ (t, .’E) + 2A++ (t, $)T)9+(t7 .’17)
—Pi@=Dg (¢ )T (L1d,, 4 BiA__(t, ) + O A__(t,z) + 2A__(t,z))0_(t,z)
- 29+(t )T (e @i A_ (t,2)T + P @A (t,2))0_(t, z)]dx

—Z{ ) D0 () T A (1) (1))

+e°”(xﬁm“1)[29+( 2) " fir (8) T () + w(t) T fir A4 (20) 7 fin () Tw (1)

— (P =) — 1) (t a7 ) T AL, 2:)0-(t,x;)
+efalren =g (ta7) T fio () Tw(t) —w(®) " fis (DA (t2:) " fi () Tw (D))}
+0,(£,0) T AL (£,0) (™ QA (1,007 Q) T + Ay (£,0) )AL (£,0)0(£,0)
+2e7710, (1,0) T A1 (1, 0)Q(1) A~ (£,0) ™" (fo+ ()Q(H) + fo- (1) Tw(t)
+ M7 w(6) T (for Q) + foo (D)A-—(t,0) " (for (NQ(E) + fo-(£)) Tw(?)
— e Ty T fi (A4 (6, 1) i () Tw(t) = 0- (5 1) TA__ (£, 1)0_(t, 1)
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569 Multiply (4.25) by —e~%* and integrate over (0,T), and add

570 »30/0 1 fie (t) Tw(t) = A——(t, 1)6— (2, 1)|*dt

I to both sides of (4.25) with positive coefficient 5y to be chosen later. Recall zy = 0
572 and x; = 1. Tt follows from (4.17f) that

T
573 (4.26) V(0) + 50/ ||fl_(t)Tw(t) —A__(t,1)0_(t, 1)||2dt = Ri + Ra,
0
574  where

575 (4.27) Ry =
l

T
576 / e It E
0

/ (MO ey ()0 (8 @) + D e (1, 2)0_ (8, 2) Tw(t)

i=1"%i-1
577 +eil@=wing (¢ )T (LId, — Ay (t,2) 4+ Op Ay (t,x) + 244 ¢ (t,2) )0, (¢, x)
578 + @2y (1, 2)T(LId,, + BiA__(t,2) + A _(t,x) + 24 _(t,2)T)0_(t, )
579 + 20 (t, ) (e @D A_ | ()T + P @D AL (¢, 2))0_ (¢, x)]dadt,
580 and
T
581 (4.28) Ry = / e~ Lto(t)TP(t)e(t)dt,
0

582 with

(@_(t) ( P_(t) 0 F_ (t))
53 O@) = (04|, Poy= o Pot)  Filt) |,

w(t) F-)T F@)T P,

580 O_(t) = (0-(t,ay) .., 0-(t,a)) )T, Op(t) = (O04(t,ad) ..., 04t )T,
585 P_(t) = diag(Pr_(t),..., P_(t), Py(t) = diag(Por(t), ..., Pu_1)+ (1)),
w6 Fo() = (-, BT, Fe() = For®) T, Fuonye (07T
557 Pry(t) = (M) S DA (), P (t) = — (PP DA (¢, 2y),
588 Fj (t):e @—e) g ()T, Fi_(t) =Pzl g (T =111,
559 Poy(t) = =Aq i (,0) (e QA (£,0)7'Q(6) " + Ay (£,0) )AL (£,0),
500 Fop(t) = =" AL (£,0)Q() A~ (1,0) " (for (NQE) + fo- (1) T,
591 P (t):ﬁ A (D)2 A__(t,1), F_(t)=—BoA__(t,1)fis(t)T,

-1
592 Po(t) = Bofi-(Dfie ()T +) [ aileimm) £ (A () i ()
1

i=

0 =P £ A () fi ()] eI i (A () fi ()]
501 =M (for (HQ(E) + fo- () A-—(£,0) " (for Q) + fo- (1) "
595 Considering the left-hand side of (4.26), we have
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(4.29) V(0)+ﬂo/0 1fi-(8) Tw(t) = A—— (¢, 1)O_(t, 1) *dt

~ 1 T T B
M(/O ||9(0,x)|\2dx+/0 1fi- () w(?) A(t,l)H(t,l)IZdt>7

(4.30) M = max{f, Eriaxl{eai,eﬂi}}.

where

Now we deal with the right-hand side of (4.26). Our aim is to choose suitable constants
L, By, o, Bi, i =1,...,1, such that Ry + Ry > fOT ce~Lt||w(t)]|?dt for some positive
constant . Let us first deal with Rs. For any €* > 0, let By, i, B;, i =1,...,1, large
enough such that

Boeo > 1, e51x1505Q>M0, a; > 0, 51+1 >0, i=1,...,1—1,

et(l—zi1) =F ef J% lzl ei(@imwi-1) Pirr (@1 —mi)
My ei(zi—zi—1) — eﬁi+1(f€7‘,+1—$i) -1
2 —1 —1
L M, (14 mpM2)eﬁlzlmpM0MQ5o —o1eq + Mog
Bogo — 1 Q eﬁlml{:‘o{:‘Q — My ’

where ¢ is defined in Assumption 2.2, e¢ is defined in (4.3), e is defined in (4.4), M
and Mg are defined in Assumption 2.3, and My is defined in Assumption 2.4. Direct
calculation shows that for all ¢ in [0, 77,

P (t)>0, i=0,....1—1, P_(t)>0, i=1,...,1,

-1 !
(4.31) P(t) > E*qu 4 Z Fi+(t)TPi+(t)lei+(t) + Z F;_ (t)TPi_ (t)ilFi— (t).
i—0 =1

Note that (4.3) and (4.4) are necessary for Py and P, to be positive definite respec-
tively. It follows from (4.31) and the Schur complement lemma (see [8, Appendix 5.5])

that for all ¢ in [0, T], ©(¢) T P()O(t) > £*||w(t)||?, and thus Ry > fOT e*e Lt|w(t)|?dt.
Now let us estimate R;. For L large enough, we have

Riz [t 3T [ e (L (g DMy - 206 (8 0)|
0 i=1YTi—1

+ eI (L — (85 4+ 1) My — 2m M) |0 (¢, 2)||*
— (el mi=) 4 PN M (|04 (8, 2)|1* + pllO- (¢, 2)[1)
+2(e® @iV (4, 2)0 (¢, x) + P @D e (¢, 2)0_ (¢, x)) T w(t)]dedt

/ “Z/ — (T + 1) MoNT — 200y NT) (|0 (1, )] + 0 (¢, 2)]%)

+2(e® @iV (4, 2)0, (¢, x) + P @D e (¢, 2)0_(t, 2)) T w(t)]dadt,

where M is defined in Assumption 2.3. Notice that

2 .
< gn? / 102 (¢, 2)2de,
Ti—1

i—

/ l cx(t,z)04(t,x)dx
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where M, is defined in Assumption 2.4. It follows that

2
_ (M + 1) Mo M — 2nM, M
Lt
Ry > / Z Y ey (t, )04 (¢, z)dx
. . . 2
L—(M+1)MyM —2nM M i
+ g2 /z,;_l c_(t,x)0_(t,z)dz

—2M ||w(t)

cr (b, 2)04 (£, 2)dz|| — 287w (D) / Y L) (t2)de

]dt

provided that L > (M 4 1)MyM + 2nM, M. Therefore, we conclude that

T 6*
Rt Rz [ o {2||w<t>|2
0

2
M + I)MOM 2nM1M i
+ Z g2 /r,;_l ey (t, )04 (t, z)dx
~ Zq 5*
— 2M||w(t)]] | / et (t, )04 (¢, x)dz|| + 47IIW(?5)I|2
Ti—1
- - - 2
L—(M+1)MyM — 2nM-
+ (M + 3171]\0462 n c—(t,x)0_(t,z)dx
- T4 E*
2ol || [ et o] + S]] e
Ti—1
provided that L > (M + 1)MoM + 2nM; M. Then we choose that
4lgnM2M? | - . -
(4.32) > lq”gi*c + (M + 1)MoM + 2nM; M.
Consequently, we obtain that
T 5* E* T
(4.33) R+ Ry > / Ee*LtHw(t)szt > ?e*LT/ llw(t)]|2dt.
0 0
Together with Claim B.3, this concludes the proof of Lemma 4.10 with ¢y = M e T O

Appendix A. Broad solutions. We consider the following hyperbolic system,
which includes all the systems of this paper. For (¢,x) in D;(to),

Ow(t,x) + At, z)0,w(t, x) = At x)w(t, x) + J(t, x),
wi(t,xf) =wy(t,z])+o' (), i=1,....01—1,
w(t,0) = Q(H)w—(t,0) +UO+(L‘)
w_(t,z;)=w_(t,zl)+o"7(t), i=1,...,1—1,

w_(t,1) = /O L(t, ©)w(t, €)d¢ + o'~ (1),

w(t07$) = wo(z)v
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where w(t,z) in R™ is the state, and w® in L?(0,1)" is the initial data. Functions J
in L2(D(0))", 0~ := (0'~,...,0'") in L?(0, 7)™ and ot := (¢°F,..., 0" DF) in
L?(0,T)?*! are the non-homogeneous terms. For the coefficients involved in system
(A.1), let us make the following assumptions.

Assumption A.1. Assume that A, A and @ satisfy Assumptions 2.1 to 2.3 and
that L is in L>°(D(0))™*" satistying || L||pep(oyymx» < My for My defined in As-
sumption 2.3.

Notice that L is defined over time interval (0,7). The reason lies in the regularity of
the feedback gain functions in this paper.

A.1. Definition of broad solution. Let us now introduce the definition of
broad solution or so-called solution along the characteristics. This definition is similar
to the definition of broad solution in [12]. Recalling the notations in Section 3, we
introduce Eijn(to;t,x) = max{{ty, sij“(t,x)} for j=1,...,n, and

i(x) =14, ifzxe(vi—1,x), i=1,...,1

Similar to the methods used in [12], integrating the jth equation in (A.la) along
the characteristic x;(s;t,«) and applying appropriate boundary, jump, or initial con-
ditions, we obtain the following system of integral equation. For (¢, z) in D;(to),

t n

(A.2) wj(t,x) = I;(w)(t,z) —|—/ Zajk(s,Xj(s;t,x))wk(s,xj(s;t,x))ds

s (tostw) p—q

t
—l—[ J;(s,x;(s;t,x))ds,

i (tost,x)

where for j =1,...,m,

(A3) Li(w)(t, ) =
l

1
/0 Lj,;(s;n(t,x),ﬁ)w(sijn(t,m),f)dg+ Z af_(sijn’k(t,x)), if sijn(t,x) > 1o,

k=i(x)
i(xj (to;t,z))—1

wix;(tort,x)+ Y. oh (s ), if s(t,z) < to,
k=i(z)

and for j=m+1,...,n,

(Ad) Ij(w)(t,z) =

i(z)

Qjom (P (2w (s (1,2),0) + Y ot I (S (1 @), it st @) > o,
k=1

w?(xj (to;t,x)) + Z UJ(-;n)Jr(s}'“’k(t,sc))7 if s (t, ) < to.

k=1+i(x; (tost,x))

This leads to the following definition of the broad solution to the system (A.1) over
(t,z) in Dy(to)-
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DEFINITION A.2. Let T >0, 0 <ty < T, w° in L%(0,1)", J in L*(D(0))", o~
in L?(0, 7)™ " and oF in L%(0,T)P*! be fized. We say that w is the broad solution
to the system (A.1) over Di(to) if w is in Bi(to)"™ and if the integral equation (A.2)
is satisfied for j =1,...,n, for a.e. to <t <T and a.e. x in (0,1).

A.2. Well-posedness. In this section, the well-posedness result is provided.

THEOREM A.3. Let T > 0. Under Assumption A.1, for every 0 < to < T, w®
in L2(0,1)", J in L2(D(0))", o~ in L%(0,T)™*! and ot in L%(0,T)P*!, there exists
a unique broad solution w in Bi(tg)™ to (A.1) over Di(ty). Moreover, there exists
C = C(T) > 0 such that, for every 0 <ty < T, w® in L*(0,1)", J in L*(D(0))", o~
in L2(0,T)™*! and ot in L%(0,T)P*!, the broad solution w satisfies

(A5)  lwl| Lo ((to,7):22(0,1)m) F 1wl oo ((0,1);22(t0,7)7)

S C(HwOHLz(O,l)” + ||J||L2(D(O))” + ||0-_||L2(O,T)7”Xl + ||O-+HL2(O,T)PXZ>'

The proof is based on the proof of Theorem A.2 of [12]. We provide only a sketch of
the proof here, highlighting the differences from the proof of Theorem A.2 presented
in [12].

Sketch of the proof of Theorem A.3. The basic idea is the following fixed point
method. A function w : D(ty) — R™ satisfies the integral equations (A.2) for a.e.
to <t < T and a.e. z in (0,1) if and only if it is a fixed point of the map A :
Bi(to)™ — Bi(to)™ and (A(w)); (¢, z) is given by the expression on the right-hand side
of (A.2). Let us now make B;(t9)™ a Banach space by equipping it with the weighted
norm [[wl|g,(t)» = wlls, + [[wlls,, where

1 n

L

|wllg, = max e~ 2 (%) / Z|wj(t,x)|2e—L2’”dx,
te(to, T 0 =

T n

L

Julls, = max e #0057 uyt,0) e et
z€][0,1] et

where Ly, Lo > 0 are constants independent of T, tg, wg, o and J that will be fixed
below. The similar weight norms are also used in [13, 15]. Our goal is to show that,
for Ly, Ly > 0 large enough,

(A.6) @) = Aw) 5, (1) < 5llw' = w? (g, we)y V', w? € Bylto)™.

N |

Actually, the proof of (A.6) is the same as in [12]. Indeed, we introduce w := w! —w?,

so that A(w!) — A(w?) is equal to the right-hand side of (A.2) with w® =0, J = 0,
ot =0 and o~ = 0. This is a special case in [12]. Therefore, (A.6) is established by
following the proof in [12]. The remaining task is to verify that the estimate (A.5)
holds. Indeed, using (A.6) we obtain that the fixed point w of A satisfies

1
(A.7) Slwllsi oy = 1A 120
and the straightforward computations show that

(A8) [wl|Zoo (10 1):L2(0.10ym) < €2 M wlF,s Wl F 00 ((0.1):12 (10 mymy < €M ]I, -
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Then, the fixed point of A satisfies the estimate (A.5) if the right-hand side of (A.5)

is the upper bound of ||.A(0)| 3, t,)~- By using changes of coordinate, (3.3) and (3.8),
we obtain the following estimates

I
w0 /ji

0 j=1

By ; z)|2e 27y
(A11) / ;m(oxu )2 Eerd

< QeMOT(MOHUf||2L2(0,T)mxl + MOHUJFH%?(O,T)MI + ||wOH%2(0,1)n)7

(A.12) / Z|I )(t, x)[Pe” Frlt=to) gt

0]1

MoT

Ji(s,xj(s;t,x))ds| e L2*dx < ¢

tgtx)

171 Z2 Doy

2

t
/. Ji(s,x;(s;:t,x))ds D))"
57 (tost,x)

(M0||‘77||i2(0,T)mxt + MOHUJFH%?(O,T)MZ + ||wOH%2(0,1)n)7

where ¢ is defined in Assumption 2.2. It follows from (A.9) and (A.11) that

(A13)  [A0)]5, < 2™ <2||w0||L2 0,1)n ||J||L2(D(O))"
+2Molo™ 3 o zymes + 2Mollot 320z ) -
Similarly, from (A.10) and (A.12) we obtain that

A.14 A02<2w202 iﬂ
(A14) [JA(0)5, < - [|lw \ILz<o,1)n+EOII 1Z2(p(0))

—|—2M()||0'_ ||%2(0’T)m,><l + 2Z\4OHU+ ||%2(0’T)p><l) .

Then, the estimate (A.5) for the fixed point of A follows from (A.7), (A.8), (A.13),
and (A.14). |

Appendix B. C! solutions. In this section, we show that the broad solution
is also C' solution if the data of the system are smooth enough. Moreover, the
continuous dependence of the broad solutions on the system data is given. In the
proof of Lemmas 4.9 and 4.10, C! solution is needed. Let us make the following
assumptions for the coefficients involved in system (A.1).

Assumption B.1. Assume that A, A, Q and L satisfy Assumption A.1, and that
A, A, Q and L are in C?(D(0))™*", CY(D(0))*", C1([0,T])P*™ and C*(D(0))™*",
respectively.

The C' solution is given by the following theorem.

THEOREM B.2. Let T > 0. Under Assumption B.1, for every 0 < to < T, w® in
CHUL_  (zi—1,2:))™, J in CH(D(0)", o~ in CL([0,T])™*" and o in C([0, T])P*!
satisfying the compatibility conditions
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(B.1) o' (tg) = w(zF) —wl(zF), i=1,...,1—
o (to) = w?(0) — Q(to)u? (0), o'~ (to) = / L(to, )u®(€)de,
(0 (to) = — A (to, 2:) (L) (2F) — (W) (&F)) + ﬂuo,xz)a'*()
— Asz(to, 7)o ﬁ(to)-FJi(to,xf)—Ji(to, zf), =1,...,1—

(0F) (to) = J1(to,0) — Q(to)J—(to,0) — A++(t0 0)(w?)'(0)
+ Q(to)A——(t0,0)(w?)'(0) + (A1 (t0,0) — Q(to) A4 (t0,0))w (0)
+ (A1 (t0,0) — Q'(to) — Q(to) A—(to,0))w? (0),
(0'7) (to) = —A——(to, 1)(w2)"(1) + A—4 (to, wi (1) + A (to, w? (1) + J-(to, 1)

1
7/0 [L(to, €)(—A(to, &) (w®)' (€) + Alto, )w’(€) + J(to. €)) + DeL(to, €)w’ (€)]dE,

there exists a unique solution w in Cl(Dy(to))"™ to (A.1).

The proof follows the method in [13, Lemma 3.2] and [14, Lemma 2.1]. Here, we only
provide a sketch of the proof, explaining how we apply the method from [13, Lemma
3.2] and [14, Lemma 2.1].

Sketch of the proof of Theorem B.2. Set, for u in Cg(Dy(to))",

e —Lit—Lox .
lullo := max  ~max e ui(t, @),

and for u in C}(Dy(to))™,
[ully == max{[Jullo, [|9¢ullo, |0zullo},
where L1 and Ly are two large, positive constants determined later. Set
O = {v € Cy(Di(to))"[v(to, -) = w’, Bro(to, -) = —Alto, -) (W) +A(to, Jw’+J (to, ) }.
For v in O, let w = A;(v) be defined as follows: for j =1,...,m,

t

(B.2) w,(t,z)=1I;v)(t ) Jr/ Zajk s, x;(s5t, 2))vk(s, x;(s; ¢, z))ds

”’(to,tz 1

t
+/ Ji(s,x;(s;t,x))ds,

5 (o3t @)

where I;(v)(t, x) is defined in (A.3), and for j =m+1,...,n,

(B3) wy(t,a) = I;(w)(t.x) + / . S gk, x5 (55, 25,5 (55 ) s

t0t$)k 1

t
—|—/ Ji(s,x;(s;t,x))ds,

57 (to3t,x)

where I;(w)(t,z) is defined in (A.4). Notice that for j = m+1,...,n, I;(w)(¢, x) is
only involved with w_, which is defined by (B.2). It follows from Assumption B.1 and
the compatibility conditions (B.1) that A;(O) C O. Direct calculation shows that
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the fixed point of A; is the C! solution to (A.1). Our aim is to show that, for L; and
L5 large enough,

(B.4)

1
1 (v") = A1 (0?1 < §||v1 =%, WP €O,

We can directly use the method from [13, Lemma 3.2] and [14, Lemma 2.1] to prove

(B.4), since (A.1) is linear. Indeed, we introduce v := v! —v?, so that w := A; (v!) —
A1 (v?) is equal to the right-hand side of (B.2) and (B.3) with w® =0, J =0, 0" =0
and o~ = 0. This is a special case in [14, Lemma 2.1]. Therefore, (B.4) is established
by following the proof in [14, Lemma 2.1]. d

As for the continuous dependence of the broad solutions on the system data, one

can pr

ove the following claim by using the same method as in [9, Theorem 3.5].

Cram B.3. For A, A, Q and L satisfying Assumption A.1, and w® in L?(0,1)",
J in L2(D(0))*, o~ in L2(0,T)™*! and oF in L?(0,T)P*!, let w in By(to)™ be the
broad solution to the system (A.1) over Di(to). For k> 1, A*, A* Q% and L* satis-
fying Assumption B.1, and w®* in CL(UL_ (x—1,2;))", J* in CL(D(0))?, o—F in

(o,
let w

(A",

Then,

L N =
= T =

=
—

=
~

=
Q

S
9] A
[10] J.

1] J.

[12] J.

T))™* and ot+% in C1([0, T])P*! satisfying the compatibility conditions (B.1),
in CH(Dy(to))™ be the C solution to the system (A.1). Assume that
AP QF LF W™ ¥ o7k oTF) - (A A,Q,L,w’, J,.07,0T) in
CH(D(0))™™ x CO(D(0))™*" x C°([0, T])»*™ x L>(D(0))™*"
x L2(0,1)" x L2(D(0))" x L*(0,T)™*! x L*(0,T)**' as k — ooc.

we have w* — w in Bi(ty)" as k — .
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