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Abstract

We solve the problem of stabilizing a general class of 1-d semilinear hyperbolic systems with an arbitrary number of states
convecting in each direction and with the actuation and sensing restricted to one boundary. The control design is based on
the dynamics on the characteristic lines along which the inputs propagate through the domain and the predictability of states
in the interior of the domain up to the time they are affected by the inputs. In the context of broad solutions, the state-
feedback controller drives systems with globally Lipschitz nonlinearities from an arbitrary initial condition to the origin in
minimum time. Alternatively, it is possible to satisfy a tracking objective at the uncontrolled boundary or, for systems with
C'-coefficients and initial conditions, to design the control inputs to obtain classical C'-solutions that also reach the origin
in finite time. Further, we design an observer that estimates the distributed state from boundary measurements only. The

observer combined with the state-feedback controller solves the output-feedback control problem.

Key words: Hyperbolic partial differential equations, distributed-parameter systems, boundary control, stabilization,

estimation

1 Introduction

Hyperbolic partial differential equations are widely used
to model systems such as open water channels [15,10],
traffic flow [3], flow through pipelines [14] and oil wells
[11,1], for the purpose of controller-design. In many situ-
ations, actuation and sensing are restricted to the bound-
ary of the spatial domain.

Approaches to the stabilization of nonlinear hyperbolic
systems by boundary control include designing dissipa-
tive boundary conditions by analysing the evolution of
Riemann invariants [13,10] or via a Lyapunov approach
[7]. However, these methods do not achieve convergence
to a target state in finite time, and there are controllable
systems that cannot be stabilized by static boundary
feedback [4].
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Finite-time or exact controllability, i.e. controlling the
state to an equilibrium in finite time, is well established
for linear systems [21], semilinear systems (i.e., source
terms depend nonlinearly on the state but speeds are
independent of state), e.g. [29], and quasilinear systems
(i.e., speeds and source terms depend nonlinearly on the
state) [6,18]. Controllability is global for linear systems
but nonlinear systems are in general only locally control-
lable, although controllability can be global if additional
assumptions are made on the system coeflicients, see e.g.
[29,15]. Similar results exist for observability [19]. A dif-
ferent form of controllability of such systems is the abil-
ity to exactly track a reference signal at, depending on
the number of control inputs, one or more locations in
the domain, called nodal profile control [14,20].

The controllability result from [18] is constructive as it
provides a method for computing the control inputs that
drive the system from the initial state to the target state
within finite time. This time must be chosen larger than
some minimum time depending on the transport speeds.
However, it is an open-loop control law, i.e. the control
inputs for the whole time interval are computed once
based on the initial condition. There is no direct way to
update the control inputs based on measurements of the
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state as time proceeds, making performance and stabil-
ity sensitive to disturbances and model uncertainty.

A constructive method for developing state-feedback
and output-feedback boundary controllers for linear
hyperbolic systems has been developed in form of back-
stepping [22], [28], [16], [2], [8], [1]. However, at this
stage backstepping control of hyperbolic PDEs is re-
stricted to linear systems, although it has been shown
that quasilinear systems can be locally stabilized by a
linear backstepping controller designed based on the
linearization of the nonlinear system [9,17].

More recently, a method for designing state-feedback
and output feedback boundary controllers for semilin-
ear systems was presented in [23]. The method relies
on virtually moving the control inputs to the uncon-
trolled boundary, and the system can be stabilized by
setting these virtual inputs to zero. Based on predictions
of the state that cannot be affected due to the system
delay, the control inputs are constructed by solving an
ODE that governs the dynamics on the characteristic
line along which the control input propagates backwards
in time, taking the virtual input as boundary condition
for the ODE. It was shown that for linear systems the
state-feedback controller is equivalent to a previously
published backstepping controller [23, Section 3.4]. The
method was also extended to a class of interconneceted
systems [24] and to bilateral boundary control [26].

In this paper, we extend the method from [23] further
to systems with m actuated states all convecting in the
same direction and n non-actuated states convecting in
the opposite direction, for arbitrary n and m. In an-
other sense, it can be seen as an extension of the re-
sults in [16,2,8] to semilinear systems. Moreover, rather
than only focusing on minimum-time control as in [23],
we treat the virtual control inputs as degrees of freedom
that can be designed to ensure smoothness of the closed-
loop trajectories.

One of the challenges of systems with m inputs rather
than only one input as in [23] is the interaction between
different control inputs. In particular, the effect a control
input associated with a slower propagation speed has
on the state depends on future values of control inputs
associated with faster speeds (see also Figure 1 for how
the inputs propagate through the domain).

This paper is organized as follows. The precise problem
statement is given in Section 2. In Section 3 we design
the state-feedback control law: some preliminary results
on the states and dynamics on the characteristic lines
are established in Section 3.1 and a target system for
the closed-loop dynamics on the characteristic lines is
designed in Section 3.2, before the actual inputs are con-
structed in Section 3.3. The state estimation problem is
solved in Section 4, with the observer given in Section
4.2 and the output feedback control problem solved in

Section 4.3. Section 5 shows a numerical example. Con-
cluding remarks are given in Section 6. The appendix
contains several technical proofs.

2 Problem statement
2.1 System description

We consider systems in the form

u(z,t) = —A*(z)ug(z,t) + F*((u, ) (2, 1), 2,1), (1)
v(z,t) = A'(2)vg(z,t) + F'((u,v)(z, 1), 2,t), (2)
u(0,t) = f(v(0,t),1), (3)
v(1,t) = U(t), (4)
u(z,0) = ug(x), (5)
v(x,0) = vo(z), (6)

where z € [0,1], t > 0 and

T
u(z,t) = <u1(x,t) un(m,t)) ) (7)
T
v(z,t) = (vl(x,t) vm(x,t)) ) (8)
U(t) = (Ul(t) Um(t))T. 9)

The subscripts , and ; denote partial derivatives with
respect to x and t, respectively. Throughout the paper,
we use h([a, b]) to denote a function h (usually state or
input) evaluated over the closed interval [a, b] and simi-
larly for the open interval (a,b) and half open intervals
[a,b) and (a, b], and (u,v)(z,t) to denote the whole state
consisting of both u and v evaluated at (x,t). We assume
Uy € X[g,l] and vy € X[gfl] where X[’;’b] for k > 1 is the
space of bounded vector-valued functions on [a, b],

X[];)b] ={f:[a,b] - R 2 | flloo < oo} (10)
with norm

[Plloe = sup |[A(x)]| (11)

z€la,b
for h € X[IZ p With Euclidean norm -1

Remark 1 We consider a type of non-classical solutions
of the PDE model (1)-(6) that is defined via the associ-
ated integral equations. That is, the PDFEs can be trans-
formed to integral equations as given in Appendix A, and
we say that the solution of the integral equations, which
always exists for bounded inputs and is unique under the
given assumptions, is the solution of the PDEs. This so-
lution type has been called broad solutions in [5], although
in an L setting where solutions are defined only almost
everywhere as opposed to point-wise. As the solution of



the integral equations might not be differentiable, depend-
ing on initial conditions and control input, the original
PDEs might not be satisfied in the classical sense.

The transport speeds

A*(z) = diag (Xf(x) Ag(x)) : (12)
A" (2) = diag (A(2) ... A () (13)

are assumed to be measurable in x and satisfy

At (z) > Ay (z) > ... > () >0, (14)
Al(x) > A5(x) > ... >\ (x) >0, (15)

for all x.

Remark 2 The case where two or more states have equal

speeds /\;‘/U can be handled by allowing the corresponding
state u; or v;, respectively, to be vector-valued. Further,
note that Assumption (14) is only required for the ob-
server design while Assumption (15) is only required for
the state-feedback controller design.

The nonlinearities F*, F¥ : R"*™ x [0,1] x R — R"
and f : R™ x R — R™ are assumed to be (i) globally
Lipschitz-continuous in the state,

£ ((y1, 21), @, t) — F"((y2, 22), 2, )|
< Lu(llyr — w2l + [l21 — 22])), (16)

t) — F"((y2, 22), z, 1) ||
< Lo(llyr — yoll + llz1 — 22)), (17)
[f(21,) = flz2, )] < Lygllz1 — 22, (18)

HFv((ylaZl)vx’

for all y1,y2 € R™, 21,29 € R™, z € [0,1] and ¢t > 0, (ii)
measureable and uniformly bounded in z and ¢, and (iii)
such that

F*“((0,0),z,t) =0, (19)
Fv((()?O)vxat) =0, (20)
f(oat) =0, (21)

for all z and ¢.

Remark 3 The global Lipschitz conditions (16)-(18)
ensure global existence of the solution as long as the con-
trol inputs remain bounded. Similar local results can be
obtained if the nonlinearities are only locally Lipschitz.

Remark 4 Assumptions (19)-(21) ensure that the ori-
gin 1s an equilibrium. This assumption can be dropped if
the control objective is tracking instead of stabilization of
an equilibrium.

2.2 Control objective

The control objective is to drive the system to the origin
in finite time. Designs are discussed to reach the origin
in minimum time or, alternatively, to achieve finite-time
convergence while preserving smoothness of the closed-
loop solution. The control design method can also be
applied to solve a class of tracking problems at x = 0;
see also Remark 16. Moreover, we consider the observer
design problem of estimating the distributed state from
boundary measurements

Y(t) = u(1,t) (22)

and the design of an output-feedback controller using
measurements Y (¢) only.

Remark 5 Note that in Equation (4), allm components
of the state v are assumed to be actuated at the boundary
x = 1, and thatin (22) alln components of the stateu are
assumed to be measured at the same boundary. In practi-
cal applications, the transformation required to bring the
physical model to form (1)-(6) can mean that most or all
physical boundary values at x = 1 must be measured, and
the physical actuation signal can be a function of both U
and the physical measurements. See for instance [25] for
a detailed discussion of a particular case withn = m = 1.

3 State feedback control

r=1rg

- \
tottd t+d

\
T
t+d; time

x=0

Fig. 1. Characteristic lines of a system withm = 3andn = 1.
Starting at = 1, the control inputs propagate through the
domain along the dotted (U:), dashed (Uz) and solid (Us)
black lines, respectively. The grey dashed lines indicate the
characteristic lines of the state u.

The control design is based on the dynamics on the char-
acteristic lines of system (1)-(6) which are sketched in
Figure 1. The control inputs at time ¢ enter the dynam-
ics at * = 1 and propagate through the domain with
finite speeds A}. Because the propagation speeds are fi-
nite, the control input U; affects the state v; only on
the characteristic line along which it propagates, but not
earlier. In particular, at time ¢ the state (u,v)(x,t) for
x € [0,1) cannot be affected by U (t). Instead, the inputs
U(t) are designed to control the state on the character-
istic line along which input U,,, which is associated with
the slowest transport speed A\ , propagates.



The controller design can be summarized into the fol-
lowing steps:

(1) Derive the dynamics on the characteristic lines
along which the inputs propagate through the do-
main. As shown subsequently, the state on the
slowest characteristic line is governed by an ODE
coupled to n + m — 1 PDEs all convecting in
positive z-direction, i.e. with inflow boundary at
x = 0, compared to n + m heterodirectional PDEs
governing (u, v).

(2) Establish predictability of the states on these char-
acteristic lines using the current state and some
boundary values at * = 0, independently of the
control input U (t).

(3) Virtually move the control inputs from z = 1 to
x = 0, making it straightforward to control the dy-
namics on the slowest characteristic line and mak-
ing the prediction operators implementable.

(4) Using the state predictions, construct the input U
that ensures that the closed-loop system has the
desired boundary value at z = 0.

3.1 Dynamics, predictability and boundary values of
state on characteristic lines

Define the characteristic lines along which the inputs
propagate as

6 (x) = / g

)\;}(5) S [O»l]ai:].,...,m (23)

and, to simplify notation later,

oo(x) =0 for all z € [0, 1], (24)

and the corresponding delay times
av = 67(0). (25)

For j = 0,...,m, define the states on the characteristic
line along which v; evolves as

ui[j](x,t) = wi(z, t + ¢ (x)), (26)
r,t) = vi(w,t + ¢i(z)), (27)

<A
7
)
—

with

Note that, due to (24),

al0](x,t) = u(z,t) and O[0)(z,t) = v(z,t). (30)

Denote partial derivatives by @:[j] = 0:(@[j]) and
;1 [7] = Oi(@;]j]), and similar for & and partial deriva-
tives with respect to x. Assuming for now that the
boundary values v(0,t) are available for all ¢, we intro-
duce the notation

wi[j](t) = vi(0,t + df). (31)

Note that the boundary values w;[j](t) at time ¢ depend
on the input Uy up to time ¢ +dj; — d7, i.e. on inputs Uy
later than ¢ for & < j (this will be made more precise
later). Finally, define the following state with the j — th
component removed:

o) = (0l) - 51 l) Tl - Bli) (32)
with 9[0] = 9]0] = v.

The following lemma characterizes the dynamics of
(@, ).

Lemma 6 Forj = 0,...,m, the states (a[j],v[j]) sat-

isfy
Ulj)(z,t) = —Ajas[j](z, t) + F*[5)((a,0)[j](2, 1), 2, ),
(33)
0uld)(, t) = Ayo[] () + FV (1, 0) [] (2, 1), 2, t),
(34)
Ej,z[j]('nt) = —F;}[j]((ﬁ,@)[j](xﬁ), Q?,t), (35)
with boundary conditions
ﬂ[j]( 7t) = f(ﬁ[j](07t)7t+ d);(o))? (36)
ﬁi[j(a ):Uz(t)’ i=j+1,...,m, (38)

and initial conditions

ﬁz[j](x,()):vl(x,qﬁ}’(x)), i=1,....m 1 #], (40)

where, if 7 > 1,

Ay (@) = diag (X1 (2) ... A, (), (41)
AY(z) = diag (X;{l IOV IR VP Z\g,m), (42)
with
_ AN (z
M) = Aué) )+JA( (l)’ (43)
3(r) = LA A5 ()

~ N @) - X))



and
Pyl = (el . F2l)) (45)
Pl = (B0 .. By li) Bl .. Flil) © (46)
with
Bl (9,2, 3.8) = woatiarm )
< F((y,2), 0.t + 0Y(x))
Flv[-j] ((y,2), 2,t) = % i (48)
< F (@, 2) 2t + U(a) ’
Fj@[j] ((y7 ) z t) )\U(.L) (49)
) F¥ (> 2), 0t + 1))
and, for j =0,
AU =AY, RU=AY, FUf0]=FY, FY[0] = F".
(50)

PROOF. There is nothing to be shown for j = 0 be-
cause (33)—(40) with (50) is just a copy of (1)-(6). For
j=1,...,m, we have the following.

Fori=1,...,m, we have

Vit [f](7,t) = —vi(w, t + @7 (7)) = vig(w,t + ¢ (z))

(51)

dt

(note that , and ; denote partial derivatives of the state

with respect to the space and time, whereas 2 = and dcfb

are total derivatives with respect to « and ¢), and

oy Vi (@ 4 95 (2)

d
dz
= v (z, t+ qb}’(ac))

'l_}i,z[j](xat) =

1
Aj ()

1 v
)\v( ) [U%t(x t+ ¢ (z))

—F? ((u, v)(x, t+ (ZS;) (f))a z,t+ d); (w))] (52)

_ )\“(:c)v”(x st + @7 ()

_N@NE
IR CIC I

! Y ((u,v)(x,t), x V(o
_)\;)(l.)Fz (( ’ )( at)v at+¢]( ))7

where the dynamics (2) were inserted into the third
equality of (52). If i = j (A} = A}), (52) simplifies to the

ODE (35) with (49). Otherwise, substituting (51) into
(52) and rearranging gives (34) with (44) and (48).

Repeating the same steps for @;[j] gives (33) with (43)
and (47). Here, no case distinction for ¢ = j is required
because of the + in the denominator of (43).

Regarding the boundary conditions, note that

’U’U

i v v
X XJ>O<:>>\ >\ &g <i. (53)

Therefore, for i < j the propagation direction of state
U;[4] is in the positive x-direction. Consequently, the
boundary condition must be specified on the inflow
boundary at = 0 as given in (37) (where definitions
(25), (27) and (31) are used) , while for ¢ > j, the
direction of propagation of o;[j] remains in negative
z-direction with inflow boundary at * = 1 as given by
(38) (using definitions (23), (27) and Equation (4)).
The inflow boundary of @[j] remains at = 0 for all 4
and j as given in (36). Since 7;[j] satisfies (35), which
is an ODE in space without time-dynamics, the bound-
ary value can be specified at any = € [0, 1] (even in the
interior of the domain). It is here included in (37). W

Remark 7 Note that for all j

v
Aj,j—l < e

<A <O<A],, < <A, (B4)
which is straightforward to show using (15). Therefore,
the propagation direction of v;[j| remains in the negative
x-direction fori=j+1,...,m, but is in the positive x-
direction fori =1, ...,j—1. Moreover, U,[j] satisfies an
ODE. Furthermore, the input associated with the fastest
speed in (33)-(38) is Uji1. Also note that FY, F}* and f
are evaluated at time t + ¢%(x) in (47)-(49) and at time
t+ ¢7(0) in (36), respectively.

Next, we establish a precise characterization of the de-
pendence and independence of the states (a[j],7[j]) on
the control inputs U(t). As we are only interested in
dependence on U(t), for now we continue to treat the
boundary value at = 0, i.e. 7;[§](0,¢) for i = 1,...,j
n (37), as known.

For time t > 0 and j =0, ..., m, define the interval

I [t,t+ (dj 1 —d)] (55)
and the set of boundary values (which is empty for j = 0)
t) = {61 [j}(O,I;), c D5 [j](O,I;)} . (56)

At time t, W;(¢) contains the boundary values @;[5](0, -),
i =1i,...,J, over the future interval Z}.



Lemma 8 Forallj =0,...,m—1andt > 0 there exists
a Lipschitz-continuous operator

@5 X
(2, 9) [7](-), W;(t)) =

Bvaluating % is independent of U (t).

X X[O 1) X X%; — X(’(’M] X X[?f@)

(alj +1],0) [ + 1] 0).
(57)

PROOF. The proof is based on technical results pro-
vided in the appendix. For j =0, . — 1, the system
(33)-(40), is of the form (A.1)- (A 7) Wlth a=1dalj], f=
(L) - 551031, 7 = %3071 6 = (50li] ... Bl
and the input arguments of <I>§- as the initial condition

for the (o, 8,7, d)-system. The speed A\{ corresponds to
AY ..y as per (44). Using ¢f as in (A.13), we establish
the following relations:

1
U d —d
P (@) + i / i€ “/x A;’Hl(g) ¢

_ /1 Ul + ] (UE) j’:rl { /
T )‘j (S) A ( >‘ j+1
and therefore

]+1
lj] (.t + ¢(x)) = u (2,t + ¢3(z) + ¢ (z))
= wlj + 1)(=, 1), (59)
il + 1) (=, 1). (60)

By Lemma 26 (after shifting time), it is possible to pre-
dict

)

4] (2.t + 03 (2))

alj)(z, t + ¢1(x)), ze (0,1,  (61)

(corresponding to a(z, S (x))), and

(01071 - ) B32l7] - Bl (rt + 6], (62)

€ [0,1), (corresponding to 3, v and (dy ... §,;)"
at (z,#3(x))) independently of the control inputs U (t).
In view of (59)-(60), these are the output arguments of
@3. Moreover, by Theorem 25, the predicted solution
depends Lipschitz-continuously on the input arguments
of @ [ |

Remark 9 The effect of U;(t) for i = 1,...,j on
(@, D) [J + 1](-, ) is implicitly contained in the boundary
values W;(t). However, as stated by Lemma 8, evalu-
ating @ does not require knowledge of U(t) if W, (t) is
available.

Remark 10 (Implementation of ®;) The operator
<I>§» can be implemented by solving the PDE-ODE system

(33)-(58) in the rectangular domain

1

{@ﬁ%xemJLseht+/(viﬂQ%@ (63)

with (@, 0)[j] as the initial condition and some arbitrarily
chosen value for U(t) , as this only affects U417 + 1] but
not 0[j +1] and a[j + 1] see the proof of Lemma 26. The
parameter t in <I>§ 1s required because the coupling terms
F* and FV as well as f are allowed to be time-varying.

Finally, we establish the following relationship between
the control input Uj;, entering at = 1, and the bound-
ary value of v; at x = 0.

Lemma 11 For givenj € {1...m} andt > 0, consider
the Lipschitz-continuous operator defined by

m—1
Xo xR—R (64)
(¢7 (ﬁaw) = @](1)

where @; is the solution of the ODE

t . n
W Xy X

¢ix(@,t) = —F7 (6, 9) i) (2, 1), 2, 1),
(65)
Pj (0) =w,
with (analogously to the definition of 4, U and ¥)
¢ = (9?51 : ¢n> € X1, (66)
80: ((pl oo sﬁm) €X$1)7 (67)
¢:<<p1.--s0j—1<pj+1.--so )GX{31)1 (68)

The component of the state v;[j] as governed by (35)
satisfies

7;(0,t) = w (69)
if and only if

Uj(t) = \Ijz ((ﬂ,ﬁ)[j]((o, 1)7t), w) : (70)

PROOF. As, after a change of notation, (65) is a copy
of (35), this follows directly from uniqueness of the so-
lution of the ODE. Existence, uniqueness and Lipschitz-
continuous dependence of the solution under the given
assumptions is ensured by the Carathéodory existence
theorem, see e.g. [12]. [ ]

3.2 Target system with virtual control inputs at x = 0

Note that for j = m, the direction of propagation of all
states in (33)-(35) is in the positive a-direction (except
for o, [m], which satisfies an ODE in x and therefore has



no direction of propagation), and that all boundary con-
ditions are specified at x = 0. The system (a[m], 7[m])
turns out to be easier to control via the boundary con-
dition at x = 0 than it is to control the original system
(u,v) via the boundary condition at x = 1. Therefore,
we first construct a target system for (a[m], o[m]) where
we replace the boundary values w in (37) by a new in-
put by virtually moving the control input from z = 1 to
x = 0. Then, in the following section, we construct the
control inputs U(t) such that (a[m],7[m]) as given by
transformation (26)-(27), with (u, v) governed by (1)-(4)
in closed loop with the control law for U(t), is equal to
the target dynamics.

We introduce the virtual control inputs U*(t) =
(Us(t)...U} (t)), which are the desired values for v(0, t).
That is, the desired closed-loop trajectories shall satisfy

v;(0,t +dY) = U} (t) (71)
for i« = 1,...,m. The shift by d is to compensate for
the transport delay in the system, such that the input

U;(t) at time ¢ is correlated to the virtual input U} (¢) at
time ¢t. Moreover, we define

Ui lil(t) =
which is just another time-shifting such that
vi[71(0, 2) = U7 [4] (1) (73)

The target system for (a[m], 7[m]) in closed loop, which
we denote by (a*,v0*), is

Ul (t+dj —d}), (72)

af(x,t) = =A%k (z,t) + F[m]((a*,v*)(z,t), 7, 1),
~ (74)

5 (@,1) = AL ws (e, ) + P m) (@, 5°) (w,1), 2, 8),
(75)
V(1) = —FP [m]((a*,v*)(x,t),2,t), (76)

with boundary conditions

u*(0,t) = f(07(0,2), + ¢5(0)), (77)
7%(0,t) = U*[m](¢), (78)

(2,0) = ui(z, o0, (x), i=1,...,n, (79)
0 (x,0) = vi(x, Py, (), i=1,....,m—1. (80)

Note that the equations governing (74)-(77) are equiv-
alent to (33)-(36) for j = m as they cannot be affected
by control. The difference is the boundary condition for
v(0,t), which is considered as an input in (78) com-
pared to a boundary value that is the result of inputs
U(t) = v(1,t) in (37).

It turns out that the choice U* = 0 stabilizes the target
system at the origin.

Theorem 12 Consider system (74)-(78). If

U*[m](t) =0 forallt >ty (81)

for some tg > 0 (see also Remark 15), then

(o) = 5 ) = O for all z € 10, 1], %
UGN

irrespective of the initial condition. Moreover, the closed—
loop solution remains bounded fort < to + fo i 5)df

if U™ is bounded.

PROOF. System (74)-(78) is of the form (A.1)-(A.7)

for a = u*, = 0%, vy =0} and ns = 0. Due to

_ A\ AL
Ay = e S AL > T = anm (83)
) 1 _ )\an 1 + 'm

the assumptions of Lemma 27 are satisfied. Shifting time
and applying the lemma establishes the ﬁrst part of the
result. Boundedness for ¢t < ty + fo v ( ) d¢ follows

directly from Theorem 25. ]

Remark 13 (Exponential stability) If there exists a
constant ¢ such that

sup [U7[m](®)]] < ell (@, 07) (-, 0)[o - (84)

with U*[m](t) = 0 V¢ > to, then (74)-(78) is also expo-
nentially stable in the sense of that for every b > 0 there
exist an a > 0 such that

I (@*, %) (-,

This can also be proven by use of Theorem 25 because, for
t < to-+dy, bound (A.29) and (84) imply the existence
of constant a such that

t)lso < all (@, %) (-, 0)[lce™".  (85)

Ut || (@, 5%) (1)l < all (@*,5%) (-,

while fort > to + dY, (85) trivially holds due to (82).

0)llos, (86)

3.8 Construction of control inputs

In this section we construct the control inputs that map
the open-loop dynamics (1)-(4) into the closed-loop tar-
get dynamics (74)-(78) for chosen virtual control inputs
U*. The design exploits the predictability of the state



(a[4], 9[4]) by successively applying the prediction oper-
ators <I>§- as given in Lemma 8, and then applying the
operator \Il‘; from Lemma 11 to compute the input U;

that ensures that o[j] has the desired boundary value at
x =0 as given in (78).

As written in Lemma 8, evaluating <I>§ requires knowl-
edge of the boundary values collected in the set W, ()
(see definition (56)), which depend on the control in-
puts U; over the time interval [t,t + df — df], i.e. on fu-
ture values of U; for 7 < j that are yet to be computed.
The crux of making the predictors and control law im-
plementable, is to use the fact that in closed loop these

boundary values are equal to the virtual control inputs
as in (71) and (73).

For chosen virtual control inputs U* as in (71)-(73) and
using Z} as defined in (55), define the set

Ule) = {Urh(Zg) - U7 L) ), (87)

which is the closed-loop analogue of W[j]. Due to (55)
and (71)-(72), note that U*[m](¢) includes future values
of U up to time ¢ + d;, — dj, which must be pre-
determined at time ¢. Using (87), the operators ®% from
Lemma 8 can be applied to successively predict the
closed-loop states (@, 9)[j] for j =0,...,m — 1 via

(88)

with (@, 0) [0] asin (30). By Lemma 11, the control inputs
Uj(t), 5 =1,...,m that ensure (73) are

U;(t) = w5 (als], ol5], U7 [5)(t))- (89)

In summary, the control algorithm is as follows.

Algorithm 1 State-feedback control algorithm

Input: time ¢, state (u,v) (-, t),
virtual control inputs U ([¢,t + (2, — d¥)]), i =
1...m

Output: control input U(t)

,0) [4 + 1](+, t) using (88)
(1) using (89)

D —~
N

comput

1

2

3

4:  predict
5

6: end for

We are now in position to formulate the main theorem
on state-feedback control.

Theorem 14 The system consisting of (1)-(4) in closed
loop with U (t) constructed as in Algorithm 1 withU*(t) =

0 for all t > ty satisfies u(x,t) = v(z,t) = 0 for all
t >ty +d;, +dy, whered) = fol A%(E)df Moreover, the
closed-loop solution remains bounded fort < to+d%, +d%

if U*(t) is bounded fort < tg.

PROOF. Due to Lemmas 8 and 11, system (1)-(6) in
closed loop with U (t) as constructed in Algorithm 1 sat-
isfies

u(z,t) = u*(z,t — ¢y, (x)), v(x,t)=70"(z,t — ¢y, ()

m

for all t > ¢7 (). Using

u(zx, to + d°, + d)
1 1 z 1
=u(wtor [ wget [ me) (91)
—u (x,to‘F/JU e de>

and analogously for v, applying Theorem 12 proves con-
vergence to the origin, i.e., that (91) is equal to zero,
as well as boundedness for z € [0,1], t > ¢p (z). It
only remains to show boundedness for ¢t < ¢2,(z). For
t < ¢¥(x), boundedness follows directly from Theorem
25. Then, using boundedness of U}[j] for 1 < j, one
can apply Theorem 25 recursively for j =1,...,m —1
to prove boundedness of (@,v)[j](z,t) for z € [0,1],

t< fxl ﬁ By (44) and (26)-(27), this is equivalent
to boundedness of u(x,t) and v(z,t) in each of the do-
mains z € [0,1], t € [¢} (), ¢} 1 (7)], 7 =1,...,m—1,
which finishes the proof. |

Remark 15 (Design of U*(t)) Choosing U*(t) = 0
for all t > 0 is sufficient (but not necessary) to ensure
that the system is driven to the origin in minimum
time. However, minimum-time control can create dis-
continuities in the state which are undesirable in some
applications.

For instance, to obtain classical C*-solutions to (1)-(6),
the coefficients A%, AV, F*, F° and f, the initial con-
ditions (ug,vo) and the control input U must be C1-
functions of their arguments, and the initial conditions
and control inputs must also satisfy the C -compatibility
conditions at x = 0 and x = 1. See for instance [5, chap-
ter 3] for a more detailed discussion of regqularity of the
solution. The corresponding compatibility conditions for
U* are

U7 (0) = lim v;(0,s), (U})'(0)= lim v}(0,s). (92)

i 7
s—d? s—d?

Note that the boundary values v;(t), t < dY, are pre-
dictable independent of U i.e., there exist prediction op-



erators H;- such that

v(0,[0,d3)) = 115 (vo, uo, U}) (93)

where

={Uy([0,d] —di)),...,U;_([0,d} —

j dj_1])}-
(94)

Existence of It can be proven by use of Lemma 26.

One design U € C* that reaches zero within some finite
time T > 0, where T can be chosen to tune the conver-
gence time and gradient of the solution, is

U*

K2

co+ et + et +estd  ift < T
(t) = { (95)

0 ift>T"

The coefficients cq to c3 are determined by condition (92)
and the target condition

Ui(T) =0, (UH)(T)=0, (96)

which can be solved recursively fori = 1...m by use of

(93).

Remark 16 (Tracking) Instead of stabilizing the sys-
tem at the origin, a tracking objective at x = 0 of the
form

v;(0,t) = hy(t) fort > d7 (97)
can be satisfied simply by choosing

Ui (t) = hi(t+d7). (98)
For tracking, assumptions (19)-(21) can be dropped as
they are only required to ensure that the origin is an
equilibrium. Thus, the terms F*, F¥ and f are allowed to
include time-varying disturbances for which short-term
predictions exist. More precisely, it is sufficient if at each
time t > 0, the functions F*“, F¥ and f are known over
the future interval [t,t + dY,].

Remark 17 (Sampled-time control algorithm)

Instead of continuously evaluating the control law as de-
scribed in Algorithm 1, which is practically intractable
as the PDFEs need to be solved in zero time when eval-
uating <I>§-, a sampled-time version can be implemented
that at time t computes the control input for the inter-
val [t,t + 0]. For this purpose, the state (@,v)[m](-,t),
which in closed loop is equal to the state of the tar-
get system (u*,0*)(-,t), can be predicted based on state
(u,v)(-,t) by successively evaluating the operators %
for j =0...m, as done in Algorithm 1. Then, the tra-
jectory of (w*,0*)(-,s) over the interval s € [t,t + ¢]
(as opposed to just the time point t) can be obtained by
solving (74)-(18) over the interval [t,t + §]. The inputs

U that render the system into the target system are the
boundary values of the target system at x = 1; i.e.,

Ui(s) = v} (s), ett+4], i=1,....,m. (99)

In algorithmic form this reads as follows.

Algorithm 2 Sampled state-feedback control algorithm

Input: time ¢, state (u,v) (-, t),
virtual control inputs U} ([t, ¢ + (dY,
1...m

Output: control input U([t,t + d])

— )+ ), i =

1 set (,8) 0](+) = (u,0) (1)

2: for j=0,...,m—1do

3 set [U*[]](t) as in (87)

4:  predict (@,?) [ + 1](-,t) using (88)

5: end for

6: set (U v )( at) = (’&76) [m](vt)

7: solve (74) (78) over time-interval [¢,¢ + J]

8: set U;(s) = vl(s) for s € [t,t +0],i=1,...,m

However, this algorithm uses predictions of the closed-
loop trajectories over the longer horizon

{(z,8) : 2z €

compared to

[0,1], s € [t,t + o2 (x) + 5]} (100)

{(z,s):x €[0,1], s € [t,t + ¢y, (2)]} (101)

for Algorithm 1. In theory, if exact predictions are as-
sumed, the control inputs computed via the two algo-
rithms are equivalent. In practice, however, uncertainty
will lead to prediction errors that can affect closed loop
stability. It is to be expected that longer prediction hori-
zons due to sampling lead to more sensitivity to uncer-
tainty. Yet, if the sampling period § is small compared
to the prediction horizon dy, of the continuous-time con-
trol law, it might be expected that the error introduced
by sampling is small. Robustness analysis of closed-loop
stability and performance using both the continuous (Al-
gorithm 1) and sampled (Algorithm 2) feedback laws is
the subject of further research.

Remark 18 Ifsystem (1)-(6) is linear, one would expect
that the control input is a linear function of the state and,
due to Riesz representation theorem on L2([0, 1], R"+™),
could be written in the form

/Ku

with gains K* € L*([0,1],R") and K° € L*([0,1],R™).
This was done in [23, Section 3.4] forn = m = 1, in
which case the control law turned out to be equivalent

u(z,t) + K¥(x)v(z,t)de  (102)



to the backstepping controller. Although we have so far
been unable to derive an expression of form (102) for
general n and m, it would be an interesting question to
research if it is possible, and to investigate the relation
to the different backstepping controllers. In particular,
there might be links between degrees of freedom in U*
and degrees of freedom in the target system and kernel
boundary conditions of the backstepping method.

4 Observer design and output feedback

The observer design is based on the observation that
the measurements Y;(¢) = wu;(1,t) propagate through
the domain along the characteristic lines of the states
u;, similar to how the control inputs U; propagate along
the characteristic lines of states v;. See also Figure 2.
In particular, due to the finite propagation speeds, the
state at (z,t) for z < 1 has no effect on the measure-
ments at time t. Therefore, the idea behind the observer
design is to first estimate the state on the characteris-
tic lines on which the measurements associated with the
slowest speed evolved, and then use a prediction opera-
tor to construct the estimate of the current state from
the estimated state on that characteristic line.

4.1 Dynamics on characteristic lines of measurement

T = 1= = 7
o~ / /
~
N / /
N/ /
# 4
/ " /
~/
/
r=0 !
+  time
Fig. 2. Characteristic lines of a system with n = 2 and

m = 1 along which the measurements Y1 () (solid) and Ya(t)
(dashed) evolve, as well as the characteristic lines of the v.

Fori=1,...,n define

b
oi(@) = /a: A4(E)i

Define the states on the characteristic line along which
the j-th measurement evolved as

g, dif = $i/(0). (103)

ﬁ/z[.]](x’t) :ui(x,t—(b}‘(x)), (104)
ﬁl[j](mvt) :Uz(%t—ﬁ(iﬂ)), (105)

with
aljl(@,t) = (0lil(e.0) .. anlil@.0),  (106)
olile,t) = ()@ 0) . onlil@t) . (107)
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and the state with j-th element removed

t5-1[j] @511j] anm)T.

alj) = (als] ...

Lemma 19 For j = 1,...,n, the states (u[j],0[j])

isfy

(108)

(111)
with boundary conditions
a;[5](0,t) = fi(@[5](0,1),t —df), i=j+1,...,n,
(112)
A’i[j](Lt):Yi(t)? i=1,...,7, (113)
of](L,t) = U(1), (114)
and “initial” conditions
uljl(z, ¢ (z)) = uo(z), (115)
o[j](z, ¢ (2)) = vo(2), (116)
where
A¥(z) = diag (X;{I LAY A J\;n), (117)
Ry (@) = diag (X2, () ... Ay, (@) (118)
with
R - AP o 119
j,Z(”I:)_ A;L*A;” Z#Ja ( )
() = 120
Ji(x) = O (120)
and
U 7~ . ~ ~ . . T
Pl = () .. B L) Epali) . E2)
(121)
. R T
P = (By) - Buli) (122)
with
- AU (z)
F'u y 2 71'7t = u]ﬁ7
w2 =y L )

Xﬂu((y,ZL z,t— ¢;L(x))



- B 1

, (124)
xFi((y,2), x,t — ¢} (x))

- A (@)

Fyll ((y,2),2,1) = wimem (125)

XFP((y, 2), @t — ¢%(x))

PROOF. The proof is very similar to the proof of
Lemma 6. |

Note that because of (14),

Mg < <A <0< A, < <A (126)
Therefore, the boundary conditions for ;[j] are specified
at the inflow boundary at x =0 for ¢ > j and at x = 1
for ¢ < j, while @;[j] is an ODE in x and therefore has no
direction of propagation. The states (4, v) [j] are related
to the current state (u,v) via a prediction operator that
is independent of the input U (¢).

Lemma 20 For j = 1,...,n there exists a Lipschitz-
continuous operator

t. + +
X5 Xt = g

e (127)
(u,’l))[j](',t) = (U,U) ('at)'

Evaluating Z; is independent of U(t).

PROOF. By Lemma 28 (after shifting time), (1)-(4)
with initial condition

(u, v) (2, t = ¢j(x)) = (a,9)[j](z,1) (128)

has a unique solution in the domain
{(2,8): 2 €[0,1), s € [t — ¢} (x),t +7(z))} (129)

that is independent of U(t). This domain includes the
current state at ([0, 1), t), which is the output argument
of Z;. Moreover, by Theorem 25, the solution in this do-
main depends Lipschitz-continuously on the input argu-
ments of 4. [ |

4.2 Observer

In order to estimate the states (a[j],0[j]) for some j by
use of an observer, it is desirable to have the boundary
values of all states at the inflow boundary available to
the observer, and to have that the inflow boundary (ei-
ther x = 0 or x = 1) is equal for all states, i.e. that
all states propagate in the same direction. In (113) the
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boundary value is the measurement, i.e. known, whereas
the boundary value (112) depends on ¢(0,t), which is
not measured and needs to be estimated. Moreover, the
direction of propagation of [j] is always negative (due
to positivity of 5\% for all 4, j), and the boundary value
9(1,t), the control input, is known.

Therefore, j = n is the only choice that ensures that the
inflow boundary of all states is equal and that all inflow
boundary values are known. We design the observer for
the (@[n], 0[n])-state as a copy of (109)-(111) comple-
mented by the boundary values and an initial estimate.

Theorem 21 Consider the observer

i (x,t) = —Ayag(z,t) + F[n]((a%,0°)(z, 1), 2, 1),

(130)

iy ,(z,t) = F#[n]((ﬂo,ﬁo)(x,t),x,t), (131)
822, 8) = A%00 (2, ) + o] (8%, 6°)(2,1), 2, ),

(132)

a°(1,8) = Y (t), (133)

8°(1,1) = U(1), (134)

u’(x,0) = ug(z), (135)

°(x,0) = 05 (x). (136)

For any initial guess ug, 0§, the state-estimates satisfy

w°(x,t) = a[n](x,t), 0°(x,t) =0[n](x,t), (137)
forallz €10,1], ¢t > le 5 L (g)df.
PROOF. The estimation error
“(z,t) = 4°(x,t) — a[n](z,t), (138)
¥ (x,t) = 0°(x, t) — On)(z,t), (139)

eW(x,t) = —Ave(x,t) + E“(a[n], 0[n], 0%, 0°, x,1),
(140)
eno(@,t) = Ex(t[n], o[n],a% 0%, 2, 1), (141)
¥ (x,t) = AVéY(x,t) + E¥(a[n), 9[n], 0°,0°, x, t),
(142)
e“(1,t) =0, (143)
e’(1,t) =0, (144)
with
E*(a[n], 0[n],a°, ?07 x,t) = F[n]((a°,0°)(x,1), 2, 1)
—F“[n]((A[nllﬁ[n])(%t%x,t), (145)
E“(ﬁ[n],ﬁ[n],ﬁo,?o,x,t) = F*[n]((a’, 0°)(x,t),z,t)
— PUln)((an), Bln]) (2, £),2,8). (146



Note that

&(x,t) = &¥(x,t) = 0, (147)

ie. 4°(x,t) = a[n](x,t) and 0°(x,t) = O[n](z,t), implies

o
)

E*(a[n],
E*(a[n],

>
>
(S5
Q
~
Il

[n], , T, t
[n]’ ﬁ07’00, :Z:7t

0, (148)
0. (149)

S~—
Il

>

After a change of coordinates from x to 1 — x and order-
ing the states according to speeds, the error dynamics
(140)-(144) has the form (A.1)-(A.7) and satisfies all as-

sumptions of Lemma 27 with slowest speed ;\Z,m There-
fore, applying Lemma 27 completes the proof. |

Combining Lemma 20 and Theorem 21, we obtain the
main result on state estimation.

Theorem 22 The observer consisting of (130)-(134)
with

(test; Vest) (1) = 3y, ((4°,0°) (-, 1)) (150)

achieves exact state-estimation within dy, + d¥, i.e.

(Uest, Vest) (z,t) = (u,v) (x,t) (151)

forallz €10,1], t > d, + d¥.

Note that evaluating !, does not depend on U(t). U(t)
is only needed to update the observer (130)-(134) as time
proceeds.

Remark 23 (Anti-collocated observer) It is straight-
forward to design an observer that uses measurements
that are anti-collocated with the control input, i.e.

Y1 (t) = u(0,1), Ya(t) = v(0,1), (152)
by making a change of coordinates from x to 1—x, switch-

ing the roles of u and v, and repeating the previous steps.
Similar to (109)-(114), the states

. "o
““(“‘/o A;;l(s)dg)’
, |
o=o(m [ rg):

all evolve in positive x-direction, and the inflow boundary
at © = 0 as given in (152) is available to the observer.
Therefore, (4,0) can be estimated in finite time, and the
current state can be determined by use of a prediction
operator similar to .

(153)

(154)
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4.8 Output feedback control

The output-feedback control problem is solved by com-
bining the observer from Section 4.2 with the state-
feedback controller from Section 3.3.

Theorem 24 Consider the output feedback controller
consisting of the observer (130)-(134) with the state-
estimate as in (150) and U(t) as constructed in Algo-
rithm 1 with U*[m](t) = 0 for all t > to. For any ini-
tial guess (1§, 03) and all initial conditions (ug,vo), the
closed-loop solution satisfies u(x,t) = v(xz,t) = 0 for all
t > max{to+dy, +d¥,2(d?, +d%)}, and remains bounded

m

fort < max{to+dy, +d2,2(ds,+d%)} if U*(t) is bounded.

PROOF. By Theorem 22, the estimation errors be-
come zero after t > d7), + d. Once both the estimation
errors and U*[m] are zero, whichever occurs last, by The-
orem 14 it takes another d}, + d¥ units of time until the
states reach the origin.

To prove boundedness of the solution for ¢ < max{ty +
dv 4+ d%,2(dY, + d¥)}, one can apply the methodology
in the proof of Theorem 25. The overall closed-loop dy-
namics consisting of the observer dynamics (42, v°), the
state (u,v) as well as the dynamics in the operators
¥t @t and Wl i = 1,...,n, have a slightly more com-
plex structure than (A.1)-(A.7) but satisty the same ba-
sic assumptions, namely boundedness of external inputs
(only the virtual inputs U* in this case) and Lipschitz-
continuity of state-dependent functions. Therefore, one
can transform the overall closed-loop dynamics into in-
tegral equations and apply a successive approximation
method to prove existence of the solution as well as a
bound that grows at most exponentially in time with a
rate proportional to the Lipschitz constants. |

5 Numerical example and implementation

We demonstrate the controller performance in a numer-
ical example with n = m = 2 with

A =2, =15 A =15,
w1 @205 o (7P min{[vs |, v}
27108 <05’ B = ’

o < sin(uy + vg) > = ( sin(vy — uq) ) '
sin(uq ) cos(uz) FY = (va — u2)

(155)
The resulting delays are d} = % and d, = 1.125. The
initial conditions of all states are set to one and the
initial condition of the observer is set to zero. In open

loop (U = 0), the states uy and vy diverge.



Fig. 3. Closed-loop trajectories (top row) and estimation errors € = uest — u and €’ = vest — v With Uest, vVest as in (150)
(bottom row). The red lines indicate the measurement, control input and boundary estimation error, respectively.

The closed-loop trajectories using the output-feedback
controller (Algorithm 1 combined with the observer
(130)-(134) with (150)) with U*(¢) = 0 for all ¢ > 0,
and the estimation errors are depicted in Figure 3. The
evolution of the state norm is also shown in Figure
4. The input propagation fronts are clearly visible. In
accordance with theory, states and estimation errors
become zero in finite time, up to numerical errors. In
Figure 4 one can also see the faster convergence time in
the state-feedback case.

For the simulations, all PDEs (i.e. the system (1)-(6) and
those in the prediction operators <I>§-, 7=0,....m—1,
and X!) are discretized in space using first-order fi-
nite differences, leading to a high-order ODE (“method
of lines”) that is solved by use of Matlab’s ode45. In
the implementation of ®%, Remark 10 is exploited to
avoid having to solve the PDEs over non-rectangular do-
mains. The operator !, is implemented similarly over a
rectangular domain. In the present implementation, the
continuous-time algorithm is used, i.e. the control law
is evaluated every time ode45 evaluates the right-hand
side of the discretized PDEs. For a spatial grid with 50
elements, which has been used to produce the figures,
the average computation time to evaluate the output
feedback controller is about 0.15s on a standard laptop,
although it should be emphasized that the current code
has not been optimized for performance. In practical ap-
plications the sampled-time Algorithm 2 would be more
appropriate, and there seems to be a trade-off between
sampling time, which likely affects prediction errors due
to model uncertainty, and the number of discretization
elements, which affects both numerical prediction errors
and the allowable sampling time (via the computation
time). All this is the subject of further research. Also
note that for most practical systems, a state transforma-
tion is required to first bring the model to form (1)-(6)
before the control law can be implemented. Then, the
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measurement Y (¢) is obtained from the physical mea-
surements and the state transformation, the control law
is implemented in the characteristic form (1)-(6) as out-
lined in this paper, and the control input U (¢) is mapped
back into the physical actuation signal by inverting the
transformation. See also Remark 5 and [25].

15 ~ —nonl contr outp-fb
—nonl contr state-fb
/ u=0
10 ——backstep outp-fb
——backstep state-fb

Fig. 4. Comparison of the state norm trajectory using the
nonlinear controller presented in this paper to the backstep-
ping controller from [16] for both state and output feedback.

In Figure (4), we compare the performance of our non-
linear controller to the linear backstepping controller
from [16]. As the backstepping controller is not well-
defined for discontinuous transport speeds and to allow a
fairer comparison, we modified A§ to the constant value
Ay(z) = 5 (for both our nonlinear and the backstepping
controller). The backstepping controller is computed by
linearizing (155) (with the modified A}) around the ori-
gin. As opposed to the nonlinear controller, the backstep-
ping controller fails to steer the state to the origin. By use
of state feedback backstepping, the state diverges only
slightly slower than the uncontrolled system (U = 0).
For this initial condition, the output feedback controller
actually performs better than the state-feedback con-
troller and the closed-loop trajectory converges to a non-
zero value. By simulating a large sample of initial condi-
tions, it appears that the output feedback backstepping



controller can asymptotically stabilise the origin of the
nonlinear system if ||(ug, v9)||oo < 0.07 (mind numerical
inaccuracies and that only a finite number of initial con-
ditions has been tested). In any case, the backstepping
controller cannot reliably stabilise the nonlinear system
if the initial conditions are far from the origin, whereas
the nonlinear controller presented in this paper has no

restriction on the initial condition.

6 Conclusions

We solved the problem of stabilizing systems governed
by general semilinear hyperbolic PDEs in one dimension
with actuation and sensing restricted to one boundary
of the domain. The design exploits the dynamics and
predictability of the states on the characteristic lines of
the system. The result is applicable to relevant practical
systems such as multiphase flow or multi-lane traffic.

In the presented design, the virtual inputs U* are a de-
gree of freedom. Convergence to the origin is guaranteed
if the virtual inputs become zero, but the transients be-
fore reaching the origin can be tuned via U*. Therefore,
the design of U* should be investigated further.

Future work will also investigate robustness of the pro-
posed control scheme with respect to model uncertainty,
which is of high interest for practical application. One
line of current research is trying to prove robustness by
exploiting continuous dependence of the solution on the
model parameters [5], so that it might be possible to
show that the prediction error and the error between de-
sired and actual trajectories is small if appropriate as-
sumptions are made. While simulations suggest a certain
degree of robustness at least in some cases, rigorous ro-
bustness certificates would be highly desirable. Further,
the effect of the prediction horizon in the sampled-time
control law (Algorithm 2) on robustness compared to
the continuous-time implementation is of interest.

Finally, the method should be extended to different
classes of systems such as systems with bilateral actu-
ation and sensing, which should improve performance
and robustness compared to the unilateral case, un-
deractuated systems with less inputs than states, net-
worked systems, and quasilinear systems (see [27] for a
first result on quasilinear systems).
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A Transformation to integral equations and
technical proofs

In the following we establish several technical results.
Due to page restrictions, detailed proofs cannot be
shown here but references to similar cases in the litera-
ture are given.

The following class of systems is generic enough to con-
tain all systems occurring in this paper except the full
closed-loop system in Theorem 24.

ar(x,t) = —AY(x)ag(z,t) + G*(n(x,t),z,t), (A.1)
Bi(w,t) = =AP(2)Bu(, 1) + GP(n(,1),2,1), (A.2)
WI(xﬂt) = G (77(% ),x )7 (A?’)
Op(m,t) = A°(2)d4(x,t) + GO(n(z,t),z,t), (A.4)
where n = (aT BT AT JT)T, with boundary conditions
a(0,t) = g(no(t), 1),  B(0,t) =VP(t),  (A5)
7(0,t) = V7 (1), 5(1,t) = VO(t), (A.6)
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where 7o(t) = (B(O,t) ~(0,t) 6(0,t)>T and V?, V7 and

V9 are inputs, and initial conditions

a(z,0) = ag(x), B(x,0) = Bo(z), d6(z,0) =o(z).
(A7)
The states are vector-valued with
x(@.t) = (xa(e.b) .. an(x,t))T (A.8)

for x = «,8,7,6 with n, > 0 (this includes the case
where one or more of the states a, 8,7, 0 is not present).
The system coefficients are assumed to satisfy

HGX(Clvxat) - GX(C27x7t)H < LXHCI - C2||7
ll9(¢s,t) — 9(Ca, Il < Lyl — Gall,

for all ¢, Co € Rretnstnatns ¢ ¢ ¢ Rrotntns, g ¢
[071]’ t Z Oa‘ndxza’ﬂ’r}/?a?

(A.9)
(A.10)

A (z) > A (z) > ... > AN (2) >0 (A.11)
for all x and x = «, 5,0, and
Gy (0,z,t) =0, g(0,t) =0, (A.12)
forall z € [0,1], ¢t > 0 and x = «, 8,7, 0
A.1  Transformation to integral equations
Define the characteristic lines as
0@ = [ e B@ = [ e (A1)
o A6 « A ()
for x = a, 5,
& (w,t,5) = (¢1) 7 (8 (@) + (s — 1) (A.14)
for x = a, B, §, and
sY i(z,t) = max {0,t — ¢X(z)} (A.15)

for x = «, B3, 8. Note that all ¢Y are strictly increasing
and, hence, invertible. Therefore, for all (z,t), £X(, ¢, s)
is well-defined for all s € [s) ;(z,t),]. Also note that for

all t > ¢X(x),

fzx(l',t, S
g}(x7ta S

(@)
0

X,i(xa t))
The PDEs (A.1)-(A.4) can be converted into integral

equations by integrating them along the characteristic
lines defined by (A.13)-(A.15). The integration paths for

(A.16)
(A.17)

0’ X:a7/87
1, X = 0.



a point (x,t) in the special case t = ¢J(z) is sketched in
Figure A.1. This gives

ai(z,t) = H (x,t) + J7 [n](z,t) + I [n](z,t), (A.18)
B, 1) = H (2, 1) + I} [n) ), (A.19)
vi(x,t) = H) (x,t) + I [n](z,t), (A.20)
8i(x,t) = HY (z,t) + ID[n)(x, 1), (A.21)
where the initial conditions (A.7) and state-independent
boundary conditions in (A.5)-(A.6) are
ar @i (€ (@,1,0)) <o (x)
HY(z,t) = {00 i > 6%(z)’ (A.22)
(& (x e
VP (9(@n) 1= of@)
Hj (2,t) = V7 (1), (A.24)
s 00, (& (2,£,0))  t < ()
HY(z,t) = {Vié (S%ﬂ_(x’t)) sty (A

the state-dependent boundary condition in (A.5) is

t < ¢f(x)
t>¢f(x)’
(A.26)

) [0
Jit (@, t) = {g (770( i(2,1)), az(m t))

and the coupling terms GX appear in

t

LX) (e, 1) = / GX (1(EX (2.1, 5), 8), EX (1, 5), 5) d,

0

S .
X5t

X:a75757
G7 (n(&,1),€,1) dE.

(A.27)

e = [ (A.28)

Finally, let HX  JX and IX be the vector-valued function
with components as defined in (A.22)-(A.28).

A.2  Ezistence and boundedness of solutions

Theorem 25 For bounded initial conditions and inputs
and any T > 0, and assuming (A.9)-(A.12), the inte-
gral equations (A.18)-(A.21) have a unique solution on
[0,1] x [0, T7] that satisfies the a-priory bound

sup |n(z, t)]| < e1(t)egest (A.29)

z€[0,1]

forallt <T, where

Y lxolleo +

x=a,3,6

er(t) = S sup [IVX(8)]oe,

X=B,5 s€[0,t]
(A.30)
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and the constants co and c3 depend on L, for x =
a, B,7,90,9. Moreover, the solution depends Lipschitz-
continuously on xo, x = @, 5,0 and VX, x = B,7,0.

PROOF. The Lemma can be proven by use of a succes-
sive approximation argument similar to [23, Proposition
26]. Alternatively it can be proven by use of a contrac-
tion argument similar to [5, Theorem 3.1]. ]

A.3  Proof of Lemma 8

The following lemma is essential in the proof of Lemma 8

Lemma 26 Consider the solution of (A.1)-(A.7). The
states a(x,t) in the domain

Ao = {(z,t) s 2 €[0,1], £ < ¢3(x)} \ {(0,$5(0))},
(A.31)
B(z,t) and y(x,t) in the domain
Asy = {(z,t): 2 €[0,1], t <} ()}, (A.32)
0i(x,t) fori=2,...,ns in the domain
As = {(z,t) s 2 €[0,1), t < @} (2)}, (A.33)
and 61 (z,t) in the domain
A={(z,t): 2 €0,1], t < ¢3(x)}, (A.34)
are independent of the input V°(t) fort > 0.
=1
(&, ”l (©)
et L
i=2...n5 s A (z,1)
7
€@t = |
(€.1), €0, x}’//i
r=0,t=0 time
Fig. A.1. Integration paths of integral equations

(A.18)-(A.21) at a point (x,t) with t = ¢$(z). The area
shaded in green indicates the domain A (see also Equations

(A.31)-(A.34)).

PROOF. The integration paths for the integral equa-
tions for a point (z,t) with t = ¢¢(z) is shown in Figure
A.1. Briefly speaking, on the respective sets all terms in
the integral equations (A.18)-(A.21) are independent of
the input V. See also [23, Appendix A] for a detailed
proof for the case m = n = 1, and [5, Chapter 3] for a
more general discussion of determinate sets. |



Note that at the solution at points (0, #3(0)) depends
on 6y, i.e. on V9, via the boundary condition (A.5), while
the boundary value §(1, 0) is V¢ by definition. Therefore,
these points are exempted from the sets A, and A,
respectively.

A.J  Proof of Theorems 12 and 22

The following lemma about convergence to the origin is
used in Theorems 12 and 22.

Lemma 27 Consider (A.1)-(A.7) for ns = 0 and as-
sume Ay, () < )\;Bm (z) for all. IfVP(t) = V7 (t) = 0 for
allt >0, then n(x,t) =0 for allz € [0,1], t > ¢ ().

PROOF. One can show that under the given assump-
tions, t > ¢, () implies

S (x,t) >0 Yx=a,B,i=1,...,n,, (A.35)

o (E(@t5) <5 Vs € [sY,(x,),1], x =, B,
izl?"'?”x? (A-36)
oo (&)<t VEelo,a). (A.37)

Because of (A.36)-(A.37), the domain B = {(x,t) : = €
[0,1], ¢ > ¢ (x)} is a determinate set, i.e. for (z,t) €
B all state-dependent terms in the integral equations
(A.18)-(A.21) depend on the state evaluated at points
in B only. Because of (A.35) and (A.5), H*(z,t) =
HP(z,t) = H"(z,t) = 0 for t > ¢%_(x). Moreover, there
is no § and H?. Therefore, one can see that for points
t > ¢y () the zero-solution solves the integral equa-
tions (A.18)-(A.21). Uniqueness of the solution com-
pletes the proof. |

A.5  Proof of Lemma 20

The following lemma, which is tailored to prove Lemma
20, can be proven using similar ideas as in Lemma 26.
Define

62 () = — / A;@ dt. (A.38)

Lemma 28 Forng =n, =0, j =1,...,n and given
(G0, 00), system (A.1)-(A.6) with the modified initial con-
ditions

a(, ¢o () = do(x), 8(z,daj(z) = do(z), (A.39)
has a unique solution in the determinate set

C={(@1): 2 €[0,1), ¢ € [bay(x),65(x))} (A0)

that is independent of VO(t) fort > 0.
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