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Compensation of Wave Actuator Dynamics
for Nonlinear Systems

Nikolaos Bekiaris-Liberis and Miroslav Krstic, Fellow, IEEE

Abstract—The problem of stabilization of PDE-ODE cascades
has been solved in the linear case for several PDE classes, whereas
in the nonlinear case the problem has been solved only for the
transport/delay PDE, namely for compensation of an arbitrary
delay at the input of a nonlinear plant. Motivated by a specific
engineering application in off-shore drilling, we solve the problem
of stabilization of the cascade of a wave PDE with a general
nonlinear ODE. Due to the presence of nonlinearities of arbitrary
growth and the time-reversibility of the wave PDE, and due to the
possibility of using arguments based on Lyapunov functionals or
explicit solutions, several stability analysis approaches are possi-
ble. We present stability results in the H, x H; and C' x C°
norms for general nonlinear ODEs, as well as in the H; X Lo
norm for linear ODEs. We specialize our general design for wave
PDE-ODE cascades to the case of a wave PDE whose uncontrolled
end does not drive an ODE but is instead governed by a nonlinear
Robin boundary condition (a “nonlinear spring,” as in the friction
law in drilling). This is the first global stabilization result for wave
equations that incorporate non-collocated destabilizing nonlinear-
ities of superlinear growth. We present two numerical examples,
one with a nonlinear ODE and one with a nonlinear spring at the
uncontrolled boundary of the wave PDE.

Index Terms—Distributed parameter systems, nonlinear con-
trol systems, delay systems.

I. INTRODUCTION

A common type of instability in oil drilling is the friction-
induced stick-slip oscillation [8], which results in tor-
sional vibrations of the drillstring and can severely damage the
drilling facilities (see Fig. 1 from [26]). The torsion dynamics
of a drillstring are modeled as a wave PDE (that describes
the dynamics of the angular displacement of the drillstring)
coupled with a nonlinear ordinary differential equation (ODE)
that describes the dynamics of the bottom angular velocity of
the drill bit [27]. A control approach based on linearization
is presented in [26]. In this article we present a design for
general nonlinear ODE plants with a wave PDE as its actuator
dynamics. This design solves the oil drilling problem (globally)
as a special case.

For linear systems, predictor feedback and backstepping
have been successful in compensation of input delays [2], [7],
[16], [21], [25], [40] as well as for the compensation of more
complex input dynamics such as diffusive and wave PDEs
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Fig. 1. A drillstring used in oil drilling. The angular displacement w of the
drillstring is controlled through a torque U.

[3], [4], [16], [24], [32]-[34]. For nonlinear systems, results
are available for the compensation of input delays [10], [11],
[17], [22], [23] but there exist no results for the compensation
of more complex actuator dynamics in nonlinear systems, al-
though there are results for the control of nonlinear PDEs using
backstepping [19], [20], [36]-[39].

In this article, we consider finite-dimensional nonlinear
plants which are controlled through a string and design a
predictor-based feedback law that compensates the string
(wave) dynamics in the input of the plant. Our design is based
on a preliminary transformation which allows one to convert the
wave PDE to a 2 x 2 system of first-order transport equations
which convect in opposite directions (one towards the plant and
one away from the plant), with an additional scalar state (Sec-
tion II). We then introduce a backstepping transformation of the
transport state which convects towards the plant. Backstepping
transforms the original system to a “target system” for which
we construct a Lyapunov functional. Due to the fact that the
transformed 2 x 2 system of the first-order transport equations
is not autonomous (the state of the plant is acting back on the
actuator state through a nonlinear relation) we have to use in our
Lyapunov functional the Hy x H; norm of the actuator state
(Section III).

We also provide stability estimates in the (lower) C! x
C° norm of the actuator state. For proving stability in the
C! x C° norm we use two different techniques-one based
on a Lyapunov construction and one based on estimates on
the solutions of the closed-loop system. In the former case,
a Lyapunov construction is possible after introducing a new
backstepping transformation, of the transport PDE that con-
vects in the opposite direction (i.e., away from the plant), that
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TABLE I

STABILITY RESULTS IN THE ARTICLE

Stability Result Norm (u, uy) Extra Assumption Target System Proof Approach
Theorem 1 Hy x Hy — (34)—(38) (see Fig. 3) Lyapunov/ISS
Theorem 2 ol x C’O ODE bkwd complete | (63)—(67) (see Fig. 4) Lyapunov/ISS
Theorem 3 ot xc? — (10)=(14) (see Fig. 5) | w/ explicit sol’s

Theorem 4 (linear) Hy x Ly — (63)—(67) (see Fig. 4) Lyapunov/ISS
U u(0,1) (nonlinear) ODE X

—> wave PDE
A

N,
>

X(1)/dt = f (X (t),u(0,1))

(nonlinear) ODE
dx (1) /dt = £ (X(t),u(0,1)) z

du(0,1) /dt = —h(X(1),u(0,1)) + £ (0,r)

¢
transport PDE £0.0
+
transport PDE @(0,1)

o

2h(-)

Fig. 2. Top: A nonlinear system with a wave PDE in the input as in (1)—(4). Bottom: The equivalent representation of the wave PDE/nonlinear ODE cascade

using the change of variables (5), (6), as given in (10)-(14) and using the fact that us(1,¢) =

converts the original system to a new target system. In this
new target system the transformed 2 x 2 transport system is
autonomous, and in particular, is a cascade of two transport
PDEs with coupling only at the boundary (Section IV-A). Yet,
this Lyapunov construction comes with one limitation-in order
to guarantee the well-posedness and invertibility of the new
backstepping transformation, one has to impose the assumption
that both the open and closed-loop systems are not only forward
but also backward complete. Our second, alternative proof, is
based on constructing estimates on the solutions of the closed-
loop system and exploiting the predictor nature of the feedback
law (Section IV-B). We specialize our results to linear systems,
for which we prove exponential stability in the (most desirable)
Hy x Ly norm of the actuator state (Section V).

Our results are new even when we remove the ODE part
from the PDE-ODE cascade and consider the stabilization
problem of the wave PDE whose uncontrolled end does not
drive an ODE but is instead governed by a nonlinear spring. We
specialize our general design to this case and design the first
global stabilizing control law for wave equations that incorpo-
rate non-collocated destabilizing nonlinearities of superlinear
growth (Section VI). We extend our design methodology to
nonlinear systems with actuator dynamics that are governed by
a wave PDE with anti-damping on the uncontrolled boundary
(Section VII). Finally, we present two numerical examples. One
with a nonlinear ODE and one with a nonlinear spring at the
uncontrolled boundary of the wave PDE (Section VIII).

Notation: We use the common definition of class K, K, and
KL functions from [13]. For an n-vector, the norm | -
the usual Euclidean norm. For a scalar function u € L,[0, 1]
we denote by ||u(t)]|~ its supremum norm, i.e., ||u(t)|=
SUP,e0,1] [u(z,t)|. For a scalar function ueHl(O 1), we de-

x,t)2dx)' %+
fo g (2,t)2dx)'/?. For any ¢ > 0, we denote the weighted
supremum norm of u by ||u(t) 0,1] e+ 0) |y (z, t)|

note by llw(t)||m, the norm |lu(t)||m, = fo

U(t) + w(1,1).

and the weighted H; norm by ||u(?)|lc.z, = fo () gy (x,
t)2dx)1/2+(f01 e?(H@)y (2, t)2dz)*/2. For a vector valued
function p € Ly[0,1] we denote by |[p(t)||~ its supremum
norm, ie., [[p(t)]lec = Supgejo.r) V/P1 (2, 1)2 + . pla, )2,
We denote by C7(A) the space of functions that have contin-
uous derivatives of order j on A.

II. CONTROLLER DESIGN

We consider the system

X(t) = f(X(t),u(0,1)) (M
g (2, 1) = Ugq(x,t) 2)
ug (0,1) =h (X (1), u(0,t)) &)
ug(1,t) =U(2) 4

where X e R", U e R, t € Ry, f:R"™ x R — R" is locally
Lipschitz with f(0,0) = 0, and i : R"** — R is continuously
differentiable with 2(0,0) = 0. Our controller design is based
on converting the wave equation to a 2 x 2 system of first-order
transport equations which convect in opposite directions (see
Fig. 2). To achieve this we define the following transformations:

=ue(,1) + ue (2, 1) )
:Ut(xvt) 7um(xvt) (6)
together with their inverses given by

w1y = 20D ™

s (2, 1) :M. 8)
Defining

£(t) = u(0,1) (€))
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and noting from (3) that ¢(0,t) = u(0,¢) + h(X
system (1)—(4) is written as

(t),£(1)),

Z(t) =g (Z(1),¢(0,1)) (10)
wi(7,1) = — wg(,1) (11)
w(0,t) =¢(0,t) — 2h (Z(t)) (12)
Ct(xat) :Cm(x7t) (13)
C(1,t) =U ) +u(1,1) (14)
where
X
N [Jf(X 3| (15)
sz =| 53] (16

Our feedback design, that compensates the wave actuator
dynamics, is based on applying the predictor approach to a
nominal feedback law p* : R"*! — R that stabilizes the plant
Z = g(Z,U) defined in (10), i.e., a nominal feedback law for
the following system

X(t) = f (X (1), £(1))
(1) = = h(X(1),£(t) + U(?).
Note that such a nominal control law for the augmented system

(17), (18) can be constructed, using one step of backstepp_ing,
if there exists a control law x that stabilizes the plant X =

A7)
(18)

f(X,U), ie., such that X = f(X, (X)) is globally asymp-
totically stable. A choice of the feedback law p* is then
(X8, (1) = p (X (1), €(8)) + P (X (1), £(2))  (19)
p(X(1),€(t)) = —01 (1) — r (X(2)))
+ 280 s (x@.em). o

Noting that the input to the Z system is the delayed version
of the signal ((1,t) = U(t) + u.(1,t), we conclude that our
control law has to employ the prediction of Z.

The predictor-based control law that compensates the wave
dynamics is chosen as U (t) = —us(1,t) + p* (X (t + 1), &(t +
1)) and is given by

U(t) = —u(1,t) — c1 (p2(1,1) — k (p1(1,2))) + ap
xf(p1(1,1),p2(1,1)) + h (p1(1,t), p2(1,1))

where ¢; > 0 is arbitrary, and p; € R™ and p, € R, the predic-
tors of X (¢) and u(0, t), respectively, are

21

(e t) =X(8) + / F (01, )09, 0)) dy,

for all x E 1]

Jr/ut

0

(22)

pa(z,t) =

—/h(pl(%t),pz(y,t))dy, Vo €[0,1]  (23)

9r (p1(1,1))
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with initial conditions for all z € [0, 1]

p1(2,0) = X(0) + / f 0r(5.0), 2, 0)) dy  (24)

x

0
x

—/h(pl(yﬁ),pz(y,o))dy-

0

(25)

The name “predictors” for p; and ps is chosen to emphasize
that p;(1,t) and po(1,t) are actually the I-time unit ahead
predictors of X (¢) and w(0,t) respectively, i.e., it holds that
p1(1,t) = X(t+1) and p2(1,t) = w(0,t + 1). This fact is
shown in the next section.! Note that the control law (21) is
implementable (see [10], [11] for a discussion on the imple-
mentation of nonlinear predictors).

III. LYAPUNOV-BASED STABILITY ANALYSIS
IN THE Hy x H; NORM

A. Statement of Main Stability Result

Assumption 1: The plant Z = g(Z,v) is strongly forward
complete, that is, there exist a smooth positive definite function
Ry and class KC, functions «; . .. a3 such that

a1 (1Z]) <Re(Z) < a2 (1Z2])

ORUD) §(2.0) < Bu(2) + a3 (o).
for all Z € R"*! and for all v € R.

Forward completeness implies that for every initial condition
and every locally bounded input signal the corresponding
solution is defined for all ¢ > 0. Strong forward completeness
differs from the standard forward completeness property [1]
in that we assume that g(0,0) = 0 and hence, R(-) is positive
definite.

Assumption 2: The system X = f(X,x(X) + v) is input-
to-state stable (ISS) with respect to v and the function s : R" —
R is twice continuously differentiable with x(0) = 0.

Theorem 1: Consider the closed-loop system consisting of
the plant (1)—(4) and the control law (21), (22), (23). Under
Assumptions 1-2, for any initial condition u(-,0) € H2(0,1),
ut(+,0) € Hy(0,1) which is compatible with the feedback law
(21) and is such that u,(0,0) = h(X(0),u(0,0)), the closed-
loop system has a unique classical solution

(26)
@7

X(t) € C* ([0, 00),R™) (28)
(u(-t),ue(, 1)) € C([0,00), H2(0,1) x H1(0,1))
mC‘l([ 00), H1(0,1) x L2(0,1)) (29)

! Another way to see this is as follows. Construct first the standard 1-time unit
ahead predictor for Z satisfying (10) as P(t)=Z(t)+ tt— L g(P(0),=2(0))do,
where E(t+xz—1)=((z,t) (see [16]). Deﬁnmg P(t+xz—1)=p(z,t), we
Z(t)JrfO (z,t),¢(z,t))dx. Using def-
initions (15), (16) and noting that pa(1,¢)=u(0,t) + fo ug (x, t)dr+

rewrite the predictor as p(1,¢)

fol ug(z, t)d:v—fol h(pi(z,t), p2(z,t))dx, we get after integrating ug re-
lations (22), (23) for x = 1.
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ISS
Z
(nonllnear) ODE
RN transport PDE 20.1) ax(t) /dt FX(8),u(0,1)) 2
du(0,t) /dt = p (X (1),u(0,1)) +z(0,1)
o
<«— transport PDE <w(0,z) < ui)—h() €

w
Fig. 3.
and there exist a class KL function 3 such that for all t > 0

Q(t) <B(2(0),1)
Qt) = [X(O)] + lu(t) |l

(30)
€1V

+ [l ()|, + [ (Bl g, -
B. Proof of Theorem 1

The proof of the theorem is based on a series of technical
lemmas which are given next and whose proofs are provided in

the Appendix A.
Lemma 1: The backstepping transformation of ¢ defined as
z(,t) = C(x,t) — p(p(x,t)) = h(p(z,t))  (32)
for all z € [0, 1], where for all z € [0, 1]
pat) =20+ [ 960w 0)dy 3

0

and p is defined in (20), and the control law (21)—(23) transform
system (10)—(14) to the target system given by (see also Fig. 3)

Z(t) =g (Z(t), u" (Z(1)) + 2(0,1)) 34)
wi(x,t) = — we(z,t) (35)
w00 20,0 bu(20) HZW) 69
zi(x,t) = 22 (x, 37)
2(1,) =0. (38)

Lemma 2: The inverse backstepping transformation of ( is
defined for all z € [0, 1] as

(1) = 2w t) + p(n(e ) + h(x(e1)),  (39)
where for all z € [0, 1]
r(x,t) = Z(t) + / 0 (7, 1), 1 ({1, 1))
0
+h(m(y,t)) + 2(y,t)) dy. (40)

Lemma 3: System Z = g(Z, u*(Z) + v), where u* is given
by (19), (20) is input-to-state stable with respect to v.

Lemma 4: There exists a class KL function (33 such that the
following holds:

(41)
(42)

Target system (34)—(38) used in the stability analysis of Theorem 1, where Z, g are defined in (15), (16), and p* in (19).

Lemma 5: There exists a class Ko, function p; such that

Pl < o2 (1ZE)] + [1C(D)]]0) -

Lemma 6: There exists a class K, function p; such that

(Ol < A1 (2@ + 2(0)]) -

Lemma 7: There exist class K, functions p3, p3 such that

1ZWO+ 2Ol g, < ps (1ZE)] + 1€ r,)
1ZO]+ 1Sz, <3 (1Z@)] + 12() ] r,) -
Proof of Theorem 1: Combining Lemmas 4 and 7 we get
U(t) <67 (¥(0),1)
V() =12+ IO g, + lw®llg,

where the class KL function 8* is defined as (8*(s,t) =
p3(B3(ps(s) + s,t)) + Bs(ps(s) + s,t). Using the fact that
Z(t) = [ X1, we get

(43)

(44)

(45)
(40)

(47)
(43)

u(0,t)
I(t) <V28" (1(0),t) (49)
L(t) = | X ()] + [u(0,8)| + ICE) | 7, + llw(®)] g7, - (50)

Using the triangle inequality and (5)—(8), we get that

IS gz, + o)z, <2V2 (e (D) +llua (), ) (SD

te Ol + e ()L, <V (IO, + @) - (52)
Therefore
=(t) <28" (2v22(0),t) (53)
E(t) = [XO)] + [u0, )] + [Jue ()l 1, + Nlua(®) g, - (54

Using the fact that u(x,t) = u(0,t) + [ uy(y,t)dy, we get
with the aid of the Cauchy-Schwartz inequality

Ju(®)]l

With the fact that |u(0,t)] < |lu(t)|l« we get (30) with
B(s,t) = 43*(2V/2s,t). Using (37) and (38), we get

S zt+2x), 0<z+t<l1
z(m’t)_{o, crt>1

< [0, ) + [Jue (O 4, - (55)
(56)

where the initial condition zo(z) is given by (32) with ¢t = 0.
Using relation (5), the fact that w(-,0) € H;(0,1) and that
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u(+,0) € H5(0,1), we conclude that {(-,0) € H1(0,1), and
hence, using the fact that p satisfies the following boundary
value problem in x:

(57)
(58)

and the Lipschitzness of g we conclude the existence and
uniqueness of p(z,0) € C'[0, 1]. Therefore, with (32) and the
compatibility condition we get that zo € H;(0, 1) with zo(1) =
0, and hence, with (34), (56) and the Lipschitzness of g and p*
we conclude the existence and uniqueness of (X (t), u(0,t)) €
C'[0,00). The fact that zo € Hy(0,1) with zo(1) =0 and
(56) guarantee the existence of z € C([0,00), H1(0,1)) N
C1([0,0), L2(0,1)). The uniqueness of this solution follows
from the uniqueness of the solution to (37), (38) (see Sections
2.1 and 2.3 in [5]). With the same arguments and using relation
(6), relations (35), (36) and the fact that

UJO(ZL’-t), 0§t<l’
w(z,t)=<z2(t—2)+H (Z(t—2)), 0<t—z<l (59)

H(Z(t—x)) t—zx>1
H(Z(s))=p(Z(s))—h(Z(s)) (60)

we get, with the compatibility condition of the control law, the
compatibility condition u, (0, 0) =h(X (0),«(0,0)) and the fact
that (X (t),u(0,t)) € C'[0,00) the existence and uniqueness
of we C([0,00), H1(0,1)) N C([0,00), L2(0,1)). With the
inverse backstepping transformation (39), the fact that p(z, ) =
Z(t+x) € C[0, 00), which implies that p(x, ) € C1([0,1] x
[0,00)) and the fact that m = p, we get the existence and
uniqueness of ¢ € C([0,00), H1(0,1)) N C*([0, 00), L2(0,1)).
Therefore, using (7), (8) we conclude that there exists a unique
solution (u¢, u,) € C([0,00), H1(0,1))NC ([0, 00), L2 (0, 1)),
and hence, with (30) that there exists a unique solution (29).

IV. STABILITY ANALYSIS IN THE C! x C° NORM

In this section, we provide two alternative stability results
with estimates that incorporate only the L, norm of u, u, and
u;. The first result relies on the construction of a Lyapunov
functional. Yet, this construction is based on the introduction
of an additional backstepping transformation for the w state.
The well-posedness and the invertibility of this transformation
requires an additional assumption that the system is not only
forward, but also backward complete. The second result is
based on stability estimates on the solutions of the closed-loop
system, i.e., it does not employ a Lyapunov functional.

A. Lyapunov-Based Stability Analysis Under Backward
Completeness Assumption

We introduce the following backstepping transformation for w

w(z,t) =w(z,t) — p(r(z,t) + h(r(x,t)) (61)

1559

forall x € [0, 1], where r is the “reverse” predictor® of Z and is
given for all z € [0, 1] by

xT

ra,t)=2(t) - / 0 (r( 1,20 (r(4,1)) + w(y, 1) dy (62)

0

and y is defined in (20). Note that in the present case ;. and h are
allowed to be only locally Lipschitz, and s only continuously
differentiable functions. By combining the backstepping trans-
formation (62) with (32) and the control law (21)—(23), system
(10)—(14) is transformed to the new target system given by (see
also Fig. 4)

Z(t) =g (Z(t),n" (Z(t)) + 2(0,1)) (63)
wi(z,t) = — wy(x,t) (64)
w(0,t) =z(0,1) (65)
walw,t) = ( 1) (66)
2(1,1) = (67)

To see this, first apply Lemma 1 to get relations (66), (67).
Relation (65) follows similarly by setting = 0 into (61), (62)
and using the fact that z(0,t) = ((0,t) — u(Z(t)) — h(Z(1)).
Relation (64) follows by the fact that r in (62) satisfies r; =
—r,. Note that the new boundary condition for the transformed
state w(0, t) depends only on z(0, t) and not on Z. This enables
us to construct a Lyapunov functional by directly incorporating
in the Lyapunov functional the L., norm of both w and z. To
see this define the following Lyapunov functional for the target
system (63)—(67)

v, 00
V(t):S(Z(t))—i—% / a%(’“)dr

0

(68)

where S and a7 are the dissipative Lyapunov function and one
of the supply functions respectively, of the Lyapunov charac-
terization of the input-to-state stability property of system Z =
9(Z, 1" (Z) + v) (see (A.10), (A.11) in Appendix A), ¢ > 0 is
arbitrary and the new variable v(z,t), € [—1, 1] is defined as

| z(x, 1),
’U(l‘,t) - {w*(x,t),

where w*(z,t) =w(—x,t) and [[v(t)||¢ .00 =SUPLe_1 1] ec(1+2)
|v(x,t)|. Noting from (64)-(67) that for all x € [-1,1],
ve(x,t) = vg(x,t) and v(1) = 0, with similar calculations as
in [17, Th. 5], we get

d[o@)|lc,00
dt

forall z € [0, 1]

forall z € [-1,0] (69)

< —cllv(®)lle o - (70

>The fact that 7 is the reverse predictor of Z is based on the fact that
r(z,t) = Z(t — x). The proof of this fact follows the same lines with the
proof of the fact that p(z,t) = Z(t + =) which is proved in Lemma 1. In
other words, it is shown that r(x,t) = Z (¢t — x) is the unique solution to
the boundary value problem 7. (z,t) = —g(r(z,t), 2h(r(z,t)) + w(z, t)),
r(0,t) = Z(t) [which follows from (62)] using, (10) and the fact that the
solution to (35) is w(zx, t) = G(t — x) for some function G.
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<«— transport PDE

<00.1)

w

ISS
(nonlinear) ODE
X (1) /dt = F(X(£),u(0,1)) - Z,

du(0,t) /dt = p (X (£),u(0,1)) +z(0,1)

Fig. 4. Target system (63)—(67) used in the stability analysis of Theorem 2, where Z, g are defined in (15), (16), and p* in (19).

Following the calculations in the proof of Lemma 4, we
arrive at V(t) < 81(V(0),t) for a class K., function [,
and hence, using the fact that (1/2)(||w()||so + [|2(£)]|00) <
lo()]le.co <e2(||w(t) oo + ||2(#)]| ), We get for some class
K function BQ that

A(t) < B2 (A(0),t)
A@) = 12O + l[w®)llo + 12(8)] -

(71)
(72)

For proving stability in the original variables one has to relate
the L, norm of z and w with the norms of ( and w, i.e., one
has to show that there exist class ., functions #;, 61 such that

A@) <0 (12O + 1K + lo®lle) — (T3)

0 (A(®) = [Z2(1)] + [ICO) e + lw(®) ]l - (74)
For proving bounds (73), (74) it is sufficient to prove that w
and z are upper bounded by a class Ky, function of Z, w and
by a class K, function of Z, { respectively, and vice versa. For
the case of z this is achieved with Lemmas 1, 5 and for ¢ with
Lemmas 2, 6. To relate the norm of w with the norm of w and
vice versa, one has to guarantee the boundness and invertibility
of the backstepping transformation (61). For achieving this, we
impose the following assumptions.

Assumption 3: The system Z = g(Z,2h(Z) + v) is strongly
backward complete, that is, there exist a smooth positive defi-
nite function Ry, and class Ko, functions oy, 5 . .. a3 such that

ap1 (12]) < Ru(2) < a2 (12]) (75)

_ORy(2)
oz Y

(Z,20(Z)+v) < Ru(Z)+aps (o)), (76)

forall Z € R"! and forall v € R.
Assumption 4: The system Z = g(Z, u*(Z) + v) is strongly
backward complete with respect to v, that is, there exist a

smooth positive definite function R}, 1 and class K, functions
04 cl, Q5. c1, O o1 Such that

asa(|Z]) <Rba(Z2) <asa(|Z]) (T7)

ORya(2)

o7 g(ZaN*(Z)+v) SRb,cl(Z)+a6,cl(|v|)v (78)

for all Z € R"*! and for all v € R.

The reader should notice that backward completeness im-
plies that for every initial condition and every locally bounded
input signal the corresponding solution is defined for all ¢ < 0.

Theorem 2: Consider the closed-loop system consisting of
the plant (1)-(4) and the control law (21), (22), (23). Under
Assumptions 1-4, for any initial condition u(-,0) € C'*[0, 1],
ut(+,0) € C[0, 1] which is compatible with the feedback law
(21) and is such that u,(0,0) = h(X(0),u(0,0)), the closed-
loop system has a unique solution

X(t) €eC'([0,00),R™) (79)
(u('at)vut('at)) eC ([07 OO), Cl [01 1] X C[Ov 1]) s (80)

and there exist a class KL function B such that
() <5 (0(0).1) 81)
Q) = 1X O]+ Nu(®) o + llue®)lloo + lua (@)l (82)

forall ¢t > 0.
Proof: See Appendix B. |

B. Stability Analysis Without a Lyapunov Functional

Theorem 3: Consider the closed-loop system consisting of
the plant (1)—(4) and the control law (21), (22), (23). Under As-
sumptions 1 and 2, for all initial conditions as in the statement
of Theorem 2, there exist a unique solution (79), (80) and a
class L function 73 such that

O(t) < ity (2(0),1) .

for all t > 0, where ) is defined in (82).

Proof: Using Lemma 3.5 from [9] and using the fact that
¢(0,0) = 0 which allows us to set R = 0, we get from (10) and
the fact that {(z,t) = ((x +¢,0) forall t + = < 1,

1Z(@)] <4 (1Z2(0)] + 11€(0)[l) »

for some class /Co, function . With relations (19), (20), (21),
the fact that p(1,t) = Z(¢t + 1), the fact that for all ¢ > 1,
€(0,t) = uy(1,t — 1) + U(t — 1) and since Z = g(Z, u* (%))
is globally asymptotically stable we get for some class KL
function o that

(83)

forallt <1, (84)

|Z(t)| <o (|Z(1)],t—=1), forallt>1. (85)

Combining (84), (85) and assuming (with no generality loss)
that o(s,0) > s we arrive at

1Z@)] <& (12(0)] + €)oo, 1)

where 6 (s,t) = o(¢(|Z(0)| + [|€(0)|| %), max{0,t — 1}). We
estimate now || (¢)]|oo. Using (14), (21) it follows that {(1,¢) =
W (Z(t+1)) (see also Fig. 5), and hence, since for all ¢ > 1

forallt >0, (86)
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(nonlinear) ODE

x(r)/dr = £ (X(t),u(0,r)) Z,
du(0,t) /dt = —h(X(t),u(0,1))+£(0,7)

¢
# (Z(t+l>)—> transport PDE £0.0
ty —
<«— transport PDE @{0,1)

[0

2n(-) te

Fig. 5. The target system (10)—(14) used in the stability analysis of Theorem 3, where 7, g are defined in (15), (16), and p* in (19). Note that using the controller
(21) the boundary condition for ¢ is ¢(1,t) = p*(p(1,t)), where p(1, t) is the 1-time unit ahead predictor of Z.

it holds that ((x,t) = ((1,t + o — 1) = p*(Z(t + x)), for all
x € [0, 1], we get from (84), (85) that for all ¢ > 1

IE®)ll < 4 (0 (@ (1ZO) + 1€O)]lc) st = 1), (87

where we also used the fact that |;*(Z)| < (| Z|) for a class
K+ function ¢. Using the fact that for all ¢ < 1, ||¢(t)]|s <
SUPgefo,1-¢ [C(x + ¢, 0)[+8upyep—¢ ) [C(L,t +2 —1)]  and
estimates (84), (85) we arrive after some class K., function
majorizations at

1K)l < EUZO) +[€(O)]l), forallt <1,  (88)

for some class K, function é Combining (86), (87), (88) we
conclude that there exist a class JCL function 7} such that for all
t>0

1ZO1+1CON <2 ([Z2O) + [€O0)][, ) - (89)

From relations (11), (12) it follows that for all t > 1, w(z,t) =
€(0,t — x) — 2h(Z(t — x)), and hence, with the Lipschitzness
of h we get that

lw(®)ll < sup [IC(t = z)[|oo

z€[0,1]

+iby ( sup |Z(t—x)|> , forallt>1 (90)
z€[0,1]

where the class K, function ¢y is such that 2| h(Z)| < ¢ (|Z]).
Therefore, with (89) we get forall ¢ > 1

lo(®)llo < 57 (1Z(0)] + IS0l t = 1), OD)

where the class KL function is defined as (% = #j(s,t) +
¥1(7(s),t). Moreover, for all ¢ <1 we have [|w(t)| <
SUDget1] |W(T — 1, 0)[+sup,epo 4 [w(0, — )], and hence,

lw(t)ll <& (N(0)), forallt <1, (92)
N(@t) = 1Z)] + 1<)l + o)l » 93)

where the class K., function &; is defined as £(s) = s +
f(s,0) 4+ ©1(7(s),0). Similarly to the proof of (89) by com-
bining (91), (92) we arrive at

[w(®)llo <71 (N(0),2), forallt >0, 94)

for some class ICL function 7;. Combining (89), (94) we get for
all £ > 0 that

N(t) <72 (N(0), 1), (95)

where 7j2(s,t) = 7(s,t) + 71 (s, t). Using the fact that Z(t) =

[u)((étt))] definitions (5)—(8) and the triangle inequality we

get bound (83) with 7j3(s,t) = 21/22(2s,t). Existence and
uniqueness of a solution (79), (80) is proved by adapting the
corresponding part in the proof of Theorem 1 to the case of the
initial conditions in Theorem 3 (see also Appendix B). |

Since the proof of Theorem 3 relies only on the fact that
Z =g(Z,u*(Z)) is globally asymptotically stable one can
relax Assumption 2 to only global asymptotic stabilizability of
7z = g(Z,v). Yet, in this case one has to appropriately modify
the control law (21) as U(t) = —us(1,t) + f*(p(1,t)), where
ji* renders Z = g(Z, ji*) globally asymptotically stable and can
be explicitly constructed when a feedback law and a Lyapunov
function are known for the system X = f(X, k(X)) (see, for
example, [18], [29]).

V. APPLICATION TO LINEAR SYSTEMS

In this section we specialize our results to the case of linear
systems

X(t) = AX(t) + Bu(0,t) (96)
g (T, 1) = Ugy (2, t) 97)
uz(0,t) =ou(0,t) + CX(t) (98)
ugy(1,t) =U(t), (99)

where A, B, CT are matrices of dimensionn X n,n x 1,n x 1
respectively, and o is a scalar.

Theorem 4: Consider the closed-loop system consisting of
(96)—(99) together with the control law

Ut)y=K" | e [u)((()(,tZ)] +Fb/leF(1””)Gu(x7t)dx

1
—l—/eF(l_“')Gut(ac,t)dx
0

+ K (—e"Gu(0,t) + Gu(1,t)) — us(1,t), (100)

where
A B
r=% 2 (101
G = [O’i“] , (102)

K'=[Key +KA+C —c+KB+o], (103)
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and K renders the matrix A+ BK Hurwitz and ¢; >0 is arbi-
trary. For all initial conditions u(-,0) € Hy(0,1) and u;(-,0) €
L5(0,1) the closed-loop systems has a unique solution (X (¢),
(-, t), ue(+, 1) € C([0,00), R™ x H1(0,1)x L2 (0, 1)), and there
exist positive constants A and p such that

Q(t) < pQ,(0)e M, (104)

for all t > 0, where

1

Q(t) = | X (1)|? +/u(x,t)2dx
0

1 1
+/Um(fv,t)2+/ut(x,t)2dx. (105)
0 0

Moreover, if the initial conditions are as in the statement of
Theorem 1, then (28), (29) is the classical solution to the closed-
loop system.

The proof of Theorem 4 is based on the target system
(63)—(67) (see Fig. 4), since for linear systems both the open-
loop and closed-loop systems are complete. Yet, we conduct
a stability analysis directly for the linear plant, rather than
just specializing the nonlinear results to the linear case. Such
an analysis is important because it allows one to derive more
explicit stability estimates. In addition, it leads to stability
estimates that incorporate the H; x Lo rather than the C' Ly
C° norm of the actuator state. The lower order norm is less
restrictive on the set of initial conditions and thus preferrable.
Also, with such an analysis one gets exponential stability of the
closed-loop system.

Proof: See Appendix C. |

The stabilization problem for a wave PDE/linear ODE cas-
cade, in the case of a homogenous boundary condition, i.e.,
when (98) holds with ¢ =0 and C' =0, is also solved in
[15]. Yet, the two approaches are different. The design in this
article is based on backstepping transformations for the two
transport PDE states, whereas [15] is based on backstepping
transformations on the wave PDE state. Startlingly, the two
approaches lead to the same control design as stated in the
following proposition which we prove below.

Proposition 5.1: For the wave PDE/linear ODE cascade
(96)—-(99) with ¢ =0 and C =0, the control law (100) is
identical to the control law (47) from [15] with the constants
c1 and ¢ replaced by 1 and ¢y respectively.

Proof: See Appendix D. |

VI. SPECIALIZATION TO WAVE PDE WITH
ANTI-COLLOCATED NONLINEAR STIFFNESS

Our results are new even for the case of a lone wave PDE
(i.e., not coupled with an ODE) with anti-collocated nonlinear
stiffness, i.e., the system

Ut (T, 1) =Uge (2, 1) (106)
Uz (0,8) = h (u(0,1)) (107)
up(1,t) = U(t). (108)
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The control law for (106)—(108) is derived from the original
control law (21), (22), (23) as

U(t) = —u(L,t) — cipa(L,t) + h (pa(1,8)),  (109)
where for all z € [0, 1]
pa(o.)=ula )+ [l Oy~ [ ooty ) d. (110)
0 0

Under a forward completeness assumption for the system f =
—h(€) + v with respect to input v, the stability analysis of
the closed-loop system (106)—(108), (109), (110) is performed
using the target system (34)—(38) with g(£(t)) = —c1&(t) +
2(0,t) and pu(&(t)) = —cr&(1).

VII. EXTENSION TO WAVE EQUATIONS
WITH ANTI-DAMPING

The approach in this paper can be also applied to the case
where the boundary term (3) is replaced by

where ¢ # +£1. To see this note that, with the preliminary
transformations

C(x’t):qil (ue(x,t) + ug(z,t)) (112)
w(z,t) = - (ug(z,t) — ugp(z,t)) (113)
we transform (1), (2), (111), (4) to
X(t) = f(X(),£(1)) (114)
1
§(t) =¢(0,1) — mh(X(t),u(O,t)) (115)
wi(x,t) = —we(z,t) (116)
1 1
w(0,t) =¢(0,¢) — <1+q 1—(1)
x h (X (t),u(0,t)) 117)
Gz, t) =G, 1) (118)
1
¢(1,t) :m(U(t)—kut(l,t)). (119)
Then the backstepping transformation
1
2(z,t) = ((z,t) — p(p(z,t)) — mh (p(z,t))  (120)
where for all z € [0, 1]
p(z,t) = Z(t) +/g(p(y,t),C(y,t))dy (121)
0
and g = [7(1/(1£g§§fgx$£)+v] , and the control law
U(t) = —ue(1,8) + (1 + @)u (p(1,)) + h (p(1,1))  (122)
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transform system (114)—(119) to the target system

X(t) = f(X(1).£(t) (123)
£(t) =p (X(1),£(@1)) +2(0,2) (124)
wi(x,t) = — we(z,t) (125)
w(0.0) =2(0.0) + u (Z(0) = T=-h (Z(0) (126)
zi(x,t) = 2z (x, 1) (127)
2(1,1) =0. (128)

The same analysis as in Theorem 1 can be then used to prove
the stability of the closed-loop system.

When ¢ <0, even the stabilization problem of the wave equa-
tion alone is of interest, since in this case, all eigenvalues of the
wave equation are located on the right-hand side of the complex
plane (the open-loop system is anti-stable). When there is no
ODE and h = 0, by choosing p(s) = —¢gs, ¢o > 0 (which sta-
bilizes & = y), controller (122) becomes U (¢ ( ) = —u(1,t) —
co(1 4 q)p(1,t), where p(1,t)=wu(0,¢) —|—f0 x,t)dz. Using
(112) we get p(1,t) = (1/(1 +q) fo u(z, t)dz+(1/(1 + q))
u(1,t) + (¢/(1 + q))u(0,t). Therefore, the control law is

1
U(t) = —qeou(0,t) — cou(1,t) —ur(1,t) — ¢ /ut
0

(129)

This is the same control law that was derived using a back-
stepping transformation of the state u in [28] [relation (29) for
c=1].

VIII. EXAMPLES

Example 1: We consider the following system:

X (t) = Xo(t) — Xo(t)*u(0,t) (130)
Xo(t) = u(0,1) (131)
Ut (2,1) =Uge (2, 1) (132)
uz(0,8) =0 (133)
uz( 1) =U(t). (134)

System (130), (131) is in the strict-feedforward form, and
hence, is forward complete with respect to the input « (0, t). The
nominal control law (i.e., in the case where u(0,t) = U(t))

V) = ~Xalt) - 2X%(0) ~ s X’ (139)

renders the closed-loop system input-to-state stable.? The con-
trol design that compensates the wave dynamics is

U(t) = - ut(]-vt) -2 (p3(1at) +p1(1,t) + 2p2(1,t))
- %pz(lﬂﬁ)?’ —pa(1,t) + pa(1,1)?ps(1, 1)
(1,)

— (24 p2(1,t)%) ps (136)

3This fact follows from the fact that the control law (135) can be written

as U = —¢1 — ¢2, where ¢ is the linearizing diffeomorphic transforma-
tion 1 = X1 + Xo + (1/3)X§’, ¢2 = Xa, which transforms system (130),
(131)to @1 = @2 + U, ¢2 = U (see [14]).
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Fig. 6. Response of the states of the plant (130), (131) with the control law
(136)—(139) (solid line) and with the nominal control law (135) (dashed line)
for initial conditions as X1 (0) = 1, X2(0) = 0 and u(z,0) = u¢(z,0) = 1,
forall z € [0, 1].

where
1
p1(1,t) = X1 (t) + Xa(t Jr/l—m dx
0
1 1
+/ (1 — 2)?us(x, t)dx /
0 0
2
(Xz dy+/ y)u(y, t)dy
( Ut (y,t ) (137)
1
pa(l,t) —|—/u
0

+ /(1 — z2)ug(z, t)dw (138)
1

p3(1,t) =u(1,1) +/ut(:c,t)dx (139)
0

We choose the initial conditions for the plant as X (0) = 1,
X2(0) = 0 and for the actuator state as u(x,0) = us(z,0) = 1,
forall z € [0, 1]. In Fig. 6, we show the response of the states of
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Fig. 7. Response of the actuator state (left) and the control effort (right) of
the plant (130)—(134) with the control law (136)—(139) for initial conditions as
X1(0) =1, X2(0) = 0and u(z,0) = u¢(z,0) = 1, forallz € [0, 1].

the plant (130), (131) for the case of the uncompensated nomi-
nal control law (135) and the case of the proposed control law
(136)—(139). As one can observe, in the latter case stabilization
is achieved, whereas the states grow unbounded in the former
case, in which a control law that does not take into account the
wave dynamics is employed. In Fig. 7, we show the response
of the actuator state and the control effort in the case of the
proposed design (136)—(139). As one can observe, both the
actuator state and control effort converge.

Example 2: In this example, we apply our developments for
the stabilization of a wave PDE with anti-collocated nonlinear
stiffness. We consider system (106)—(108) with A(u(0,t)) =
u(0,t)3 — u(0,t). Hence, system &(t) = —£(t)% + £(t) 4+ U (t)
is forward complete. The predictor-based feedback law (109) is

U(t) = —ug(1,t) — 2pa(1,t) 4+ pa(1, )3 (140)

where

pg(l,t):u(l,t)+/ut(x,t)dacf/(pg(x,t)?’fpg(x,t)) dx.
’ ’ (141)

In Fig. 8, we show the response of the closed-loop system
consisting of (106)—(108) with h(u(0,t)) = u(0,t)® — u(0,t)
and the control law (140), (141), and the control effort for initial
conditions as u(z,0) = u(x,0) =1 for all x € [0,1]. As one
can observe the proposed control law achieves stabilization.
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w(@, t)

2=

Fig. 8. Response of the state of the plant (106)-(108) with h(u(0,t)) =
w(0,t)® — u(0,t) (left), under the control law (140), (141) (right) for initial
conditions u(z,0) = us(x,0) = 1, forall z € [0, 1].

IX. CONCLUSIONS

We present a methodology for the compensation of wave
dynamics in the actuation path of nonlinear systems by employ-
ing a predictor inspired design. The stability of the closed-loop
system is established in two different norms of the actuator state
and is based on Lyapunov functionals that we construct with
the aid of novel backstepping transformations of the actuator
state. This work raises the question of stabilization of other
PDE/nonlinear ODE cascades, such as when the PDE is of
diffusive type, in which case a conversion to a delay-like
problem does not seem possible.

APPENDIX A
Proof of Lemma 1

Using the fact that p(0, t) = Z(t), we get (34), (36) by setting
x = 0 into (32) and using the definition (19). With (21)—(23),
definitions (15), (16), and relation (14), we get (38). We prove
next (37). From (33), we have that p satisfies the following
boundary value problem in x:

pa(x,t) =g (p(z,1),C(z, 1)) (A1)
p(0,t) =Z(t) (A.2)

We now show that the unique solution to (A.1), (A.2) is
p(z,t) = Z(t + x) (A3)
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and hence, p:(z,t) = p,(x,t), which in turn implies, with the
help of (13) and (32), that (37) holds. Using (13), we get that
¢ is a function of ¢+ z, ie., ((x,t) = F(t+ x), for some
function F'. Therefore, setting ¢t — ¢ + x in (10) and noting that
¢(0,t) = F(t), we get that
Z'(t+xz)=9g(Z(t+z),Ft+uz)). (A4)
Using (A.1), we conclude that p(x,t) = Z(t + z) is a solution
to the boundary value problem (A.1), (A.2). Since g is locally

Lipschitz we get that p(x,t) = Z(t + ) is the unique solution
to (A.1), (A.2).

Proof of Lemma 2

We first observe that w(0,t) = Z(t) = p(0,t), and hence,
satisfies the following initial value problem:

T (2, 1) =g (w(x, 1), p (7 (2, 1)) + h (n(z, 1))

+z(z, 1)) (A.5)

w(0,t) = Z(¢t). (A.6)
Using (32) and (A.1) we conclude that p and 7 satisfy the same
initial value problem. From the uniqueness of solutions we

conclude that p = 7, and hence, 7 (z,t) = 7. (x, t). Therefore,
¢ in (39) satisfies (13).

Proof of Lemma 3

Defining the change of variables y(t) = £(t) — k(X (¢)) and
rewriting the Z system in (X, y), we get with (19), (20) X (t) =
F(X (@), k(X (1) +y(t)), 9(t) = —c1y(t) + v(t). Under As-
sumption 2 (the properties of x) the function p is continuously
differentiable with 14(0,0) = 0. Since A is also continuously
differentiable and 1 (0, 0) = 0, using (19) we conclude that y* is
continuously differentiable as well with x*(0,0) = 0. Lemma
C.4 in [18] guarantees that (X, y) is input-to-state stable with
respect to v, i.e., there exists a class KL function 5 and a
class K function 7 such that | X (¢)| + |y(t)| < B(|X(0)] +
ly(0)], t)+7(supg<,<; |v(7)]). Since « is continuously differ-
entiable with x(0) = 0 there exist a class K., function &
such that

k(X)) < a (X)),

forall X € R" (A.7)

and hence, | X(D)] + I€(1)] = [X(1)] + [€(t) — (X (1)) +
R(X())] <a(|X ()| + |y(t)]), where the class K
function @ is given by @(s) = s+ &(s). With the fact
that |y(t)] < [&(t)] + (| X (¢)]), we conclude that the Z
system is input-to-state stable with respect to v with

Bals,t) =a (25 (Vs +V3a(s).t))  (A8)

vz(s) =a(2%(s)). (A.9)
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Proof of Lemma 4

From Lemma 3 and [31], there exist a smooth function
S(Z):R**! — R, and class K., functions ay, s, ag and
a7 such that

ay (|2]) <8(2) < a5 (|12]) (A.10)

8S(2)
0z

9(Z,p (Z)+d) < —as (|Z])+az (|d]) (A1)

for all Z € R™*1 and for all d € R. Moreover, using (35)-(38),
we also get that

Wat(x, 1) = — wee (2, 1) (A.12)
w0n(0,1) = — 2(0,) — <5u((922(t)) N ah(azz(t))>

x g(Z(t), " (Z(t)) + 2(0,1)) (A.13)

2ot (2, 1) = zge (z, 1) (A.14)

2o(1,8) =0. (A.15)

We choose first a Lyapunov functional for the subsystem (34),
(37), and (38) as

1) o,

no=seo)+: |

0

[0%4 (\@7‘) d

r o (A.16)

where ¢ > 0 is arbitrary. Using (37), (38), (A.14), (A.15) and
integration by parts, it follows that

d||=(t)]

dt

c,Hy < _C”Z(t)Hc,H] . (A.17)

Using the fact that |2(0,¢)] < |z(x, )] +f01 |22 (z,t)|dx to-
gether with Young’s and Cauchy-Scharwz inequalities, we get
forall z € [0, 1]

1
2(0,1)? < 22(x,t) + Q/zgg(x,t)de (A.18)
0
and hence, by integrating over [0,1] we get
120, )] < V2 [2()llc - (A.19)

Therefore, using (A.10), (A.11), (A.19), (A.17) we get along
the solutions of the target system (34)—(38)
Va(t) < a6 (12(8)) = a7 (V22 ) - (A20)

Using (A.10) and (A.16), we conclude that there exists a class
K function ag such that

Va(t) < —ag (Va(t)) . (A.21)
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Take now another Lyapunov functional as

1 1
Vi(t) = /ec(l_m)w(m,t)zdx—i—/ec(l_x)wm(x,t)Qdm
0 0

1
+2 / ecUF2) 2 (2, 1)%de. (A22)

Taking the derivative of V; and using (35)—(38) together with
(A.12)—(A.15), integration by parts, we get

Vi(t) < —cVi(t) + e (w(0,)? + wq(0,)%) — 2e°2,(0,1)°
(A.23)

and hence, using (36), (A.16) together with Young’s inequality
we arrive at

Vi(t) < —cVi(t) + G (Z(t), 2(0,1)) (A.24)
where

G (Z(t),2(0,t)) =4eu (Z(t))* + 4h (Z(t))* + 2¢°2(0,1)?
n 26c(<6u(Z(t)) 4 on <Z(t>>)

0z 0z

X f (Z() 17 (Z(8)) + 2(0,1)))° .
(A.25)

Using the fact that 4 and h are continuously differentiable with
1(0) = h(0) =0 and f is locally Lipschitz with f(0,0) =0
we get that there exists a class K, function ag such that
|G(Z(t),2(0,t))] < ag(]Z(t)| + |2(0,t)]), and hence, using
(A.19) and relations (A.10), (A.16) that there exists a class
Ko function aqg such that |G(Z(t),2(0,t))] < aio(Va(t)).
Therefore,

Vi(t) < =eVi(t) + axo (Val(t)) - (A.26)

From [30] there exist smooth, I, functions fp1, g2 such that
Wy, = ﬁl(Vl) and Wy = ﬁg(%) satisfy

Wat) < — én (Vi(t) + s (Va(t))

3 (A.27)
Wa(t) < — g (Va(t)) (A.28)

for some class K, functions & and é&s. Therefore
Wi(t) + Wa(t) < —as (Wi(t) + Wa(t)) (A.29)

for some class K function c3. With the comparison principle
and Lemma 4.4 in [13], there exists a class L function 3; such
that W (t) < 51 (W(0),t), where W (t) = Wy (t) + Wa(t), and
hence,

V(t) < B (V(0),t) (A.30)
for some class ICL function (31, where
V(t) = Vi(t) + Va(t). (A.31)
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Using (A.10) the definition of V5(¢) in (A.16), together with the
definition of V;(t) in (A.22) one can conclude that there exist
class K functions a1, a2 such that

V(t) <ann (lw®)ll g, Hz®)llg, +120)]) (A32)
arg (V(8) = lw®)ll g, + 120 o, +2(0)] - (A.33)

Bound (41) then follows with S5(s,t) = a12(51 (11(8),1)).

Proof of Lemma 5

We prove bound (43) using relations (26), (27) of
Assumption 1 and the fact that p satisfies the initial value
problem in x (A.1), (A.2). Using (27) we get

OB 0@ D) ) e, 1), ¢, 6)) < Re (pla, 1)) + s (I, )

)
p (A.34)
With (A.1), we get
B P@D) o g (pla,t) +as (Cet)). (A35)

dx

With the comparison principle and (A.2), we arrive at

x

Re (p(a, 1) < Re (Z())+ / e Vo (1C(y. 1)) dy. (A36)
0

Using (26), we get for all z € [0, 1]

p(z. )] < oy’ (e (a2 (1Z(H)]) + a3 (IKB)]1))) -

Hence, we get (43) with pa(s) = a; ' (e(aa(s) + as(s))).

(A.37)

Proof of Lemma 6

For proving bound (44). we use Lemma 3. Since 7 satisfies
(A.5), (A.6) using (A.8), (A.9) we get

(e, 1) sazuzun,m)ﬂz(sup |z<y,t>|)7 (A38)

0<y<z

and hence, bound (44) holds with p1(s) = 8z(s,0) + vz(s).

Proof of Lemma 7

Since p, h are continuously differentiable with 1(0,0) =
h(0,0) = 0 it holds that
((Z)| +[h(2)] < o (12]) - (A39)

for some class K function a*. Therefore, using (32) we
get that [|z(t)|lco < [I€(#)|loo + & (||p(t)]|0), and hence, with
Lemma 5 that

1ZO] + 120l < p2 (12O + 1<) ]|0)
with p2(s) = s + a*(p1(s)). Moreover, from (32) we get

op* (p(z,t))
dp

(A.40)

za(2,1) = Ca(2,1) — 9 (p(x,1),C(,1)) (A41)
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and hence, using the fact that x* is continuously differentiable
and g locally Lipschitz with g(0,0) = 0 there exists a class Ky,
function o] such that

|20 (2, )] < [G(2, )] + a1 ([Pl + [IC(O]) - (A42)

Therefore

/zm dm<2/<$xt dz + 203 (12(1)] + 1C()].)
0

(A.43)
where o (s) = ;% (s+p1(s)), and hence, || 2(t)]| o0 + fo 2z (2
t)?dz)/? < Ps(lZ( )+ lICt ||oo+fo Colz,t)*d), where

pi(s) = pa(s) + V2s + /2ai(s). For any v € Hy(0,1) it
holds that [v(0,t)| < |v(x,t)] + [ [vs(z,t)|dz, and hence,
with Young’s and Cauchy-Schwartz’s inequalities, and by
integrating over [0,1] we get that [v(0,t)] < v2[|v(t)| s,
Since also |v(z,t)| < |v(0,t)] + fol |v(,t)|dz, we arrive at

lo®lle < (V24 1) [0(t) 4, -

Using the fact that for any function v € H;(0,1), fo
t)2dz)1/?) < ||v(t)|| bound (45) is proved w1th p3(s )
pi(\/2s + 25). Analogously, bound (46) is proved using (39),
(A.39) and Lemma 6, with ps(s) = p5((v/2 +2)s), where
5(5) = pa(s) + V25 + V2a3(s) and fa(s) = s + a* (31(s)),

a4(s) = (s + pu(s) + 0 (41 (5))).

(A.44)

APPENDIX B
Proof of Theorem 2

We start the proof of Theorem 2 by defining the inverse
backstepping transformation of (61), for all x € [0, 1] as

w(at) = w(w ) + pp(e,8) — h(p(w,1)  BD
where for all z € [0, 1]
pla,t) = Z(t) — /9 (p(y, ), n(p(y, 1)) + h (p(y, 1))
0
+w(y,t))dy. (B.2)

To see this, we first note that r in (62) satisfies the following
boundary value problem:

’I“I(l‘, t) =g (T’(ﬂl‘,

=Z(t)

t),2h (r(z,t)) + w(x,t)) (B.3)

r(0,1t) (B.4)
and hence, by combining (B.2) and (B.1), it follows that p and r
satisfy the same boundary value problem. With the uniqueness
of solutions it follows that » = p, and hence, p; = —p,, which
in turn implies that w defined in (B.1) satisfies (11). The fact
that w satisfies (12) follows by combining (32) with (B.1) and
the fact that p(0,t) = p(0,%) = Z(t). Similarly to the proof of
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Lemma 7, using (61) and (B.1) we conclude that in order to
prove that w and w are upper bounded by a class K, function
of Z, w and of Z, w respectively, it is sufficient to show that the
following holds for some class K, functions py 1, pr 1

)l <pra (Z2@O)]+ [w®)])
1)l < pra (1Z(B)] + [lw(t) o)

We prove first bound (B.6). Using (19), we get from (B.2) that

t)) +w(z,t))

(B.5)

(B.6)

pz(z,t) = — g (p(x,1), 1" (p(=, (B.7)

p(0,1) = Z(t). (B.8)
Under Assumption 4, we get —(9Ry a1(p(x,1))/0p)g(p(x,t),

w(p(x; 1) + w(@,t)) < Ryalple,t) + asalfw(z,t)]).
Using (B.7), we get

dRy 1 (p(2,1))

e < Ry (p(x

1) + asa (jwlz, b)) (B.I)

and hence, with the comparison principle and (B.8)

x

Riet (p(2.£)) < " Ryar (Z(8)) + / e Vag o (|w(y,1)]) dy.

0
(B.10)

Hence, using (77) we get bound (B.6) with some class Ky
function p, ;. Under Assumption 3 and using similar arguments
we get bound (B.5) using (B.3), (B.4). Bound (73) then follows
by combining (32), (61), the fact that u, h are locally Lipschitz
with 1(0) = h(0) = 0 and (43), (B.5). Similarly, bound (74)
follows by combining (39), (B.1) and (6), (B.6). Combining
estimate (71) with (73), (74), we get

T1(¢) < B (T1(0), 1)

12+ 11<(0)] o

(B.11)

1(t) = el B12)

for some class £ function (3. Using the facts that Z(t) =
L)) and [IC(®)lloo + o (®)loe < 2(ue() o+l (8)]].0),
[t (D)o + 1ua ()0 < IC(E) oo + [[w(B)][oc [Which follow
from the triangle inequality and definitions (52—(8)], we get
X ()] + [w(0, )]+ [[ue ()| o + [ (8)| o <V2B5(2(/X(0)] +
[1(0,0)] + ||u(0)]|oo + ||z (0)]|o0), ). Using the fact that
[u(t) oo < (0, )] + [Jue ()], we get (83) with 7j3(s, t) =
2\/563(28’“'
Using relations (37), (38), we get that

2(x,t) = {g?(t +2),

where the initial condition zo(x) is given by (32) with ¢ = 0.
Using relation (5), the fact that u(-,0) € C[0,1] and that
u(-,0) € C1[0,1], we conclude that ((-,0) € C[0,1], and
hence, using the fact that p satisfies the ODE in z (57), (58)
and the Lipschitzness of g we conclude the existence and
uniqueness of p(z,0) € C[0, 1]. Therefore, with (32) and the

0<zr+t<l1

rrt>1 (B.13)
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compatibility condition we get that zy € C[0, 1], and hence,
with (34), (B.13) and the Lipschitzness of g and p1* we conclude
the existence and uniqueness of (X(t),u(0,t)) € C*[0, c0).
Using the fact that zo € C[0, 1], the compatibility condition
and (B.13) guarantee the existence of z € C([0,1] x [0, c0)).
The uniqueness of this solution follows from the uniqueness
of the solution to (37), (38) (see Sections 2.1 and 2.3 in [5]).
With the same arguments and using relation (6), the ODE (B.3),
(B.4), relations (35), (36) and the fact that

wo(z —t), 0<t<uw
w(a:,t) = {Zo(t—‘f), 0<t—xz<l1 (B.14)
0 t—x>1

we get, with the compatibility condition and wu,(0,0) =
h(X(0),u(0,0)), the existence and uniqueness of w €
C(]0,1] x [0, 00)). With the inverse backstepping transforma-
tions (B.1), (39) and the facts that 7(z,t) = p(z,t) = Z(t +
x) € C1([0,00]), which implies that 7(x,t) € C*(]0,1] x
[0,00)), and that p(z,t) = 7(x,t) = Z(t — x) € C([~1,0))
(since p(z,0) = Z(—=x) in (B.2) satisfies for all x € [0,1]
pe(,0) = —g(p(,0), 1*(p(ir,0)) + wo(x))), which implies
that p(z,t) € C1([0,1] x [0,00)), we get the existence and
uniqueness of ¢,w € C([0,1] x [0,00)). Therefore, using (7),
(8) we conclude that there exists a unique solution (u¢, u,) €

C(]0,1] x [0,00)), and hence, that there exists a unique solu-
tion (80).

APPENDIX C
Proof of Theorem 4

As in the case of nonlinear systems, the control law that
stabilizes system (96)—(99) is based on a predictor feedback
design that stabilizes the augmented system

X(t) = AX(t) + B&(t)
£t) =

(C.1)
— CX(t) — o&(t) + ¢(0,¢t). (C.2)

The predictor states p; and po defined in (22) and in (23)
respectively satisfy the following ODE in x

PED _ 1)+ 6 o) + ) ()
p(0.8) = [u)((o(t Z)} : (C4)

where p = [iﬂ and where O, denotes an n x 1 matrix with
zero entries. The initial value problem (C.3), (C.4) can be
solved explicitly as

x

(@) = ePTX(8) + / FEDE x (ug(y, £) + uy (y, ) dy.

0
(C5)

It follows from definitions (101), (102), (C.5) that the control
law (21) for the special case of linear systems can be written in
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compact form as (100). The Lyapunov functional for the case

of linear systems is
1
2|PG| )/e (1+x)
0

IIllIl

V(t)=ZYt)PZ(t) + (

1
xz(x,t)%dx + /ec(lﬂ”)w(x, t)%dz, (C.6)
0
where P = PT > 0and Q = QT > 0 satisfy
(F+GK*")"P+ P(F + GK*) = —Q, (C.7)

Z(t) = [ u)((étt))] and z, w satisfy (64)—(67). Taking the derivative

of (C.6) along the target system (63)—(67) and using Young’s
inequality together with integration by parts we obtain

A

V(t) < —M |Z(t)]> — /edlﬂ)z(x,tﬁdx
0

1
—c/ec(lfz)w(x,t)zdx. (C.8)
0
Therefore,
V(t) < -AV (1), (€.9)
with A = min{A\uin (Q), ¢}/ Amax(P) + (2| PG|/ Amin(Q)))-

Using the linearity of the backstepping transformations we get
that

1(t) < My @o(t)
2(t) < Ma®4(t),

(C.10)

o
o (C.11)

1

(1) = |Z(t)] +/w(m t)2dx+/z(x t)?dx  (C.12)
0

dx+/w d:c
0

for some positive constants M7 and M,. With relations (5), (6),
and the facts that fol u(x t)zd:v<2u(0 t)2+4 fol ug(z,t)%dz

and that u(0,t)% < 2f0 z,t) 2daz+2f0 uy(z,t)?dx we get
estimate (104). The rest of the proof for the case in which
the initial conditions are as in Theorem 1 is almost identical
to Theorem 1 with the difference that we use (B.14) instead
of (59) together with the inverse transformation (B.1) and the
fact that p(x,t) € C1([0,1] x [0,00)) (see also Appendix B).
For the case in which (u(-,0),u.(-,0)) € H1(0,1) x L2(0,1)
without the compatibility conditions then with similar argu-
ments one can show that p(x,0),r(z,0) € C[0,1] and hence
with (32), (61) and (B.13), (B.14) that (w(-,t),z2(-,t)) €
C(]0,00), L2(0,1) x La(0,1)) which also implies that Z(t) =
(X (t),u(0,t)) € C[0,00). The facts 7(x,t) = Z(t + x) and
p(x,t) = Z(t —z) and the inverse transformations (B.1),

Da(t) = | 2(t)] + / €13)

0
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(39) guarantee that ({(-,t),w(-,t)) € C([0,00),L2(0,1) x
L5(0,1)), and hence, with (5), (6) that there exists a solution
as in the statement of Theorem 4.

APPENDIX D
Proof of Proposition 5.1

When (98) holds with ¢ =0 and C' = 0, the control law
(100) takes the form
1
1,t) + /
0
1

x | Ker x /eA(lfy)dyB —¢ + KeAlop

x

Ut) = —u(1,8) + (e + KB) u(

1
X ug(z,t)de + K(c1 + A) /eA(l ) Bu(x, t)da
0

+ K(cy + A)e X (). (D.1)

We recall next that the control law (47) derived in [15] is
(forD =1)

U(t) =(—co + 1 KB)u(1,t) — ciu(1,t)
1
+ [ p(1 = y)u(y, t)dy
/
+ /q(l —yu(y, t)dy + m(1)X(t) (D.2)
0
where
p(s) =/ (s) + Cop(s) + &1 (m"(s) + com'(s))
(D.3)
q(s) =m'(s) + com(s)
+ar | ls) + o / u(€)ds — (D.4)
0
m(x) =7(z) + Z(x)(éof +¢14)
+ 515() ’}/(é-)de (DS)
/
and
v(x) = KM () (D.6)
s
M(z)=[I 0]etl O [é] (D.7)
m(s) = [ v(§)Bd¢, (D.8)
/
w(s) = / v(§)ABdE (D.9)
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For proving that the control law (D.1) is identical to (D.2) for
¢o = c1 and ¢; = 1, we have to show that

m(z) = K(c; + A)e® (D.10)
p(z) =n(x)B (D.11)
g(z) =K | e + ¢ /eAydy B—c¢. (D.12)

0

To show that (D.10) holds, we first observe that 7(0) = K (c¢; +
A) since from (D.6), (D.7) it follows that 7/(0) = 0. Hence, it
remains to show that 7/(z) = K (c; + A)AeA?, i.e

(c1+A)Ae" = M (2) A2+ M'(z)(c1+A)+c; M (x)A (D.13)

where we also used the fact that M"(x) = M(z)A?. By ex-

panding M in Taylor series, we get that

0 AI 2i4+1
:Azz: 2 1 1] (D.14)
> A 21
M(@)A=AY" ((;;! (D.15)

Using the fact that e4* = > ((Ax)/i!), we conclude that
(D.13) holds, and hence, that (D.10) holds. We show next that
(D.11) holds. Using (D.4), (D.8), (D.9), it follows that

x

V(@) + (@) (1 + A) + &1 / (y)dyA | B (D.16)
0

p(z) =

and hence, with (D.5) we conclude that (D.11) holds. To show
(D.12), we first rewrite (D.4) as

x

oy / () dy + / +(y)dyA

q(z) =
0 0
Ty
+c1 +//'y(r)drdyA B—¢. (D7)
0 0
Using (D.16), we get that
crtale) = [Py +2©B, @19
0
and hence with (D.10), (D.11), we arrive at
c1+q(x)= Kcl/eAydy+KA/eAydy B+~(0)B. (D.19)
0 0

The proof is complete by noting that A fO‘T eMdy = e — T
and y(0) = K.
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