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1 Introduction

ILC is an intelligent control methodology for repetitive processes and tasks over a finite
interval. ILC was first formulated mathematically by Arimoto et al. [1]. In the last three
decades, it has been constantly studied and widely applied in various engineering prac-
tice, such as robotics, freeway traffic control, biomedical engineering, industrial process
control, et cetera [2—9]. The major benefit of ILC are completely tracking feasible refer-
ence trajectories (or evolutional profiles) for that complex systems include uncertainty
or nonlinear. It can be achieved only based on the input and output signals [10-14]. It is
a truly model-free method motivated by the human trial-and-error experience in prac-
tice.

Despite ILC has been widely investigated for finite-dimensional systems, research
work of related to spatial temporal processes are quiet few and even less using infinite-
dimensional framework. Qu [15] proposed an iterative learning algorithm for boundary
control of a stretched moving string, which is a pioneer work of extending the ILC frame-
work to distributed parameter systems. Tension control system is studied in [16] by using
the PD-type learning algorithm. Both P-type and D-type iterative learning algorithms
based on the operator semigroup theory are designed for one-dimensional distributed
parameter systems governed by parabolic PDEs in [17] and have been extended to a class
of impulsive first-order distributed parameter systems in [18]. In [19], a steady state ILC
scheme is proposed for single-input-single-output nonlinear PDEs. A D-type anticipa-
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tory ILC scheme is applied to the boundary control of a class of inhomogeneous heat
equations in [20], where the heat flux at one side is the control input, whereas the tem-
perature measurement at the other side is the control output. The learning convergence
of ILC is guaranteed by transforming the inhomogeneous heat equation into its integral
form and exploiting the properties of the embedded Jacobi theta functions. In [21], for
applied convenience, using Crank-Nicholson discretization, ILC for a heat equation is de-
signed, where the control allows the selection of a finite number of points for sensing and
actuation. Recently, a frequency domain design and analysis framework of ILC for inho-
mogeneous distributed parameter systems are proposed in [22]. However, these works
did not involve MIMO second-order hyperbolic distributed parameter systems.

The control problem of hyperbolic distributed parameter systems has been frequently
encountered in many dynamic processes, for example, wave transportation, fluid dynam-
ics, elastic vibration. In [23], a P-type ILC algorithm is proposed for a first-order hyper-
bolic distributed parameter system arising in a nonisothermal tubular reactor using a set
of ordinary differential equations (ODEs) for model approximation. In addition, ILC prob-
lem is considered in [24] for a first-order strict hyperbolic distributed parameter system
in a Hilbert space, where convergence conditions are given based on P-type algorithms
and require the initial state value to be identical.

In this paper, an ILC problem is considered for a class of MIMO second-order hyper-
bolic distributed parameter systems with uncertainties. A P-type ILC scheme is intro-
duced, and a sufficient condition for tracking error convergence in the sense of L2 norm
is given. The conditions do not require analytical solutions but only bounds and an ap-
propriate norm space assumption for uncertainties of the system coefficients matrix. The
proposed control scheme is the first work on extension to MIMO second-order hyperbolic
distributed parameter systems with admissible initial state error. On the other hand, the
convergence analysis is more complex than for finite-dimensional systems because it in-
volves time, space, and the iterative domain. We do not simplify the infinite-dimensional
systems to finite-dimensional systems or replace them with discrete-time equivalences
(see [23]). Only in simulation, in order to illustrate the effectiveness of the presented ILC
approach, we used the forward difference method to discretize the infinite-dimensional

systems.

Notation The superscript “T” denotes the matrix transposition; / and 0 denote the iden-

tity matrix and zero matrix of appropriate dimensions, respectively. For an n-dimensional

constant vector q = (41,42, ...,qx)", its Euclid norm is defined as ||q|| = /> ", g7 The
spectrum norm of an n X n-order square matrix A is defined as ||A| = v/Amax(ATA),
where Amax(-) (Amin(+)) represents the maximum (minimum) eigenvalue. Let L2(£2) be the
set of measurable functions g defined on a bounded domain 2 € R” such that ||q||i2 =
Jo lg@x)|? dx < co. If gi(x) € LX(Q) (i = 1,2,...,k) (for convenience, we denote L*(2) as
L2(;R)), then we write q(x) = (q1(%), ...,g.(x)) € R*NL2(RQ), and ||q||i2 = [, 4" (x)q(x) da.
For w(x, t) : @ x [0, T] — R" such that w(-,£) € R"NL2(RQ), t € [0, T], given A > 0, its (L%; 1)

norm is defined as

Wiz = sup (w0 i)
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2 ILC system description
We consider the following MIMO second-order hyperbolic distributed parameter system
governed by partial differential equations:

P96 _ DAQ(x, £) - A1) 99D 4 B()u(x, 0),

Bt2

y(x, 2) = C(t)q(x, ) + G(t)u(x, t), @
where (x,£) € Q x [0, T], that is, x, t denote the space and time variables, respectively,
T is given, Q is a bounded open subset of R” with smooth boundary 9%, q(-,-) € R”,
u(-,-) € R*, and y(-,-) € R” are the state vector, input vector, and output vector of the
systems, respectively, D is a bounded positive constant diagonal matrix, that is, D =
diag{dy,ds,...,d,}, 0 < p; <d; <00 (i=1,2,...,n), and p; are known, A = ZZI % is the
Laplacian operator defined over €2, A(¢) is a bounded and positive definite matrix for all
t € [0,T], and B(t), C(¢), and G(t) are the bounded time-varying uncertain matrices of
appropriate dimensions.

The initial and boundary conditions of (1) are given as

qx,£)=0, (xt)e€dx][0,T], )
q(x,0) = o), 8“;’;’ Oy, 3)
t=0

The control target is to determine an input vector u,(x, ) such that the output vector y(x, t)
is capable tracking a desired feasible trajectory y,(x, £), namely seeking a corresponding
desired input u,(x, £) such that the actual output of the system (1),

Y (% t) = C(H)qa(x, ) + G(t)uga(x, 1),

approximates the desired output y;(x, ). Because in the system there exists uncertainty,
it is difficult to obtain a complete tracking, so we will gradually gain the control sequence
ug(x, t), using the ILC method, such that

lim Uk(x, t) = Ud(x; t);
k—o00

where the kth iteration control input satisfies

Tz

P _ pAgy(x, £) — A) 2D )y By, t), @
Vi, £) = CO)qu(x, t) + G(t)uk(x, t).

Assumption 2.1 We assume that there exists a unique bounded classic solution q(x, ) for
system (1). Thus, for a desired output y,(x, t), there exists a unique u,(x, £) such that

T2

P9t _ pagy(x ) A@) 245D 4 B(tyug(x, ),
ya(x,t) = C(6)qa(x, t) + G(t)ug(x, t),

satisfying the initial and boundary conditions

qQulx,8)=0, (x,t) €0 x][0,T], (6)
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9qa(x, 1) .
W0 =qul), I =g, xew, )
t=0

where q(x, £) is the desired state, and (quo (%), 440 (%)) is the initial value of the desired state.

Assumption 2.2 Inalearning process, we assume the following boundary and initial con-

ditions:
qr(x,£) =0, (x,t)€dR x[0,T], (8)
R R ©)
The functions @i (x), Yi(x) satisfy
” % - a‘%") ;Q) <ha’,  ¥rn = Villfag) < LB (10)

where [, [; are constants, and «, 8 € [0,1).

Remark 2.1 Assumption 2.1 is a necessary condition for ILC method. Assumption 2.2
means that, in the initial state, there may exist an error and the identical initial condition
in ILC systems (4) is not required. On the other hand, from practical point of view, in
iterations, the initial condition reset should be closer and closer to the initial value of the
desired state, so condition (10) is reasonable.

3 ILC design and convergence analysis
In this paper, we employ the following P-type ILC law:

Uiyl (xx t) = llk(x, t) + F(t)ek(xx t): (11)

where I'(¢) is the learning gain.
For a brief presentation, let

ers1 (%, 8) = ya(x, £) — Vi1 (%, £),
Qi(x,8) = Qe (%, 1) — qie(x, 2),
g (x, £) = W (%, £) — wge (o, ),

where ey, (x, t) is the tracking error of the (k + 1)th iteration. Then the control target can
be rewritten as

klirg lex( )| 2 @=0 Vtel0,T] (12)

Remark 3.1 The ILC law (11) is distributed, that is, it depends on both time and space.
although many distributed systems require that only boundary control can be used as
physical constraint, but distributed sensors/actuators can be effectively applied in recent
developments in supporting material science and technologies [21], such as piezoelectric

ceramics.
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We need the following technical lemmas, which are widely used in the proof of the main
theorem.

Lemma 3.1 ([25]) Let A € R™", Be R, ¢ e R", n € R. Then we have

cTATBy < %(;TATAg +n'B"Bp). (13)
Lemma 3.2 ([13]) Let a nonnegative real series {ax}32,, satisfy

Uit < Tk + Zps (14)
where 0 <r <1 andlimy_, o, zx = 0. Then we have

klingo ay = 0. (15)

Theorem 3.1 Counsider the ILC updating law (11) applied to the repetitive system (1) under
(2), (3) and satisfying Assumptions 2.1 and 2.2. If the gain matrix I (t) satisfies

|[1-Gor@|* <pelo,1), 20<1, (16)

then the tracking error converges to zero in the sense of Ly norm forall t € [0, T] as k — oo,
that is,

klir& lex( )] 2 @=0 Vtel0o,T] (17)
Proof According to the learning law (11), we have

er1(xt) = ex(w, t) — yr (%, £) + yr(x, £)

ex(x,£) — G(t) (W (%, 1) — ar (o, 2)) = C(8) (Qir (%, £) — Qe 1))
(I- G@)L(2))ex(x, 1) + C(0) (qrar (%, 2) — qi(x, 1))

ék(x’ t) + él/((x; t); (18)

(1>

where
ék(x¢ t) £ (1 - G(t)r(t))ek(x) t)? (Alk(x¢ t) £ C(t) ((Ik+1(x7 t) - q/((xr t))
Then, by Lemma 3.1 we have

ela—l (x7 t)ek+1(x: t) = (é/{(x’ t) + fl;{(x, t)) (ék(xr t) + elk(xr t))
< 2[&] (v, t)ex(x, ) + @ (x, )k (x, 1)

< 2hgre} (v, t)ex(x, £) + 21cqyf (x, Qi (x, 1), (19)
where

rer = max {[1-GOT @[}, rc= max {[C@)]).
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From (4) and from

TU1D) _ pgente ) -0 LD g e (20)
we have

% = DAqi(x,t) — A(2) 94(x,2) + B(t)ug(x, t). (21)
We define

(RIS RO LT )
Then by (21) we obtain

2 /Q T 08T o ) dx = 2 /g & (o [ DAG (6 6) — A 1)
+ B(t)ug(x, t)] dx
= 2/ ﬁg(x, t)DAq(x, t) dx
Q

-2 / Qi (o, DA Qe £) dx
Q

+2 / q; (x, £)B(t)i(x, t) dx
Q
3
£ (22)
i=1
where
h=2 / Qi (5, )DAG(x, ) dx, I =-2 / Qi (x, DA Qi (x, £) dx,
Q Q
=2 / Qi (6, OBy (x, ) d.
Q

Note that

(1 D132

dt @3)

2 / q; (x,t)q (x, £) dx =
Q

Using the boundary condition and noting that D = diag{d;,d>,...,d,}, 0 < p; < d; < 00

(i=1,2,...,n), and p; are known, we have

h=-2)" / Vi, dV aqu(x, £) dx
i=1 V$2

— minD . 24
& (24)
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Meanwhile, because

I = =2min(A) | D)2 (25)
using Lemma 3.1 again for I3, we get

I = 8,0 2y + 258D 2y (26)
So from (22) and (24)-(26) we obtain

A1k D32 g) IV )2

* 2
TV (D) T ) i)

+ qu('t)HiZ(Q) +Ap Hﬁk(x t) ”iZ(Q)’ (27)
that is,

d(1ae (- D)2, + Amin D) Va5 D125 )
L2(Q) ()
dt

< Vi) @) oy + 180D 2y + 2806, |2y

Because A(¢) is positive definite matrix for all ¢ € [0, T'], we get

d(1ae( D)1, + Amin D) VaK(5 D125 )
L2(Q) ()
dt

= H &k(') t) Hiz(g) + )"B ”ﬁk(r t) ”iZ(Q)

< (@D 2y + FminD VB [1200y) + 28] 8) [ 2 (28)
By the Bellman-Gronwall inequality we have
lax(0) ||i2(g) + Amin(D) ||V‘_1k('rt)||i2(§2)
< (@) [0y + 2anin (D) VA 0) 12 )¢ + 2 / )2 g
< (rmin(D)haX + LY + g /0 o9 k(- 5) [ 12, ds- (29)
Due to the Poincaré inequality, there exists a constant ¢y = ¢o(£2) such that
a2 = €0 VA )12 (30)

Therefore, by (29) and (30) we have

|akC 02 < ﬁ‘}m(xmw)llak +hpt)e

CQ)\B
+
)"min (D) 0

t
elt=s) || (-, s) || iZ(Q) ds. (31)
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Choosing a sufficiently large constant A > 1 and multiplying both sides of (31) by e™*

have

— 2 - “
@t D™ = 55—

(Amin(D)ha* + 1 pF)e 3Dt

[ a9l g
< ﬁ‘}m(xmmw)hak + %)
< ﬁo(D)(}‘min(D)llak +hLBY)
CorB

e
Amin(D) (. —1) A5

On the other hand, according to the P-type ILC law (11), we have
t601(+8) = 10k, 8) 12y < Amax (DT AT () ks 1) £y

Letting Ar = MaXo<;<7{Amax(T'T (£)T'(£))}, we have

lletkrr — vicll w20y < Arllexll @z
and also
— 2 ot Co k k
ot < Amin(D)ha™ + 1
||‘Ik( )”LZ(Q)e = )Mmin(D)( min(D)ho 28 )
p GO g
hmin(D)(h —1) W
From (18), (23), and (24) we have
ZCO}MC)H“)\B
e a0 < |2Acr+ ——————)|le .
lexstll 2,0 _< Gr )me(D)()L_l))H el
260)\C k k
+ ———(Amin(D) g™ + 1 .
Amin(D)( mm( )105 2,3 )

Then, by (16), we can select a suitable large A such that

ZCO}\.C)\.FA.B

A>1 and 2Agr+ ———— < 1.
)"min(D)()" - 1)

Lotz - Aii?n)}g) (Amin(D)ia* + I, 8%). Then by Lemma 3.2 and (36)-(37) we have
kll)rglo llexs1ll2;2) = O.

Finally, by the inequality

2
”ek”(Lz;M < sup ”ek("t) HLZ(Q) =< )”T”ek”(Lz;)u)
0<t<T

Page 8 of 13

L we

(32)

(33)

(34)

(36)

(37)

(38)

(39)
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we have the convergence

kli>nolo||ek(.’ t)“LZ(Q) =0, te [O, T]' (40)
This completes the proof of Theorem 3.1. d

Remark 3.2 In Theorem 3.1, we must point out that (16) requires G() to be a nonsingular
matrix (or regular matrix), that is, there exists a direct channel in between the output and
input for systems (1). We will consider the case G(¢) = 0 in the future.

4 Numerical simulations
In order to illustrate the effectiveness of the proposed ILC scheme, we give the following

specific numerical example:

ot

WD - pAq(x, t) — A 2D 4 B(eu(x, 8),
y(x, £) = C(H)q(x, £) + G(Hulx, 1),

where
a0 | mx ) |5
abst) = |:612(x» t)] o ueh= [um t)] r Y= |:J’2 (x, t)} ’
D:[1 o}, A(t):|:1.5—e‘5t 0] B:|:1/3 o]
0 1 0 0.5 025 0.2

025 1 1 05 085 0
C= ) G= ) I'= )
0 025 0 1 0 09

and (x,£) € [0,1] x [0,1]. The desired evolutionary profile vector is given as the iterative

learning:
Yo 8) = (yar (%, ), yar (%, 1)) = (=2(e7* - 1) sin 7w, —4 sin £ sin 27 x).

Both the initial state profiles are ¢;(x) = 0.02x, ¢5(x) = 0.01 sinx, so ¥ (x) = ¥»(x) = 0, and
the input value of the controlling at the beginning of learning are settobe 0 andw = 8 =0
in (10). Then the condition of Theorem 3.1 is satisfied. that is, || — GT'|| = 0.15 < 0.5. We
use the following forward difference method:

Pq(xt)  qlint) - 2q(xi b)) + g t)

dx? W2 ’
azqk(x’ t) _ q(xi) tj—l) - 211(9% t/) + q(xh tj+1)

a2 72 ’
Aqi(x,t)  qlxi i) — q(xi 57)

at T ’

y(xi, £) = C(t)q(wi, &) + G(t)u(x;, ),

where /, T are space and time sizes, respectively, and (x;, ;) is discrete point.
The iterative learning process is the following:
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Figure 1 Desired surface yq1 (x,t).

Figure 2 Desired surface yq,(x, t).

« Step 1. Iterative number k = 0 (for convenience, the iterative time begins from 0).

1.1. Let control input ug(x, £) = 0 with qo(0,£) = 0 = qo(1,£), qo(x, 0), 3‘103—(?’0), A(t),
B(t), D. Based on the second-order differential equations and above difference
method, we can solve (4) and obtain qq(x, £).

1.2. By the output equation yo(, £) = C(t)qo(x, £) + G(t)uo(x, t) we calculate yo(«;, £).

1.3. Calculate eg(x, ) = yq(x, £) — yo(, £).

o Step 2. Iterative number k =1, wy(x, £) = ug(x, £) + ['(t)eg(x, £).
« Step 3. Repeating Step 1, but with control input wu; (x, t) (# 0), we obtain e; (x, £).
Step 4. At the kth iteration, if the tracking error e (x, t) is less than the given error,

.

then end, else continue.

It should be pointed out that we did not need know (but require to be bounded) the
uncertain coefficients A(t), B(t), C(¢), G(¢) in practical process control; we only need re-
member the tracking error and calculate (offline) the next time control input w1 (x, t).

The simulation results obtained using this iterative learning algorithm and difference
method are shown in Figures 1-7.

Figures 1 and 2 show the desired profile, Figures 3 and 4 show the relative profile at
the twentieth iteration, Figures 5 and 6 show the error curved surface, where ey;(x,¢) =
Yai(x, t) — yri(x, t), i = 1,2, k = 20. Figure 7 is the curve chart describing the variation of the
maximum tracking error with iteration numbers. Numerically, in the twentieth iteration,
the absolute values of the maximum tracking error are 1.9185 x 10® and 1.5564 x 10~°.
These simulation results demonstrate the efficacy of the ILC law (11).

5 Conclusions
In this paper, a P-type ILC law is applied to a class of MIMO second-order hyperbolic PDEs
with dissipation and bounded coefficient uncertainty. We established sufficient conditions
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Figure 3 Output surface yj (x, t).

k=20

Figure 4 Output surface yj(x, t).

k=20

Y,,(x)

Figure 5 Error surface exq(x, ).

k=20

€ (x,t)

Figure 6 Error surface ey (x, t).

k=20
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Figure 7 Max error-iterative number curve.

Max Error

Iteritave number k

that guarantee the tracking error convergence in the sense of L? norm. A simulation ex-
ample is given to illustrate the effectiveness of the proposed algorithm.
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