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A Unified Adaptive Iterative Learning Control Framework
for Uncertain Nonlinear Systems

Abdelhamid Tayebi and Chiang-Ju Chien

Abstract—In this note, we propose a unified framework for adaptive it-
erative learning control design for uncertain nonlinear systems. It is shown
that if a Lyapunov based adaptive control law is available for the system
under consideration and the Lyapunov function satisfies certain conditions,
it is straightforward to extend the adaptive controller to handle repetitive
systems operating over a finite time interval. According to the value of a
certain parameter -y, the parametric adaptation law can be a pure time-do-
main adaptation, a pure iteration-domain adaptation or a combination of
both.! The advantages and disadvantages of the three possible adaptation
types are discussed and some illustrative examples are given.

Index Terms—Adaptive control, iterative learning control, nonlinear
systems.

I. INTRODUCTION

After more that two decades of intensive research, iterative learning
control (ILC) is now a well-established control technique that fits well
systems that are repetitive in nature. Roughly speaking, this technique
aims to generate, in an iterative manner, the adequate control input
leading to a “perfect” tracking over a finite time-interval for systems
executing repetitive tasks over a finite time-interval (see, for instance,
[1]-[4], [13], and [16]). In its early stages, the design of ILC schemes
was, primarily, based upon the contraction mapping approach and the
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A pure iteration-domain adaptation is described by a difference equation,
a pure time-domain adaptation is described by a differential equation, and a
combination of both is described by a differential-difference equation.
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use of the time-weighted norm (or A-norm) to prove the convergence
of the iterative process. This approach basically consists of adjusting
the previous control input with an adequate correcting term depending,
generally, on the current and/or the previous tracking error profiles.
This approach encountered several well-known obstacles, such as the
resetting condition, low convergence rates, requirement of the global
Lipschitz condition for nonlinear systems, and use of the output time-
derivatives for systems with high relative degree. In this framework, the
reference trajectory as well as the disturbances are usually assumed to
be iteration-invariant [i.e., the reference trajectory (or the disturbance)
has to be the same at each iteration].

In the mid-1990s, a new ILC approach, adaptive ILC, based on a Lya-
punov-like theory was introduced to overcome some of the limitations
of the original approach [S]-[8], [11], [12], [14], [16], [17]. This new
design methodology, which inherits the main attributes from its coun-
terpart in standard nonlinear theory, provided powerful tools to handle
complex systems that were difficult to handle using the contraction
mapping approach. In fact, among the benefits of this approach, one can
recall the relaxation of the resetting and Lipschitz conditions, the ability
to handle systems with high relative degree, and iteration-varying dis-
turbances and reference trajectories. In this framework, the previous
control input is adjusted indirectly through the adjustment of some pa-
rameters in the control law. The adjustment of the parameters can be
performed along the iteration axis [14], [16], [17], along the time-axis
(initializing the parameter estimates with their final values obtained at
the preceding iteration) [6], or combining both [7], [8], [11], [12]. In
fact, in [7] and [8], only uniform boundedness has been proven for a
particular class of uncertain nonlinear systems in lower triangular form.
Afterwards, the authors in [11] extended the work of [7] and [8] by
proving the stability and the asymptotic convergence of the tracking
error and the composite learning error for a class of uncertain non-
linear systems in lower triangular form. In the tutorial paper [11], a
combined iteration-domain and time-domain adaptive ILC algorithm
has been proposed for a specific class of uncertain nonlinear systems
with specific structural properties.

In this note, we provide a unified formulation of adaptive ILC for a
quite large class of uncertain nonlinear systems.2 In fact, we provide a
systematic procedure for the design of adaptive ILC schemes for un-
certain systems based on the existence of a Lyapunov function for the
system under consideration. The proposed parametric adaptation law
is quite general in the sense that it depends on a scalar v allowing
to select the desired type among the three adaptation types discussed
above, namely, a pure time-domain adaptation for v = 0, a pure it-
eration-domain adaptation for v = 1, and a combination of both for
~ € (0,1). In this framework, the reference trajectory is allowed to be
iteration-varying and the initial tracking error, at each iteration, is set
either to zero (resetting condition) or to the tracking error obtained at
the end of the previous iteration (alignment condition). The advantages
and disadvantages of the three adaptation types are discussed, and some
examples illustrating the design procedure are provided. A preliminary
version of this note has been presented in [15].

II. ADAPTIVE ILC DESIGN

Let us consider the following nonlinear system:

() = flan(t),ur(t),0,1) (1)

where 2, € R" is the state vector (denoting generally the tracking
error), u;, € R™ is the control vector, § € R? is an unknown constant
vector, t € [0,7] is the time, and & € Z4 in the iteration (or trial)
index. The nonlinear function f : R* x R™ x R” x [0,T] — R" is

2No structural assumptions, such as those used in [7], [8], [11], and [12], are
made. The proposed proof does not involve directly the structural properties of
the system under consideration.

0018-9286/$25.00 © 2007 IEEE



1908

such that f(z(t), ux(t),8,t) is bounded over [0,77] as long as xj(¢)
and uy(t) are bounded over [0,T]. In general, (1) represents the error
dynamics, and the explicit appearance of the time in (1) is often due to
the time-varying reference trajectory.

Suppose that one can design a well-defined? dynamic control law of
the form

ur(t) = glan(t), 01 (t), 1)
O (t) = h(zx(t),1) )

such that there exist a positive definite function

(k. 0k) = V(wr) + W(hy) 3)

with V and W being two differentiable positive definite functions,
satisfying

d=L;V(ew)+ LW (le) < =Y (xx) “)

where Y () is a positive definite function, «‘;k = ék -0, L;V =
(0V /Oxk)f, and L,W = (OW /0 )h.

We assume that /(. (t),t) is bounded over [0,1'] as long as 2 (t) is
bounded over [0,7°]. We also assume that W (6},) satisfies the following

properties:
P1)
(0. 7
Han ge;,,) < o (91,) )
96 96
P2)
W (k) = Wbk 1) < —Q(F0) + 2V ;9‘)9 ©)
k

where €2(f1) is a positive semidefinite function and 5 (t) =
Or(t) — Op—1(1).
Note that properties P1) and P2) are purely technical, needed for
the proof of our theorem. They are unnecessary in certain situa-
tions, as will be discussed later in our remarks. For instance, these
properties are satisfied if we consider W(6;) = (1/2)0i T "0y,
with I being a symmetric p031t1ve definite matrix. In this particular
case, (811’(9k)/80k) = Ok I'~'and W (Hk(t)) - W’(Bk 1(t) =
—(1/2)87T7 "9, + 67174,
Throughout this note, we will use the £, norm defined as follows:

(Ol {(fo” Plrar)”

qupUSTSt”T i

ifp € [1,00)
ifp=o00

where ||z|| denotes any consistent norm of z and ¢ belongs to the finite
interval [0,7]. We say that = € L,. when ||z||p. exists (i.e., when
||| pe is finite).

Now, one can state our result in the following theorem.

Theorem 1: Consider system (1) under the following adaptive ILC
scheme:

ur(t) = glar(t), 0k (1), 1)
(1- H’/)ék(ﬂ = _'Yék(f) + ”/ék—l(f) + h(zp(t),1) (7

with v € [0,1], 6_,(t) = 0. Forv € [0, 1), we set 85 (0) = B_1(T).
Assume that 2 (0) = 0 or zx(0) = zx_1(T), Vk € Z+. Then we
have the following. B
i) Fory € [0,1), x4(t),05(t), ur(t) € Loge, forall k € Z and
forallt € [0,T], and limg— 2 (t) = 0, V& € [0, 1.

3g(wk(t), 0k (t),1) and h(xx (t), 1) are bounded as long as x, (), f (t) and
t are bounded.
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il) For v = 1, zx(t) € Loce, 01(t),ur(t) € Lo forall k €
Z and forall t € [0,T], and limy,—oc [} T(ax(r))dr = 0.
Moreover, with z1(0) = 0, we have limg_ . x3(¢) = 0, Vt €
[0,77].

Proof: First, we will prove (i), i.e., forv € [0, 1). Letus consider
the following positive definite function:

(g, 0k) = Vi(g) + (1 — 1) W(Bx). (8)

In the sequel, we will use ¥}, (¢) to denote W (x (t), (1)), Vi(t) to
denote V(2% (t)), and Wy (t) to denote W (#(t)). The time derivative
of (8), in view of (1)—(5), is given by

. OWy &
W, =L: Vi, +(1— b
k Vit (1=y)—= a6, 'k

OWy,
=LV + L,Wi + 2.

( 01 + ”’HA 1)

oW
+ aékk (=0 +v8k—1)
OH &

k

IN

611 [

IN

(9k—9k 1)=—v

(B — G1—1).

Using property P1) and a simplified version of Young’s inequality, i.e.,
(3"17/@/(99k)9/€71 S ||(3‘V/i/39k)||“) + (1/4)”ka1 ||Z, we have

- al/h a”k ")’ = 2
U, < —~ 9 + = |6 —
o< =20 7” 2 T
< X116 112.
< 1us ©

Since §_1(t) = 0 and 60(0) = 6_(T), it is clear that ¥y(t) and
hence w0 (t) and 6y (t) are bounded for all ¢ € [0, T].
Now, let us use the following positive definite functional:

~ ~ t ~
\i’(l‘k,ﬁk,i’) = ‘I/(fI?k,Hk> + ’y/ ‘/V(ﬁk(T))dT (10)
0

whose difference can be evaluated, in view of (1)—(6), as follows:

AT (1) = Ty (1) = Ty (£) + 7 / (Wi (r) = Wi (7)) dr

= Vi(t) = Vit () + (1 = 1) (Wi(t) — Wers (1)
t
—1—7/ (Wi () = Wiy (7)) dr
0
= Vi1 (t) = (1 = v)Wi—1 () + Vi (0)

+ (1 = y)Wi(0) + 7/ (Wi(7) = Wi (7)) dr

3”A
985,

< _//T(JUL:(T))dT—”f'/ 6r) dr+Vi(0) = Vi (1)
0 0
+ (L= ) (Wi(0) — Wi (). (b

+/0 (LVi(r) + (1= 1) 2% (7)) d

Now, using the fact that Vix(0) = 0 (or V4 (0) = Vi_
‘/I,fk(o) = Wi_1 (T), we have

1(T)) and

T T
ATL(T) < —/ Ty (7)) dr — )/ O(B(r)) dr < 0. (12)
0 0

Hence, ¥ (T) is bounded for all & € Z. since ¥o(T) is bounded due
to the boundedness of ¥ (t) over [0, T]. This implies that ¥ (T') and
fDT I’V(&k(r)) dr are bounded for all & € 7, which in turn implies
that fOT |6 ||>dr is bounded for all k € Z, since W is a positive
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definite function. Now, from (9), in the case where V3. (0) = Vi.—1 (T),
one has

t . ’ T .

W) S0+ [ Jlialldr <T@+ [ G lBalir
0 0

and in the case where V;(0) = 0, one has

"
W) < (L= DWW EAD) + [ e |ar
Jo
which implies that ¥ (¢) is bounded for all k € Z and all ¢t € [0, T7,
and hence x4(t), 84 (t), u,(t) are bounded for all k € Z and for all
t € [0, T]. Now, from (12), it is easily seen that

k
Wi (T) =T, (0) + Y ATL(T)

=1
_ Jk T k v —
< mk(O)—Z/ T(,’EJ’(T))(]T—’V’Z/ Q(F,(7)) dr.
=10 = o
13)
Hence
k T k T
Z/ Y(z;(1)) dT+’y’Z/ QO (7)) dr < Ti(0) = Ty (T).
=10 i=iJo
(14)

Since ¥y, () is bounded for all k € Z4 and for all ¢ € [0, T, it is clear
that W,.(¢) is bounded for all & € Z and for all ¢ € [0, T]. There-
fore, from (14), one can conclude that limy, . fOT Y(zp(r))dr =
and, in the case where v # 0, limy_ o fDT Q(fx(7))dr = 0. Since
xi (), ék(f), u(t) € Looe, one has & (t) € L. Consequently, one
can conclude that limy, .o Y (2 (¢)) = 0 for all ¢ € [0, 7] and hence
limy— o xi(t) = 0 forall t € [0,T].

Now, let us prove ii), i.e., for ¥ = 1. Consider the following positive
definite functional:

(g, 0k,1) = m,(t)+/ W (0 (r))dr (15)
0

whose time derivative, in view of (1)—(5) and (6), is given by

Wi (1) = Vi() + Wi(h)
= LVi + Wi(t) = Wi () + Wi (2)
< L[.HC — Q((;k) =+ Mék + W”'}g_l(t)
0y
=LiVi+ LWy — Q0r) + Wi ()
—T(lk) — .Q(e_]\) + I’kal(t) < W/kal(fr).

A

(16)

Since 9:1(7?) = 0, it is clear that fo (t) = h(xo(t),t). Since x0(0) is
bounded, it is clear that 6o (0) is bounded. Therefore, from (16), it is
clear that ¥ (¢) is bounded for all ¢ € [0, T]. The difference of ¥ (¢)
can be evaluated, in view of (1)—(4) and (6), as follows:

AT (1) = Vi(t) = Vi1 (8) + / (Wi(r) = Wi_1(r)) dr
= Vot (1) 4 Vi(0) + / LiVi(r)dr
+ / (Wi(r) = Wie_1 (7)) dr

t

<- / Yy (r)) dr — / OB, dr = Vit (£) + Vi (0)
0 0

(17
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Now, using the fact that V% (0) = 0 (or V% (0) = Vi—1(T)), we have
ATL(T) < — / Y (e (7)) dr — / QB (T)dr <0 (18)
JO J0

which implies that ¥y (T') is bounded for all k& € Z4 since ¥o(T) is
bounded. ~

Let cog(t) = jg’ W (8k(7))dr. Itis clear that oy (t) < @i(T) <
w < oo forall t € [0,T]. Therefore

Ty (1) = Vilt) + wi(t) < Vilt) + . (19)

Thus

Upoq(8) < Vi1 (t) + . (20)

On the other hand, one has

A‘T/k(f) ‘T/k(t) - \Ifk_l(t)
— / Y(xp(r))dr — / Q(H_k)dT — Vi1 (t) + Vi (0)
Jo

J0
<Vi(0) = Vi1 (8). @n

IN

From (20) and (21), one can conclude that

() < Vi(0) + . 22)

Case 1) (Vi(0) = Vi—1(T)): Since \i/k(T) is bounded Vk € 7,
it is clear that V3. (T') is bounded Vk € Z,. Hence, from
(22), one can conclude that ¥y, (#) is bounded Vk € Z,
vt € [0,T].

Case 2) (Vi(0) = 0): It is clear that ¥, (¢) is bounded Vk € Z.,
vt € [0.7]. )

Consequently, x4 (t) € Loce, Or(t),ur(t) € Lo forall k € Z4 and

forall ¢ € [0,T].

We have also

k T k T
Z/ T(wj(T))errZ/ QF,(7)) dr < T4 (0) — U, (T)
= = 23)

which implies that limy,— fOT Y(xr(7))dr = 0 and limy_ o fOT
QOr(7))dr = 0.

Now, let us show that limy— o 2 (t) = 0, V¢ € [0,T], in the case
where 2, (0) = 0, Vk € Z. In fact, in this case, (17) leads to

ot

AT (1) < =Vioa(B) —/

0 o]

'
Y(zp(7))dr — / Q0,(7))dr <0

(24)
which leads to
k k ¢
Z‘/;’—l(t) + Z/ Y(z;(7))dr
=1 j=170
k ot
+Z/ Q,;(1))dr < Ti(0) = T (t). (25)
j=170

Since ¥, (t) is bounded Yk € Zy, ¥Vt € [0,T], it is clear that
limy—o Vi(t) = 0, which implies that limy_.c zx(t) = 0,
vt € [0,77].

Now, we would like to provide the following remarks.
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Fig. 1. Example 1: Sup-norm of the tracking error versus the iteration number for v = 0,0.5, 1.
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Fig. 2. Example 1: RMS-norm of the estimation error ((;k) versus the iteration number for v = 0,0.5,1.

Remark 1: Note that the parametric adaptation law given in (7) is
a hybrid time-domain and iteration-domain adaptation mechanism for
v € (0, 1). In the case where v = 0, the adaptation law becomes a pure
time-domain adaptation [6], while for v = 1, it becomes a pure itera-
tion-domain adaptation [16]. With v € [0, 1), we guarantee the bound-
edness of the infinity norm of the tracking error and the control input
as well as the convergence to zero of the infinity norm of the tracking
error. With v = 1, we guarantee the boundedness of the infinity norm
of the tracking error, the boundedness of the £2-norm of the control
input, and the convergence to zero of the L2-norm of the tracking error
if the alignment condition is satisfied and the convergence to zero of the
tracking error if the resetting condition is satisfied. It is worth noting
that, in the case where an upper bound of the parameter ¢ is known, i.e.,
||8]] < ), one can guarantee the boundedness of the infinity-norm of
the control input, with v = 1, by using a projection mechanism in the
parametric adaptation law.

Remark 2: With v = 1, property P1) is not required to derive the
result in Theorem 1, and the unknown vector ¢ in (1) can be time-
varying. For v = 0, both properties P1) and P2) are not required to
derive the result in Theorem 1.

Remark 3: It is worth noting that with v = 0, we will need to
save only 5 (T) in the memory instead of saving 65 (t),t € [0,T].
This will considerably contribute to memory space saving in real-time
applications.

Remark 4: In the case of v € [0, 1), it is possible to guarantee the
convergence of the parametric estimation error to zero when k tends to
infinity, for all ¢ € [0, T, if the control law (2) guarantees some form
of persistency of excitation. In fact, according to the proof of item (¢)
of our theorem, we have limy fUT Q(85.(7))dr = 0 for v € (0,1).
Since all the signals are bounded, it is possible to show that b5 (t) is
bounded, and hence lim, . . 8, (t) = O for all ¢ € [0, T] as long as
is positive definite. Therefore, when % tends to infinity, the adaptive ILC
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Fig. 3. Example 2: Sup-norm of the tracking error versus the iteration number for v = 0,0.5, 1.
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Fig. 4. Example 2: RMS-norm of the estimation error (i.e., (1/2)(rms(f; ;) + rms(6s_,)) versus the iteration number for v = 0,0.5, 1.

(7) reduces, in the case of v € [0, 1), to a pure time-domain integral-
type adaptive control with ¢ (0) = 61 (7). On the other hand, in the
case where v = 1, it is not always possible to achieve the convergence
of the parametric estimation error to zero when k tends to infinity, for
all ¢ € [0,T]. In fact, one can easily see that 8;(0) = 0 for all k if
h(x1(0),0) = 0 for all k.

Remark 5: Itis well known in adaptive control that parameter drift is
a major issue associated to noise and disturbances. This problem may
occur in practical applications with v = 0. Several techniques have
been proposed in the literature to deal with this problem (e.g., dead
zone, projection, leakage, or o modification). Our parametric adapta-
tion law in (7), in the case where v € (0, 1), contains a leakage term
(o-modification) (v/(y—1))8 that helps eliminate the parameter drift
in practical applications (see, for instance, [9]).

Remark 6: Using a pure iteration-domain adaptation (i.e., v = 1)
will avoid the use of the integral to calculate #,. This is very helpful

in real-time applications, since the use of an approximative numerical
integration is avoided.
_ Remark 7: In the case where v € [0,1), I is allowed to depend on
Ok, ie., h(zk (t)lék (t),t). In the case where v = 1, one can also allow
h to depend on 6}, if we assume that the following adaptation law:
0i(t) = Hk_l('/?)—|—}L(:L'k(f),t9k(‘/7),f) (26)
has a unique solution f (), which is bounded over [0,1] if fx_1 (¢)
and w4 (t) are bounded over [0,77].

Remark 8: 1t is not straightforward to conclude about the conver-
gence rates, achieved with the ILC scheme (7), in terms of . In fact, it
depends on the system under consideration as illustrated in our simu-
lation results, where we can clearly see that the best convergence rates,

for example 1, are obtained with v € [0, 1) and the best convergence
rate, for example 2, is obtained with v = 1.
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II. ILLUSTRATIVE EXAMPLES
Example 1: Consider the following system:

@7

. 2
Tr = Bur + ug

where x,, € R, ur € R, and # € R is an unknown constant. Assume
that the reference trajectory is given by x4(t). Assume that x4(t) and
#4(t) are bounded over [0, T']. The error dynamics is then given by

Iy = 0(En 4+ 2a(t)” + up — ia(t) (28)
where 2, = x1, — x4. Under the following control law:
ug(t) = =0, (1) (Fx + 2a(t))? — kit + @a(t)
Oi(t) = Bitn(r + wa(t))® (29)
with £ > 0, the following positive definite function:
L 1. 1
(i, 0) = EJZ + 2_/#92 (30)
satisfies
d = L;V(en)+ LaW(by) < —ki. (31)

Hence, the adaptive ILC leading to the results in Theorem 1 is given
by

ur(t) = =0, (t)(Fr + 2a(t)? = ki + 2a(t)
(1= bi(t) = —05(t) + Y01 (t) + Bie (e + 2a(t)® (32)

with 3 > 0.~y € [0,1], and 6_,(t) = 0. For v € [0,1), we set
§x(0) = f;_1(T). Note that # is allowed to be time-varying in the
case v = 1.

Example 2: Consider the following system:

Uk = apY + kpug (33)

where yi € R, ur € R. The parameters a, and k, # (0 are unknown.
We assume that the sign of &, is known. The objective is to make yy,
track the output of the following stable reference model:

ym = dmYm + km r (34)

where 7(t) is a bounded reference input.
Consider the following direct model reference adaptive controller:

Cuk(t) = k(D) () + 02,190 (1)
élk(t) = —sgn(k,)aer (t)r(t)

by 1 (t) = —sgn(ky)aer (H)ye(t) (35)
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where av > 0 and e = yr — ym . Under this controller, the following
Lyapunov function:

1

=0 (36)
2|k |

1 /-~ -
e+ — (H%,k + 9§A)
2c

where él,k = él,k - 67, éz,k = éz,k — 65,07 = (kn/kp) and
05 = ((am — ap)/ky) leads to

x Am 2
= "2 <.
[

(37
Hence, the adaptive ILC leading to the results in Theorem 1 is given by

wr(t) = 61 1 (t)r(t) + oy (t)
= —7(;1,;6 + 7’«‘}1,/@,1 — sgn(kp)aer(t)r(t)

(1= )25 = =721 + v02,6—1 — sgnlk, e (t)yx(t).

A
=
|
2
=
3
o~
|

(33)
Example 3: Consider the following uncertain nonlinear system:

.’bl = T2 —|—é1(.l‘l)Tﬂ9

i‘Q =u+ (bQ(;El,IZ)[H

y=mn

(39)

where 6 is an unknown constant vector of dimension p and ¢; and
@2 are known vectors of smooth functions of dimension p. Let ya(t)
be a bounded reference trajectory (twice differentiable). We define the
tracking error as &1 = x1 — yq. Applying the backstepping approach,
one can design the following adaptive control law:

. X ~ N o N o
U =Ya+ ki1ys — &1 —k22—¢59+—#($2+¢>119)+ v
Oz oo
(40)
: . o
0=T01Z1+ |d2—1—— | 2 41)
8;51
where k1,ks > 0,0 =TT >0, 2 = 25 — ¢, and
. - T4
'd}:yd—kll’l —qbl 9. 42)

Under this adaptive control law, the following Lyapunov function:

V(#y, 2, 0) = 2+ %éTr*Ié (43)

M| =

~2
x] +

O] —

leads to

V =~k — ko2” (44)
Hence, this adaptive controller can be extended to the case where (39)
is executing a repetitive task over a finite time-interval. The initial con-
ditions at each iteration must satisfy either the resetting condition, i.e.,
#1,£(0) = 2£(0) = O or the alignment condition, i.e., #1 £(0) =
21, k—1(T), z£(0) = zg—((T'). The boundedness and the convergence
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of @11 (t) and z (¢) are guaranteed as per Theorem 1. In this example,
a second-order system was considered for simplicity. It is worth noting
that our approach can be used for a more general class of nonlinear
systems stabilizable via adaptive backstepping [10]. We have just to be
careful with the initial conditions since new variables are introduced
at each step of the backstepping procedure. In fact, the resetting or the
alignment condition has to be satisfied for all the variables, other than
the parameter estimation errors, involved in the final Lyapunov func-
tion. Note that the backstepping procedure generally leads to a para-
metric adaptation rule with a right-hand side depending on the esti-
mated parameters 6, and hence Remark 7 applies.

IV. SIMULATION RESULTS

We simulated Example 1, with § = 1, k = 8 = 10, 24(0) =
0, and z4(t) = sin(2nt), over the finite time interval [0,1]. Fig. 1
shows the evolution of the sup-norm of the tracking error versus the
iteration number for different values of ~. Fig. 2 shows the root mean
square (rms) estimation error versus the iteration number. Note that the
estimated parameters converge to the real parameter for v = 0, 0.5. In
the case where v = 1, the convergence of the estimated parameter to
the real one, for all ¢ € [0, 1], is not guaranteed.

We simulated the adaptive ILC given in Example 2 over the time in-
terval [0, 10] s, with a,, = =2, a, =5,k =1, k, = 1,and a = 10.
The reference input r(#) has been taken as a unit step. The initial condi-
tions have been taken as ,, (0) = x4 (0) = 0, 61 0(0) = 2.,0(0) = 0.
Fig. 3 shows the evolution of the sup-norm of the tracking error versus
the iteration number for different values of ~. Fig. 4 shows the rms es-
timation error versus the iteration number. It is clear, in this example,
that the best convergence is achieved with v = 1. The estimated pa-
rameters do not converge to the real ones, over the whole time interval,
for v = 0,0.5, 1.

V. CONCLUSION

We proposed a systematic procedure for the design of adaptive ILC
schemes for uncertain nonlinear systems based on the existence of a
Lyapunov function for the system under consideration. In fact, if a
Lyapunov-based standard adaptive control law can be designed and the
Lyapunov function satisfies properties P1) and P2), we show that the
extension of the standard adaptive controller to an adaptive ILC con-
troller is straightforward. The resulting parametric adaptation law is
quite general in the sense that it includes the pure time-domain adap-
tation for v = 0, the pure iteration-domain adaptation for v = 1, and
the combination of both for v € (0, 1). It has been shown that the main
advantages of the pure time-domain adaptation is the low memory-size
requirement in real-time implementations as well as the simplicity of
the design since both properties P1) and P2) are not required. The pure
iteration-domain adaptation is a discrete-type integration along the it-
eration axis and hence does not require an approximative numerical
integration at each iteration in real-time applications and does not re-
quire the unknown parameters to be time-invariant (as in the case of
the pure time-domain or in the case of the combination of both adapta-
tion types). With the pure iteration-domain adaptation, i.e., v = 1, we
guarantee the boundedness of the infinity norm of the tracking error, the
boundedness of the £2-norm of the control input, and the convergence
to zero of the L£2-norm of the tracking error (under the alignment con-
dition) and the convergence to zero of the infinity norm of the tracking
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error (under the resetting condition). With the pure time-domain or with
the combination of both adaptation types, i.e., v € [0, 1), we guarantee
the boundedness of the infinity norm of all signals as well as the con-
vergence to zero of the infinity norm of the tracking error.
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