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SUMMARY

In this paper, we propose a model reference adaptive control (MRAC) strategy for continuous-time single-
input single-output (SISO) linear time-invariant (LTI) systems with unknown parameters, performing
repetitive tasks. This is achieved through the introduction of a discrete-type parametric adaptation law in
the ‘iteration domain’, which is directly obtained from the continuous-time parametric adaptation law used
in standard MRAC schemes. In fact, at the first iteration, we apply a standard MRAC to the system under
consideration, while for the subsequent iterations, the parameters are appropriately updated along the
iteration-axis, in order to enhance the tracking performance from iteration to iteration. This approach is
referred to as the model reference adaptive iterative learning control (MRAILC). In the case of systems
with relative degree one, we obtain a pointwise convergence of the tracking error to zero, over the whole
finite time interval, when the number of iterations tends to infinity. In the general case, i.e. systems with
arbitrary relative degree, we show that the tracking error converges to a prescribed small domain around
zero, over the whole finite time interval, when the number of iterations tends to infinity. It is worth noting
that this approach allows: (1) to extend existing MRAC schemes, in a straightforward manner, to repetitive
systems; (2) to avoid the use of the output time derivatives, which are generally required in traditional
iterative learning control (ILC) strategies dealing with systems with high relative degree; (3) to handle
systems with multiple tracking objectives (i.e. the desired trajectory can be iteration-varying). Finally,
simulation results are carried out to support the theoretical development. Copyright © 2006 John Wiley &
Sons, Ltd.
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1. INTRODUCTION

Adaptive control is one of the most popular control techniques that has been fascinating the
automatic control community for several years [l,2]. In the standard adaptive control
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476 A. TAYEBI

framework, the parametric adaptation rule is generally an integration along the time-axis, which
is commonly designed using the Lyapunov method in order to achieve asymptotic tracking.
Hence, the tracking objective is achieved along an infinite time interval, and a transient tracking
error will always be present. Model reference adaptive control (MRAC) is among the famous
adaptive techniques that have been around for more than three decades. The major problem
that one can attribute to this technique is the bad transient performance. To overcome this
drawback, other alternatives, such as the backstepping approach [3], have been proposed in the
literature. However, the benefit brought by those techniques in terms of transient improvement,
is often eclipsed by the control law implementation complexity. On the other hand, in practical
applications, the designed controller can be applied more than once to the plant under
consideration, over a finite time interval. In this case, one can benefit from the information
collected at the previous operations in order to enhance the transient performance for the
subsequent operations. This technique is known as ILC [4]. Most of the existing ILC schemes in
the literature are based upon the contraction mapping technique and require a certain a priori
knowledge of the system parameters, the use of the time-weighted norm in the convergence
proofs as well as the use of the output time derivatives for systems with high relative degree [5—
7]. Recently, a growing interest has been directed towards the energy-based approach which
takes its essence from the Lyapunov theory [8—13]. This approach uses an elegant and powerful
framework for stability and convergence analysis which has shown a real effectiveness in
handling systems with time-varying parameters and multiple tracking objectives (i.e. the desired
trajectory can be modified from iteration to iteration). On the other hand, in Reference [14], an
adaptive approach to ILC has been proposed, where the iterative parametric adjustment is
performed on the initial conditions of the continuous-time integral-type adaptation law. In
other words, a standard adaptive controller is used and the parameter estimates are initialized
with their final values obtained at the preceding iteration. Therefore, this technique inherits the
limitations associated to standard adaptive control such as the requirement of the unknown
system parameters to be constant.

In this paper,* we provide an extension of standard MRAC schemes to single-input single-
output linear time-invariant systems performing repetitive tasks. The proposed model reference
adaptive iterative learning control strategy achieves a global asymptotic tracking along the time
horizon at the first iteration, and a pointwise convergence of the tracking error to zero (in the
case of systems with relative degree one) or to a prescribed small domain around zero (for
systems with higher relative degree), over the whole finite time interval, when the number of
iterations tends to infinity. In fact, at the first iteration, we use a continuous-time integral-type
parametric adaptation law, while for the subsequent iterations, we use a discrete-type
parametric adaptation law along the iteration-axis. The proof of convergence is based upon
the use of a Lyapunov-like sequence which is shown to be monotonically decreasing along the
iterative process. Basically, the role of the discrete-type parametric adaptation law is to refine
the transient response from iteration to iteration in order to achieve an accurate tracking over a
finite time interval. In contrast to existing contraction mapping-based ILC schemes, the
proposed control strategy does not require the use of the output time derivatives for systems
with a high relative degree, and is able to handle varying tracking objectives throughout the
iterative process. Finally, it is worth noting that in the recent paper [16], an elegant output-based

*A preliminary version of this work has been presented in Reference [15].
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MODEL REFERENCE ADAPTIVE ITERATIVE LEARNING CONTROL 477

adaptive ILC has been proposed for uncertain linear systems using the MRAC approach.
However, the main difference between our approach and the one proposed in Reference [16] is
related to the following facts: (1) We extend the well-known SPR-Lyapunov approach, used in
adaptive control, for repetitive systems; (2) The main objective of our paper is to show that it is
possible to extend, in a straightforward manner, standard MRAC schemes to repetitive systems;
therefore, for the sake of presentation simplicity, we considered the MRAC versions proposed
in References [1, 2] in their ‘simplest form’. Nevertheless, the proposed framework can be easily
generalized to more complex MRAC schemes dealing with the issues of robustness,
disturbances, measurement noise, etc. (3) In Reference [10], the parameter estimates at the
first iteration are arbitrarily set, while in our approach, they are obtained using a continuous-
time integral-type parametric adaptation rule, and hence a certain level of performance is
achieved already at the first iteration; (4) The bounds of the system parameters involved in the
projection mechanism used in Reference [16] are not required in our approach.

2. PROBLEM FORMULATION

In this paper we consider SISO-LTT systems described by

V(D) = Gyag(0)] = ki, 2

" R,(5) [k (D)] (D

and operated repeatedly over a finite time interval [0, 7]. The non-negative integer k € Z..
denotes the iteration or trial number. The desired trajectory y,(¢) is given by a reference model
as follows:

) = GOl 0] = ko 22 0] @
where r/(#) is a bounded reference input.

Assuming that the system parameters are unknown (except the sign of the high-frequency-
gain k,), our objective is to design an adaptive iterative learning controller guaranteeing the
boundedness of the tracking error V¢ e [0,7] and Vke Z,, and its convergence to a small
neighbourhood of zero, over the whole finite time interval [0, 7], when k tends to infinity. To this
end, we will assume that y,;(0) = yx(0) and without any loss of generality we will assume that
4(0) = y1(0) = 0. Throughout this paper, we will use the %), norm defined as follows:

1 .
L @I do)” it pefo, o)
X0l = |
SUpy <o, I if p =00

where ||x|| denotes any norm of x, and ¢ belongs to the finite interval [0, T]. We say that x € £,
when ||x[|,, exists (i.e. when ||x[|,, is finite). We will also make the following classical assumptions
related to the MRAC technique:

(B1) Z, is a monic Hurwitz polynomial of degree m,.

(B2) An upper bound #n of the degree n, of R,(s) is available.
(B3) The relative degree r = n, — m, of G, is known.

(B4) The sign of the high frequency gain k, is known.

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. 2006; 20:475-489
DOI: 10.1002/acs



478 A. TAYEBI

(BS) Z,, and R,, are monic Hurwitz polynomial of degree m,, and n,,, respectively, with
Ny, <N
(B6) The relative degree r,, = n,, — m,, of G,, is the same as that of G,.

Note that the minimum-phase requirement on the plant stated in assumption (B1) is not
necessary in our developments since our ILC operates over a finite-time interval. Therefore, the
boundedness of the states is guaranteed over any finite time interval since a finite escape-time is
not possible for the class of linear systems considered here.

3. PRELIMINARIES

Let us define A(s) = Ag(s)Z,,(s), which is a monic Hurwitz polynomial of degree n — 1. Define
also u(s) as follows:

["2,5 ", .. s, 1Y for n>2
as) =
forn=1

As shown in References [1,2], there exists a set of parameters ¢f € R, 05 e R, 07 € R"! and
0% € R"" such that the following control law:

Ui = H*TQk
where
% T p%T g% &T T .. T T a(s) o(s)
0" =1[07,05,05,¢5 1, Q=W owporisrrl s Wik = m[uk] and wyx = m[yk]
leads to
Z,
Vi = Gm(S)[i‘f] = km R_m [rj]
m
The parameters can be obtained from the following relationships:
k
kM
(A — 0T )R, — k, Z,(03 0 4 O5A) = Z,A0R,,

The signals wi, and wyy are the outputs of the following systems:

Wik = Fwig + gur wix(0) =0

Wok = Fwo + gy wak(0) =0 (3)

where (F, g) is a state-space realization of o(s)/A(s).
The state-space representation of the overall closed-loop system is given by the following non-
minimal realization:

Yc,k = A, Yc,k + BCC?;IT/'

Vi = Cc Yc,k (4)

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. 2006; 20:475-489
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T c [Rn,,+2;172

with Yo, = [x], wl,wil,] , where x; denotes the state vector associated with system

(1), and
A+ BoiC  BOYY BOFT B
A. = gtiC F+g0i" g5 |, B.=|g|, C=I[C 0, 0] &)
gC 0 F 0

Hence, the transfer function from r; to yj is given by

2k = Gp(s) = Ce(s] — Ac)ichcé
ry

Therefore, the reference model can also be described by
Ym = Ac Ym + Bcc?)‘rf
Ya = Cc Ym

Note that A, is a stable matrix, since det(s] — A.) = A(S)Z,(5)Ao(S)Rmn(s).
Let ey = Y. — Y,, be the state error and e;; = yr — y4 be the output tracking error. It
follows that

é = Acey

€1k = Ccek (6)

which shows that the tracking error converges exponentially to zero.

Since the system parameters are unknown, the vector 0* cannot be obtained and hence, the
control law u(7) = 0¥TQu(7) cannot be applied. In this case, the MRAC technique consists of
applying a control law of the form wuy () = QZ(Z)Qk(t), where 0(¢) is generated by an appropriate
adaptive law.

In our approach, at the first iteration, i.e. for kK =0, the vector 0y(¢) is generated by a
continuous-time integral-type adaptive law as in the usual MRAC framework, whereas for
k=1, the vector 0(¢) is generated by a discrete integral-type adaptive law (iterative law along
the iteration-axis).

4. MRAILC FOR SYSTEMS WITH RELATIVE DEGREE ONE
The following lemma is instrumental in our MRAILC design for systems with relative degree
one.
4.1. Iterative-SPR-Lyapunov lemma

In this section, we propose an extended version of the positive real (SPR)-Lyapunov approach
(1, 17].

Lemma 1
Let the signals &,(f) and y‘PZ(t)vk(t) be related by a strictly positive real (SPR) transfer function
H(s) as follows:

&i(1) = HE)¥y ()vi(0)] (7

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. 2006; 20:475-489
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480 A. TAYEBI

where ¢ belongs to the finite time interval [0, T, €x(¢) € R, y is an unknown constant with known
sign, vi(f) € R is a measurable vector. The vector W (r) € R" is generated by

Wi(t) = Wi (1) — Dve(0)ei(0) sgn(y)  for k=1 (8)
and
Wo(1) = —Tvo(1)eo(1) sgn(y) 9
where T e R™*™ is a symmetric positive definite matrix. Then

® The state vector X; € Lo, €x(t) € Love and Wi(1) € L., for all ke 7.
® limy_ . éx(z) =0, for all £ €[0, T].

Proof
Let the state-space representation of (7) be
Xy = AXit BGYL (1), Xi(0) =0 (10)
e = C)Zk

Since H(s) is SPR then, from Meyer—Kalman—Yakubovich (MKY) lemma [1, 17], for any given
symmetric positive definite matrix L there exist a symmetric positive definite matrix P, a vector ¢
and a strictly positive scalar v such that

AP+ PA = —qq" —vL

L (11)
PB=C"
Now, let us consider the following Lyapunov-like functional candidate:
t
WE 0 = 1+ [ wlor i@ s (12)
0
with
ViXi) =3 X} PXy (13)
which can be written, in view of (10) and (11), as follows:
t
VL) = Vi) + [ Vi(Tu(o)ds
0
_ % 1 L oT T o 2T pywT
=ViXx(0) =5 | (Xi(gq™ +vL)Xi = 2X; PBOY¥(1)vi) de
0
L[ or 1 > g (T
= —5 | Xlgg +vD)Xy = 28(F, (i) de (14)
0
Now, the difference of the Lyapunov-like functional (12) is given by
t
AW, =W Wi =V — Vi — |12|/ (‘{_’EF’I‘Pk — 2\1721—‘71\{’]() dr (15)
0
Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. 2006; 20:475-489
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where ¥, = ¥, — W,_,. Now, in view of (8) and (14), Equation (15) leads to

r _ 1 [ _
AW, =~V | — %/ PIT—1P; dr — 5/ X1 (qq" +vL) X} dt<0 (16)
0 0
Hence W(f) is non-increasing and consequently X (f), f()’ ‘PZ(T)F’I‘I’;((I) dt and é(¢) are
bounded if Wy(¢) is bounded.
Now, to prove the boundedness of Wy(¢) let us consider the following Lyapunov function:

_ 1 - _ 3
So(Xo,Wo) = 5 X PXy +%‘P§r—‘% (17)
whose time derivative in view of (9), (10) and (11) is given by
So = —3Xg(qq" +vD) Xy (18)

which means that Xo(7) and W(?) are globally bounded. Hence, W(¢) is bounded over the finite
time interval [0, 7).
To show the convergence of &;(¢) to zero when k tends to infinity, let us rewrite W as follows:
j=k Jj=k

WkZWo—i—Z AWJSW()—ZVJA
: =

j=1
k

~.
Il

1 _ _
< WO_E ‘;'TflPXi—l
J=1

which leads to

=k ~

X1 ()PX;_1(1) <S2AWo(t) — Wi(1) <2Wo(1) (19)

=1
Since Wy(f) and X;(7) are bounded for all k € Z, and ¢ € [0, T], one can conclude that lim;_, .,
X.(1) = 0 and consequently limy_,, é(f) = 0, Yt € [0, T]. O
Remark 1

Note that by virtue of Barbalat lemma, and under the assumption that vy(¢) is bounded for all
t € R™, one can easily show that lim,_ ., &(f) = 0.

Remark 2
If vi(?) € L. for any finite non-negative integer k, one can show that Wi(z) € ¥« for any finite
non-negative integer k.

4.2. MRAILC design
For systems with relative degree r = 1, the design of an MRAILC is straightforward from

Lemmal as stated in the following theorem.

Theorem 1
Assume that (B1-B6) are satisfied and G,,(s) is SPR. Consider system (1), with a relative degree
r = 1, under the following control law:

ur(t) = 0, ()Qu(#) for k=0 (20)

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. 2006; 20:475-489
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where at the first iteration, i.e. kK = 0, the parametric adaption law is given by

0o(2) = —TQo(1)e1 o(2) sgn(p*) 21
and for k> 1, the parametric adaption law is given by
0x(1) = Or—1(t) — TQ(D)e1 4(1) sgn(p™) (22)

where p* =k, /k, and T € R*>?" is a symmetric positive definite matrix. Then,

® The state vector Y.k € Loce, €14(t) = (Vi(t) — ya(t)) € L e and Ox(t) € L, for all k e 7.
® limy_, e (1) =0, for all 1 € [0, T7].

Proof
Since (6) is obtained with u(r) = 0*TQ(¢), one has

ér = Acer + Bc(uk - G*Tgk)

(23)
el = Ceey
which under the control law (20) becomes
ék = A(‘ek + Bcé}{gk
(24)
erx = Ceeg
with 0() = 04(r) — 0%. Since C(sI — A.)"'B.ck = G,(s), system (24) leads to
e1k = Gu($)[p* 0 (DQ(1)] (25)
where p* = 1/cf. Finally, under the adaptive laws (21) and (22), the result follows directly from
Lemma 1. U

Remark 3

Since rr,e1x, Yok € Loce Yk e Zy, one can conclude that Q, € £, Vk e Z,. Hence, one can
show that 0,(¢) € £ . for any finite non-negative integer k. Consequently, u(f) € £~ for any
finite non-negative integer k.

Remark 4

Note that, for k=0, the control scheme proposed in Theorem 1 is nothing else but
a standard MRAC. It turns out that the second term of the right-hand side of the
discrete-type adaptation law (22) is similar to the right-hand side of the continuous-time
adaptation law (21). This is due to the fact that the Lyapunov function (17) used to
design the standard MRAC is extended to the repetitive case by substituting the quadratic
term on the parametric error by its integral. For systems with a relative degree r> 1
direct application of the Iterative-SPR-Lyapunov lemma is not possible. Nevertheless, it is
possible to obtain MRAILC schemes, in a straightforward manner, from the standard
MRAC algorithms dealing with higher relative degrees (see, for instance, References [1,2]
and references therein), by associating to each continuous-time integral-type adaption

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. 2006; 20:475-489
DOI: 10.1002/acs



MODEL REFERENCE ADAPTIVE ITERATIVE LEARNING CONTROL 483

law a discrete integral-type adaption law with saturation, along the iteration-axis as shown in
the next section.

5. MRAILC FOR SYSTEMS WITH RELATIVE DEGREE r>1

In this section, we propose a MRAILC scheme for systems with an arbitrary relative degree
r=1. Our result is based on the extension of the MRAC schemes proposed in References [1, 2].

Theorem 2
Assume that (B1-B6) are satisfied. Consider system (1), with a relative degree r> 1, under the
following control law over [0, T7:

ur(1) = 0, ()Qu(#)  for k=0 (26)

where at the first iteration, i.e. k = 0, we use
0o(r) = —Teo(1)py(1) sgn(p™) (27)
Po(t) = yeo(1)&o(7) (28)

and for k>1, we use

Ox-1(2) — Tex(D)pr (1) sgn(p™®) if sup,o 7y lex—1(0)l > o
0c(t) = _ (29)
0k_1(T) otherwise
Pr—1(D) + yex(DE(2)  if supepo 1y lex—1(D] > 0
pi(1) = , (30)
Pr_1(T) otherwise

where p* = k,/k,,, T e R*** is a symmetric positive definite matrix and 7y is a positive
parameter. The signals ¢, & and ¢, are evaluated for all k € Z, as follows:

Y é1k
= ik Lk
m;

C1k = pilr
= — 0L
¢/\’ = Gm(S)[Qk]

. = Gm (S‘)[uk]

_ T T T
. l+@ + ¢, or 1+¢lde for k=0 -
L=
k for k=1
where « is a positive parameter, ¢ = Gu($)[Q], with O = [w] , w] 1"
Then, all signals are bounded Yk € Z, Vt € [0, T, and limy_« |e1 x(?)| <o, Vt € [0, T].
Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. 2006; 20:475-489
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Proof
First, let us assume that sup,g 7 [ex—1(2)] > o and let us consider the following Lyapunov-like
function for k> 1:

Ipl

Wi =~ pr +-5 07T 0 (32)

ZV
where py = p; — p* and 0 = 0, — 0*. Using (26) and (29)—(31), and the fact that e;; =
P*G 0] = p*(d — 07" ¢), we have

1 * o L
AW (1) = Wi(t) — Wi () = — Vﬁ/zc L |5;F_19/c+§ﬁk,0k+|ﬂ*|9dgr "0k

lo* |0k(z) T 0(1) — m2e2 (1) <0 (33)

1
-y Pi(0) —
with pr(t) = pi(t) — pi_ (1) and 0x(¢) = 0(t) — 0x_1(¢). Note that mi =k >0 since k>1. It is
clear that W(¢) is non-increasing, and hence bounded if Wy (¢) is bounded over [0, T]. Since, for
k = 0, all signals are bounded,® one can conclude that Wy(7) is bounded for all 7 € [0, T], and
hence Wi(¢) is bounded Vk € Z_, Vt € [0, T]. This implies that p;, 0 € Lo, V€ Z,, V1 €0, T
Now, one can show that

k
Wi=Wo+ Y AW,

j=1
1 2 |P*| ¢ ATr—17 - 2
:WO—Z—Z =5 10— ke (34)
J=1 j=1 J=1
thus,
1 52 lo¥| k k
2—21 +TZ Z Kel = Wo — W< Wo (35)
= Jj= :

Therefore, one can conclude that gy, 0, &x € L., Which in view of (29) and (30), imply that
OG> Ex € Loce for all k € 7, and hence i, é1 4, €14 € L e for all k € Z,.. Hence, yj € £, for all
k € Z, since y,(t) is bounded. Considering system (3) under the control law (26), and keeping in
mind that yx, Ok € L forall k € Z,, it is clear that o, wox € L for all k € Z., since there is
no finite escape-time for the solutions of the linear time-varying system (3) and (26). Since ry(?) is
bounded, it is clear that Q; € %, and hence u; € £ .. Consequently, one can conclude that
all signals are bounded Vk e Z., YVt €0, T].
One can also conclude from (35) that

lim pr(f) = lim 0u(r) = lim ex(r) =0 (36)
k—00 k—00 k—00

for all 7 € [0, T. Since the previous development is valid for sup g 77 [ex—1(2)] > 7, (36) is not true.
In fact, one can only conclude that limk« [ex(1)| <o, Vi€ [0,T]. Once sup,rlex(Dl <o,
according to (29), 0x(f) becomes constant, and hence from (31), @, = Hk ¢, and hence &, =0
which implies that limy_,le; «(?)| <xa, YVt € [0, T]. O

SFor k = 0 the control scheme (26)—(28) is nothing else but the classical MRAC, and hence the proof of boundedness of
all signals is shown in References [1, 2].

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. 2006; 20:475-489
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Remark 5

Note that, for £ = 0, the control scheme proposed in Theorem 2 reduces to the standard MRAC
schemes proposed in References [, 2]. In fact, mi =1+ + ¢0T¢0 has been used in Reference
[1] and m] = 1 + ¢ Py has been used in Reference [2].

Remark 6

It is worth noting that the saturation used for 6, is required for a technical reason in
the proof. It allows to ensure that 8;(7) becomes constant when the augmented tracking error g
is sufficiently small. In this case, the augmented tracking error becomes the real tracking error
e1 since £ (f) = 0. On the other hand, the saturation used for p, is not necessary. In fact, we
stop the learning for p, because it has no effect on the system behaviour once 0y is constant.

Remark 7

Although not explicitly mentioned in our theorems, the proposed MRAILC schemes
are able to handle iteration-varying desired trajectories. In other words, the learning
process remains effective even if the desired trajectory (or the reference model) is changing
from iteration to iteration. This is one important advantage of this Lyapunov-based framework
with respect to the traditional contraction mapping-based frameworks (see, for instance,
Reference [13]).

6. SIMULATION RESULTS

In this section, we consider three examples.

Example 1
s+ 1
W= e 0=
with r/(f) being a unit step input. The auxiliary variables w;; and w,, are given by
1
Wik =110 (g, wok = P Dkl

The matrix I' is chosen as a I' = 1014.4. The time interval is taken as [0, 8s] and the initial
conditions for the adaptive law at the first iteration are chosen to be zero.

Figure 1 shows the evolution of the Sup-norm of the tracking error with respect to the
iteration number. Figure 2 shows the performance of the standard MRAC. Figure 3 shows the
transient performance improvement over the iterations.

Example 2
25+ 5 25+ 5
5 Gm =
§3+ 652+ 75 — 4 () §$3+ 652+ 11s 46

with r/(f) being a unit step input. The auxiliary variables w;; and w, are given by

Gp(s) =

s 1 ! s ! !
e (2s2 T 155+ 25 28 + 155+ 25> k2= <2s2 T 155+ 25 28 + I5s + 25> d

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. 2006; 20:475-489
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0 1 1 1 T T
0 10 20 30 40 50 60 70 80 90 100

Iteration number

Figure 1. Example 1: sup,gg [va(?) — yr(#)] with respect to the iteration number k.

reference trajectory

output

reference trajectory and system output

2 . . . . 1 1 1
0 1 2 3 4 5 6 7 8

time (s)

Figure 2. Example 1: Reference trajectory and system output with the MRAC (i.e. k = 0).

k=0.1, ' = 10/«¢, y = 0.1 and o = 0.05. The time interval is taken as [0, 8s] and the initial
conditions for the adaptive law at the first iteration are chosen to be zero. At the first iteration,
i.e. for k =0, we use m} = 1 + @ + ¢y ¢y

Figure 4 shows the evolution of the Sup-norm of the tracking error with respect to the
iteration number using Theorem 2.
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Figure 3. Example 1: Reference trajectory and system output at the 20th iteration.
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Figure 4. Example 2: sup g [va(#) — yi(#)] with respect to the iteration number k.

Example 3

In this example, we show the effectiveness of our algorithms when the desired trajectory is
iteration-varying. To this end, we consider the system of Example 1 with the following iteration-
varying reference model:

k+1
Gm,k(s) = m
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Figure 5. Example 3: (100/k) sup g [va(£) — yr(#)] (%) with respect to the iteration number k.

with k € {0,1,...,19}. The auxiliary variables wyx, wy; and the control gains are taken as in
Example 1. The time interval is taken as [0, 8s] and the initial conditions for the adaptive law at
the first iteration are chosen to be zero. Figure 5 shows the evolution of the Sup-norm
percentage of the tracking error with respect to the iteration number.

7. CONCLUSION

In this paper, we proposed a straightforward extension of standard MRAC schemes to linear
repetitive systems in order to improve the transient tracking performance through iterative
learning. In fact, this was made possible through the introduction of a parametric adaptation
law along the iteration-axis, obtained directly from the continuous-time parametric adaptation
law used in standard MRAC schemes. In the proposed approach, at the first iteration, i.e. for
k = 0, we apply a standard MRAC scheme. Thereafter, i.e. for k> 1, the parameter estimates are
iteratively updated in order to refine the output response and enhance the tracking performance
from iteration to iteration. The proposed MRAILC scheme achieves a pointwise convergence of
the tracking error to zero (in the case of systems with relative degree one), or to a prescribed
small domain around zero (for systems with higher relative degree), over the whole finite time
interval, when the number of iterations tends to infinity. In contrast to existing contraction
mapping-based ILC schemes, the proposed control strategy does not require the use of the
output time derivatives and can handle systems with multiple tracking objectives (i.e. the desired
trajectory can be modified from iteration to iteration).
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