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Abstract

Based on a combination of a PD controller and a switching type two-parameter compensation force, an iterative learning controller with a
projection-free adaptive algorithm is presented in this paper for repetitive control of uncertain robot manipulators. The adaptive iterative learning
controller is designed without any a priori knowledge of robot parameters under certain properties on the dynamics of robot manipulators with
revolute joints only. This new adaptive algorithm uses a combined time-domain and iteration-domain adaptation law allowing to guarantee the
boundedness of the tracking error and the control input, in the sense of the infinity norm, as well as the convergence of the tracking error to zero,
without any a priori knowledge of robot parameters. Simulation results are provided to illustrate the effectiveness of the learning controller.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Classical PD and PID linear controllers are widely used in
robotics applications due to their implementation simplicity. In
the early works (Arimoto, 1996; Spong & Vidyasagar, 1989;
Takegaki & Arimoto, 1981), most of the controllers were
designed to asymptotically stabilize the joint positions of rigid
robot manipulators at a given set point. Owing to the phys-
ical property that the robot parameters enter linearly in the
Lagrange equation, adaptive control strategies (Slotine & Li,
1991; Tomei, 1991) have been derived for trajectory tracking
instead of set-point regulation.

Taking advantage of the fact that robot manipulators are gen-
erally used in repetitive tasks, several iterative learning control
(ILC) schemes have been proposed for robot manipulators in
the past two decades. The main objective of ILC approach is
to enhance the tracking accuracy from operation to operation
for systems executing repetitive tasks. Initially, ILC algorithms
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for robot manipulators were developed based on the contrac-
tion mapping theory and required a certain a priori knowledge
of robot dynamics (Bondi, Casalino, & Gambardella, 1988;
Horowitz, 1993; Kawamura, Miyazaki, & Arimoto, 1988;
Norrlof, 2002; Wang, Son, & Cheah, 1995). In the past
decade, another type of ILC algorithms, namely adaptive
iterative learning control (AILC), has been widely studied
in the literature. Substantial efforts, in the area of AILC
design for robot manipulators, have been deployed during
the last decade (see, for instance, Choi & Lee, 2000; Kuc
& Han, 2000; Park, Kuc, & Lee, 1996; Tayebi, 2004; Xu &
Wiswanathan, 2000). The main feature of AILC is to itera-
tively estimate the uncertain parameters, which are in turn
used to generate the current control input. Because of the it-
eration based control problem, the adaptive learning laws for
the estimation of the unknown parameters are mostly designed
in the iteration domain. In general, projection or deadzone
mechanisms are necessary to construct the iteration-domain
based adaptive laws in order to guarantee the tracking error
convergence as well as the boundedness of all internal sig-
nals. In Choi and Lee (2000) both time-domain and iteration-
domain adaptations were used. A time-domain adaptive law
estimates the robot parameters so that the upper bounds on
these parameters are not necessary. However, the iteration-
domain learning law which learns the desired input and
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disturbances still needs the upper bound and the projection
mechanism. Recently, in Tayebi (2004), three AILC schemes
have been proposed for the tracking problem of rigid robot
manipulators without any a priori knowledge of the robot
dynamics.

Based on Tayebi (2004), a combination of a PD controller
and a two-parameter switching type compensation force, a new
adaptive law using mixed time-domain and iteration-domain
adaptation is developed in this paper for repetitive control of
uncertain robot manipulators. This adaptive ILC system guar-
antees the boundedness of all signals in the sense of the infinity
norm without using a projection mechanism in the adaptive
law—note that in Tayebi (2004), the boundedness of the con-
trol input is guaranteed in the sense of the L, norm. From
time-domain point of view, this adaptive law introduces a term
similar to the typical o-modification (Ioannou & Sun, 1996)
which provides certain robust characteristics. Based on this new
design the projection mechanism, which is widely applied in
those related works (Choi & Lee, 2000; Kuc & Han, 2000; Park
et al., 1996; Tayebi, 2004; Xu & Wiswanathan, 2000) can be
relaxed such that the upper bounds on the unknown parameters
are not required. Under some suitable properties on the dynam-
ics of robot manipulators with revolute joints only, the adap-
tive iterative learning controller can be designed without any
a priori knowledge of the robot dynamics. Due to the switching
type control force and the robust projection-free adaptive law,
the perfect tracking control performance of the robot manipu-
lators can be achieved under an uncertain random disturbance
environment. The adaptive law will become a pure time-domain
learning law or iteration-domain learning law if a weighting
gain is suitably chosen. Comparisons of advantages and disad-
vantages among the pure time domain, pure iteration-domain
and mixed adaptive laws will be presented. A rigorous proof
based on the Lyapunov-like approach is given to guarantee the
stability and convergence of the closed-loop learning system.
It is shown that all adjustable parameters as well as internal
signals are bounded in time domain for each iteration. Further-
more, the position and velocity tracking error will asymptoti-
cally converge to zero in the iteration domain.

2. Problem formulation

In this paper, we consider an n degrees-of-freedom rigid
manipulator with the equations of motion expressed, using the
Lagrangian formulation, by

M (qk(1))gi (1) + Cqr(®), g () qi () + G gk (1))
= 1% (1) + di (1), ey

where ¢ € [0, T] denotes the time index and k € Z denotes
the iteration number. The signals g (f), gx (¢), Gk (t) € R" are
the joint position, joint velocity and joint acceleration vectors,
respectively, at the kth iteration. M (gx(¢)) € R™*" is the inertia
matrix, C(qx(t), gx(t))qx(t) € R™ is a vector resulting from
Coriolis and centrifugal forces, and G (g (t)) € R" is the vector
resulting from the gravitational forces. tx(t) € R" is the control
input vector containing the torques and forces to be applied at

each joint. dx(t) € R" is the vector containing the unknown
external disturbances.

Assuming that the joint positions and velocities are measur-
able for feedback design, the control objective is to design a
bounded adaptive iterative learning controller 74(¢) ensuring
the boundedness of g (1), gx(¢), Gk (t), Vt € [0, T] and Vk €
Z and the convergence of g (t), gx(¢) to the desired refer-
ence position and velocity trajectories g4(¢), ga(¢) Vt € [0, T]
as k tends to infinity. To achieve the control objective, we
make the following assumptions (Tayebi, 2004) for the robot
manipulators:

(A1) The reference trajectory g, (¢) is achievable for the robot
manipulators considered.

(A2) q4(t), qq(t) and g,4(1), as well as the external disturbance
dy(t) are bounded Vr € [0, T] and Vk € Z..

(A3) The resetting initial condition is satisfied, i.e., g4(0) —
G(0) = ¢a(0) — g (0) =0, Vk € Z4..

We also need the following properties the same as those stated
in Tayebi (2004), which are common to robot manipulators.

(P1) M(gx) € R™" is symmetric, bounded, and positive def-
inite.

(P2) The matrix M (gx) —2C(gk, gr) 1s skew symmetric, hence
xT(M(qr) = 2C(qr, 4i)x =0, Vx € R".

(P3) IC gk, gl <kellgr O, G (gl <kg, and [|di (1) | <kas
Yax, gx, YVt € [0, T] and Yk € Z, where k¢, kg and kg
are unknown positive parameters.

Under Assumption (A2) and Property (P1), there exists an
unknown positive constant k4 such that ||M(qx)gq(t)|| <
kma Yt € [0, T], Vk € Z,. If we define the tracking joint
position error and joint velocity error as qx () = qa(t) — qk (1)
and g, () = qa(t) — qx(t), respectively, then we have

gL (M (@)Ga®) + C(qr, 41)da(®) + Gg) — di(1))
<G Ol Gema + kg + ka + kellga 1l TGk @)1
<G Ol K + kg + ka + kellga (012
+kellda I GO

<allGe @I + 8 1Ge 0l (@)

where o = kesup,cpo.71llga(®ll. 0" = kma + kg + ka +
ke sup,e[oyT]qu(t)Hz. Note that there exists a positive con-
stant 0 such that 0'l|g, ()| <Gl = 6¢] (1) sgn(q (1))
where lgx (@)1 is the one-norm of qr(t) and sgn(g; (1)) =
[sgn(gq ; (), ..., sgn(c}n,k(t))]—r. This implies that inequality
(2) can be rewritten as

éz(t)(M(Qk)iid(t) + C(qk, gr)qa(t) + G(gr) — di (1))
<G (O, (1) + dsgn(G, (1))

= G (OG0, 3)
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where 17(g;) = [Gc(1),sgn(@p ()] € R™2, and 0 =

[, 8]T € RZ.

3. Iterative learning controller with hybrid adaptive
algorithm

To achieve the error convergence of gy (¢) and c} « (1) with all
the internal signals being bounded, we propose a projection-
free hybrid adaptive iterative learning controller as follows:
(1) = Kp@e(t) + Kpgp(®) + (G (0)0x (1), @
where K, € R"*"", Kp € R"*" are symmetric positive definite,
and the adaptive law

(1= )0k(t) = =90k (®) + 90 1) + BT (GG (1), (5)
where 0 <y <1, >0 are defined as the weighting gain and
learning gain, respectively. The initial value of the parameter
vector is set to be 0x(0) = 01 (T)Vk € Z4, and the initial
parameter profile for k = 0 is chosen as Oy(t) = Ojni, Vi €
[0, T] where Ojy; is a constant parameter vector. In general, the
adaptive law (5) will become a pure time-domain adaptive law
if y =0, or a pure iteration-domain adaptive law if y = 1. In
addition to the convergence of g (7) and G, (¢) to zero when
k tends to infinity, we will also guarantee the boundedness
of all the internal signals, especially the boundedness of the
parameter vector 0y (z) and control torque 74 (¢). To study the
stability and convergence of the proposed adaptive iterative
learning controller for robot manipulators, we use the concept
of L,.[0, T] in the subsequent discussions to denote the set
of Lebesgue measurable (or piecewise continuous) real valued
(vector) functions with L, norm (Tayebi, 2004)

1/p
(o Ie@irar) ™ if p e (1. 00),
()l = |
sup_[x(ll i p=oc.
0<t<T

We say that x(t) € Lp.[0, T] when [|x(?)]| pe exists (i.e., when
[l ()l pe is finite).

At first, we will derive the boundedness of g (1), 2}1 (t),ﬁl (1),
71(7) at the first iteration in a way different from that for qr (1),
(@), Ok (1), (1) With k >2.

Proposition 1. Consider the robot manipulator system (1) with
properties (P1)—(P3) under the control torque (4) and param-
eter adaptive law (5). If assumptions (A1)~(A3) are satisfied,
then we have q1(t), (1), 01(t), t1(t) € Looel0, T].

Proof. Let us consider the following Lyapunov-like positive
definite function:

[ . U
Vi () = 34k OM(qr)q (1) + 5k () K pqr (1)

1 —9v~ ~
+= ﬁ” 0T ()0 (0), ©6)

where 0 () = 0; (t) — 0 is the parameteric estimation error. Its
derivative with respective to time ¢ along (1) can be computed
as follows':

. X ~ It . L 3 ~ I —yog
Vi =G M(qu)qx + qu—(rM(Qk)Qk +q; Kpdr + —0; O

B
=G} (=M (q)ix + M(q)da)
1 2T 3 LT ~ 1 — e
+ 54k M(qi)qy + g, Kpqr + 0, Ok
=Gy (M(qu)da + C(qr, Gu)da + G(qr) — di)
3 L ~ 1=y
— G+ q; Kpge + T@Zek, 7)

where property (P2) is applied. Substituting inequality (3) and
the control torque (4) into (7), we have

. 3 X 3 FN I —peps
Vi < — &7 Kpdy — &7 n(Go0x + Tyezek. ®)

Using the adaptive law (5) and the fact that —y@k + y@k_l =
—90k + y0k—1, Eq. (8) leads to
Vi< — 4 Kpdy — a5 n(Go)0k

1~ ~ ~ FNS
+ EQkT(_VHk +90k—1 + B (G0dx)

= - qLI{TKDé]:k - éakTak + 7;5;51(71

= —52K05k+4ﬁ9k 101
T
v~ 1~ ~ 1~
— O — =0, _ O0r — =0k_
ﬁ<k 2k1> (k 2k1)
4ﬁ9k 19k1 (9)

Now, consider the first iteration of k = 1. Since 50(1) in the
adaptive law (5) is chosen as a constant vector 91m Vi € [0, T],
we have 90(t) = Ho(t) —0="0pni — 0= 0y and 91 0) = 91 0) —
0= GO(T) — 0= Glm 0 = 0. This 1mphes that the initial
condition of V;(0) = qu TO)YM(g1)71(0) + qu (O)qul(O) +
2_/f91 (0)01 0) =2_/390 0o is bounded due to Assumption (A2).
The Lyapunov-like function (6) at the first iteration will now
satisty

Vi) < 1300 )00 (r) = -0 0o (10)

4p

which readily concludes that Vi(z), qi(t), q"vl (1), 51 (1) e
Looe[0, TT and hence, 71(f) € Looe[0, T]. O

Based on the results giveq in ProRosition 1, we next prove
the boundedness of gx(T), §;(T), 0x(T) at the end of each

. . 2T .
iteration and the convergence of g, g, in the sense of L, norm.

! Throughout this proof, the argument ¢ will be omitted if it does not
lead to any confusion.
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Proposition 2. Consider the problem set-up in Proposition 1.
The proposed adaptlve iterative learmng system ensures that

G (1), G (T), 0r(T), fo 0,1—01( dz, andfo 4, Gy dt are bounded
Vk € Z4+ and

T
lim §,(T)= lim §(T) = lim / dp qpdr=0.
k—o00 k—o00 k—o0 Jo
Proof. Define a positive definite functional Wy (T') as
r YETH l—y>r o~
Wi (T) = / =0, O dt + ——0, (T)0r(T). (11)
o B 2p
The difference between Wi (T) and Wy (T) can be derived

by using integration by parts and the fact that 0 (0) = 01 (T)
as follows:

AW (T) = Wi(T) — Wi (T)

T
VBT 5T 3 l=yzr >
= =10, 0,—0, 0r_11dt+—=0, (T)O0,(T
/Ozﬁ[kk F il a0 ()
1_

Ty'é{_l(T)Ek_l(T)

T
:[) 2[))[0k0k Hk 19k 1]dt—|——/ lekdt

z_ﬁy’él ()01 (0) —

f 205 -

1 T ~ ~ I Z
+ 5 /o 0p [=70k + y0r—1 + Pn(Ge) "Gl dr

1 1 —y~ ~
+ 2 0p_(T)0k—1(T)

T
:/(; —ﬁ(ek—ek 1) (ek—ek 1) dt

T
+ / 0017 @i)dxdr. (12)
0
Now, define another positive definite function Uy as
Uk = 33 M(q)dy + 53, K pds

ie, Vi =Ur + ((1 — y)/Zﬂ)Ezﬁk. The time derivative of Uy
with respective to time ¢ will satisfy

— 4 (G Ok (13)
according to the result of (8). Integrating (13) from O to T gives

U< _CIL/IKDC;k

T . . T . . ~
U(T) — Ur(0) < —/(‘) 4i Kpgy dt —/0 G (G 0k dt,

which implies that
T~T T . . T -T . ~
/ O (Gr)qx dt = / g 1(qi) 0k dr
0 0

T . .
— Ui(T) — /0 qi Kpgy dr, (14)

where we use the fact that Ui (0) = 0 due to Assumption (A2).
Substituting (14) into (12), yields

AWi(T) = Wi(T) — Wi—1(T)

T
—Ur(T) — / gi Kpgy dt
0

T
_/O Z—B(Gk—gk D" (Qk—ek 1) dr (15)

T
— Ur(T) — /0 i Kpg dt <0. (16)

The boundedness of Wi (T) and hence, EE(T)Ek(T) and
fOT 9,1—0/( dr, is guaranteed Yk € Z, since W{(T) is bounded
according to Proposition 1. Furthermore, Eq. (16) implies that
T . —l— .
Ur(T) + / G KpGy dt <Wi—((T) — Wi(T)
0
<SWi(T) (17)

which ensures the boundedness of Uy (T), §k(T), qx(T) and
fOT c},jc}k dt, Vk € Z. Note that Eq. (16) also gives

Wi (T) < W (T) — ZU,(T) Z / qjKpgjdi (18

or equivalently

Z Uj(T) + Z [ q] Kpgjdt <Wy(T) — Wi(T)

j=2
<SWi(T). (19)

Hence, we conclude from (16), (17) and (19) that ék(T), g (T),
0x(T), fOT 0,1—0;( dt, and fOT q; Gy dt are bounded Vk € Z, and

lim Up(T) = lim §,(T) = lim §(T)
k— 00 k— 00 k—o00
T . .
= lim qrqpdr=0. O (20)
k—00

In Propositions 1 and 2, we have shown that all the internal
signals for the first iteration are bounded, and ¢ 7 (T), qr(T),
0k (T), or equivalently qk(O) qx(0), Hk (0), are bounded Vk €
Z4. In the following theorem, the boundedness of all the in-
ternal signals at each iteration and convergence of G (1), g (?)
will be established.

Theorem. Consider the same problem set-up in Proposi-
tion 1. If Assumptions (A1)—~(A3) are satisfied, then we have
(), Gr @), 0p(®), k(1) € Locel0, T] for all k € Z and
limy 00 G (1) = limg 00 G4 (1) = 0, V1 € [0, T].

Proof. Consider the Lyapunov-like function Vi (¢) in (6) again
and note that its time derivative satisfies (9). Integrating (9)
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from O to ¢ for any ¢ € [0, T'], we have

t 1)~ ~
Vi) < Vi(0) + / il RO PTG
o 4P

T . -
<Vi(0) + / L (0 1)
o 48

As Vi(0) = ((1=)/2P)0 OB ©)=((1=)/2D)F (Tl
(T) and fOT(y/4ﬁ)0k 1(#)0r—1(¢) dt are finite for all & € Z
as shown in Proposition 2, the finiteness of Vi (), qr (), q g1 (1),
Gk (t) and T (t) is guaranteed by (21) V¢ € [0, T] and Vk € Z.
Moreover, gi(t) is also bounded due to the equation of motion
(1) for robot manipulators. Now, we have g (¢), G, (1), G, (t) €
Locel0, T'] and

T
Jim / Gl ()G () dr =0. (22)
— 00 0

Consequently, limk_,ooc'}k(t) =0, Vt € [0, T] by using similar
argument for Barbalat’s lemma (e.g., loannou & Sun, 1996,
Lemma 3.2.6). Finally, it is easy to show that limy_, o0g () =0,
Vt € [0, T] since ¢x(0) = 0 and g (¢) is uniformly continuous
over [0, T], Vk € Z4 by (22). This completes the proof. [

Remark 1. In this paper, we present a general adaptive learning
algorithm combining time-domain and iteration-domain adap-
tation for adaptive ILC of robot manipulators. In the main the-
orem, we show that g, (t) and g (¢) converge to zero for all
t € [0, T] as the iteration number k — oo with all the internal
signals belonging to Lo.[0, T']. For the extreme case of y =1,
the adaptive law (5) becomes a pure iteration-domain adaptive
law as that in Tayebi (2004) as follows:

O (t) = 01 (1) + B (G ()G (1) (23)

with ’G\O(t) being some specified initial vector. The main ad-
vantage of (23) is that it can be applied to systems with time-
varying parameters and the learning convergence speed is in
general faster than the case of y € [0, 1). But, without a projec-
tion mechanism, only L, boundedness of control parameters is
guaranteed. On the other hand, another extreme case of y =0
results in a pure time-domain adaptive law

0e(6) = B G ()G (), (24)

where /H\k 0) :/H\k_l(T), Vk € Z4 and 51 (0) = 0Oi; for some
specified constant vector 0i,i. The technical results shown
in our theorem are still valid for the case of y = 0. In fact,
Eq. (24) is similar to the adaptive law presented in French and
Rogers (2000). The main feature of (24) is that the previous
parameter profile during the time interval [0, T'] is no longer
needed. However, the convergence speed of the learning error
is in general slow, especially when compared with the cases of
y # 0. This can be easily seen from (15), where larger values
of y contribute to generate a more negative term in the right-
hand side. By increasing y will result in Wy much smaller than
Wi—1 indicating higher convergence rates.

Remark 2. It is worth noting that the updating term
ﬁnT(qk(t))qk(t) is always positive. This implies that a possi-
ble parameter drift may occur for both pure iteration-domain
adaptive law (23) and pure time-domain adaptive law (24)
when the velocity tracking error g, (#) cannot be exactly zero
in a real physical environment. To solve the possible parameter
drift, it is necessary to introduce a certain mechanism such as
a projection or a deadzone for a practical realization. The com-
bined adaptive law (5), however, is stable in time domain as the
eigenvalue —y/(1 — y) < 0. Once the control parameters at the
previous trial and the velocity tracking error are both bounded,
the control parameters at the current trial will be bounded.

Remark 3. For the problem of nonzero initial position or
velocity errors at the beginning of each iteration, a possible
solution is to apply the technique such as that in Chien and Yao
(2004) where a time-varying boundary layer based saturation
function approach is utilized to compensate for the uncertain-
ties from initial errors. As the position and velocity variables
are measurable, a rectifying action such as that in Xu and Yan
(2005) can also be applied to solve the problem. More precisely,
let the reference position and velocity trajectories be revised as

qa(t) ift e[h, T],
qq(t) = { .

g-(t) iftel0,h),
) Ga(t) ifte[h,T],
G4q(0) ={ _ .

gr(t) ift €0, h),

where h € [0, T] can be chosen arbitrary. Here ¢, (t) and ¢, (1)
are certain smooth functions that connect gx(0) and g, (h) as

a
100 T T T T T T T T T

107" o' -

102

10—3 3 OO el 4
000000000
000000 00000600000000000000000000000000

10_4 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
b

100 T T T T T T T T T

107" F 8% ruyy
o

102 o

3

1078

1 0,4 1 1 1 1 1 1 1 1 1

Fig. 1. Convergence of the tracking errors. (a) sup,em,lﬁk (1) (rad) versus
iteration number k; - - - for link 1, ooo for link 2, y=0.5. (b) SuPze[o,l]‘?l,k(f)
(rad) versus iteration number k; - - - for y =0, % %% for y=0.5, coo y=1.
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Fig. 2. Responses at the 50th iteration (k =50) under adaptlve learning controller (4) (5) with sign function. (a) g7 x(r) versus time ¢, (b) g q2,k (1) versus time

£, (c) t1 (2) versus time ¢, (d) T (f) versus time ¢, (e) ()1 k(1) versus time ¢, (f) 02 k() versus time f.

well as ¢x(0) and ¢g4(h) at the time moment ¢ = h. The
less the h, the closer the trajectories ¢j(¢) and gj(t) to the
original reference trajectories. Under these conditions, we
have ¢;(0) — gx(0) = ¢;(0) — gx(0) = 0 so that the tech-
nique proposed in this paper can be directly applied without
modifications.

4. Simulation results

To demonstrate the effectiveness of the proposed adaptive
learning controller, we consider a two degrees-of-freedom pla-
nar manipulator with revolute joints described by (1). The ma-
trix M = [m;jlaxo is given by my; = mlﬁfl + mz(ﬁ% + Ezz +
2018c2 €08 o)+ 11+ I, mip=mo1=m(£2)+L1£c2 c0s g2)+ I,
and moy = mzﬂgz + I>. The matrix C = [¢;j]ax2 is given by
cl] = hc]z, Clp = hql + h42, ] = —hc}], and ¢p» = 0 where
h = —my€1€ singy. The vector G =[G, Gz]—r is given by
Gi=(milc +moly)gcosqr +malagcos(qr+g2) and Go =
molcog cos(qr + q2). The robot parameters shown above are
given by my=my=1kg, £1=¢,=0.5m, ;1 =€, =0.25m,

Iy =1, =0.1kgm?, g =9.81 m/s. The disturbances are as-
sumed to be d| =dp =rand(k) sin(t) where rand(k) is a random
function taking its value between 0 and 1. The formulation of
the disturbances implies that they are time-varying and varying
from iteration to iteration. The desired trajectories for ¢; and
q> are chosen as g1 4(t) =sin(2nt) and g 4(t) = cos(2nt) over
the time interval is [0, 1]s.

At first, we investigate the convergence of the sup-norm for
the joint position tracking errors versus the iteration number k.
The PD control gains are set to be K, = Kp = 20122 where
I>7 is a 2 x 2 identity matrix and the learning gain is set to be
f = 20, respectively. These parameters are easily chosen. Ac-
cording to the technical analysis, we understand that K,, Kp
should be chosen as positive definite matrices and /5 should be
chosen as a positive constant. In general, when the eigenvalues
of K,, Kp and the value of f§ are larger, the convergence speed
will be faster. Fig. 1(a) shows the evolutions of sup, <o, 1]51, k()
and sup, (9, 11g2.k (¢) versus the iteration number k when y=0.5.
After 50th trials, the sup-norm of position error is less than
0.0008 rad for joint one and less than 0.00033 rad for joint two.
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Fig. 3. Responses at the 50th iteration (k = 50) under adaptive learmng controller (4), (5) with saturation function (25). (a) g q1,k(t) versus time ¢, (b) g a2,k (1)
versus time ¢, (¢) Tq () versus time #, (d) 7 x(¢) versus time ¢, (e) 0] k(1) versus time ¢, (f) 02 k(1) versus time t.

In order to study the effect of the parameter y, we choose the
sup-norm of the position error at joint one for comparisons.
Fig. 1(b) illustrates the evolution of sup,¢[o 11q1.k(t) versus
the iteration number k£ with y =0, 0.5 and 1, respectively. In
other words, the pure time domain, combined domain and pure
iteration-domain adaptive laws are applied for simulation. No
matter what the value of y is, the error convergence is guaran-
teed once 0<y< 1. However, the convergence speed is faster
if y is larger.

Finally, the trajectories of position tracking errors g x(t),
Q. (), input torques 7y (7), T2 x(f) as well as the control
parameters 01 x(r) and 02 (¢t) for the case of y = 0.5 at
50th iteration are presented in Fig. 2(a)—(f), respectively.
The chattering problem in the input torque t4(¢) which is
inherent to the use of the sign function (as in most ro-
bust control techniques) can be reduced by substituting the
sign function by a saturation function leading to a prac-
tical convergence to a compact domain around zero. In
Fig. 3, we performed the same simulations where the sign
function has been substituted by the following saturation

function:
1 if ¢; x>0.01,

sat(§; ) = 1 100g; , if 1G; 4] <0.01, (25)
—1 if g < —0.01.

With this modification, we obtained a more practical control
signal without chattering.

5. Conclusion

For repetitive control of robot manipulators, a new AILC
strategy is proposed in this paper. The main feature of this learn-
ing control scheme is a switching-type robust controller and a
mixed time-domain and iteration-domain adaptation law. Un-
der this adaptive learning controller, the projection mechanism
is not required in the adaptive law to ensure the boundedness
of all signals involved in the control scheme. A rigorous proof,
via a Lyapunov-like approach, is given to show the finiteness
of tuning control parameters, rejection of the random input
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disturbance and the asymptotic error convergence along the
iteration axis. Simulation results show that the error conver-
gence and the bounded internal signals can be achieved. In
the future work, we will study the implementation and experi-
ment of the proposed approach for robot manipulators. We also
would like to improve the adaptive iterative learning controller
with simpler control structure using only one control parame-
ter and without using sign function. The relaxation of identical
initial resetting condition can also be considered.
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