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ABSTRACT Pneumatic muscle actuators are widely used in the manufacture of bionic robots and
rehabilitation medical equipment. However, due to complicated inherent nonlinearities, time-varying
characteristics and uncertainties, it is still a challenge to carry out the accurate dynamic modeling
and controller design for PAM systems. To address above issues, we propose an error tracking-based
neuro-adaptive iterative learning control scheme to get satisfactory non-uniform angle trajectory tracking
performance. First, the error-tracking method is used to overcome the nonzero initial state error in iterative
learning controller design for the PAM system. Second, a difference-learning neural network is utilized to
compensate for unknown uncertainties in the PAM system dynamics. Moreover, a barrier Lyapunov function
is applied to design controller so as to restrict the the difference between system out error and the desired
error trajectory within the preset bound during each iteration. And the stability of the closed-loop system is
proven theoretically by using Lyapunov synthesis. Finally, simulation results demonstrate the effectiveness
of the proposed control scheme.

INDEX TERMS Pneumatic artificial muscle systems, iterative learning control, barrier Lyapunov function,

error tracking method, neural network control.

I. INTRODUCTION

With the rapid development of robot technology, the engi-
neering and scientific community are eagerly looking forward
to the advent of actuators and electromechanical system with
better performance [1]. Pneumatic artificial muscle(PAM) is
a kind of soft tubular actuator possessing many advantages,
such as rapid response, low cost, high power weight ratio,
etc [2], [3], [4]. These above-mentioned merits propels the
increasing attention and wide application of PAM actuators
in the field of bionic robots, exoskeleton and rehabilitation
robots. Nevertheless, there exist complicated inherent char-
acteristics in PAM systems, inclusive of high nonlinearities,
complex hysteresis, and time-varying characteristics, such
that the controller design of PAM systems is challenging. The
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past decades have witnessed the hard exploration in the study
of controller design for PAM systems, which yields some
meaningful results based on sliding mode control technique
[5], adaptive control theory [6], [7], predictive control method
[8], fuzzy control theory [9], ADRC theory [10], [11],
etc. In many occasions, PAM-actuated rehabilitation devices
are applied for performing repeated tasks, e.g., the lower
limb assistance devices used to assist walking and help
rehabilitation training. As such, iterative learning control
(ILC) technique may be adopted for obtaining excellent
tracking performance. ILC is a distinctive control strategy
good at dealing with repeated tracking control or periodic
disturbance rejection according to iterative learning strategy
for nonlinear systems [12], [13], [14], [15]. While ILC
systems operate, the iteration-independent uncertainties in
ILC systems may be estimated by using system errors, cycle
by cycle. Through these self-tuning processes, ILC systems
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can improve the control performances gradually, even with
little knowledge of the system model.

Two aspects of ILC algorithm designs for PAM systems
will be considered in this work. The first aspect with ILC on
PAM systems is about the non-uniform trajectory tracking
for nonlinear systems with nonzero initial errors. In most
traditional ILC results, the reference trajectory must be
iteration-invariant. Nevertheless, in some cases, we possibly
encounter the cases that the reference trajectory in one
iteration cycle is different from the reference trajectory in
another iteration cycle. In the context of PAM systems, the
control task probably changes in iteration domain, which
means the reference trajectory should be adjusted to meet the
demand. Only a few ILC literature results have ever reported
ILC scheme in the case of tracking non-uniform trajectory
during different iterations [16], [17], [18]. Specifically,
in [16], an ILC design based on contraction mapping principle
is developed for the situation where the reference signal
slowly varies between two adjacent iterations. In [17], the
non-uniform trajectory tracking design based on Lyapunov
approach is studied, where the reference trajectories in one
iteration is totally different from that in another iteration.
In [18], the non-repetitive trajectory tracking ILC scheme
is developed for nonparametric uncertain systems. In [16]
and [17], the initial system error in each iteration is assumed
to be zero. Due to limitations of physical resetting, it is
difficult to let the initial error be zero in many practical
situations. Hence, it is of significance to develop adaptive
ILC schemes suitable to nonzero initial errors, which is a
fundamental problem of ILC and is usually called the initial
position problem of ILC in the field of ILC. To broaden
the application scope of ILC technology, several solutions
have been put forward, such as time-varying boundary layer
[19], initial rectification action [18], [20] and error tracking
method [21]. But overall, the number of solutions is still
very limited. Therefore, the initial position problem of ILC
deserves further study. To the best of our knowledge, though
there are some existing results involved with ILC design for
PAM systems [22], the non-uniform trajectory tracking ILC
design for PAM systems with nonzero initial error has not
addressed yet.

The second problem is about system constraints of PAM
systems. In many practical systems, there exist various
constraints. If the system output or system state violates a
certain constraint, it may result in performance degradation
and system insecurity. Up to now, the typical constraint
control design includes model predictive control [24], set
invariance notions [23], reference governor [25] and barrier
Lyapunov function [26], [27], [28]. The adaptive control
for PAM systems with system constraint is investigated in
[6]. To the best of our knowledge, the existing result on
adaptive ILC for PAM systems with system constraints is
very few [29]. In [29], an adaptive ILC law is developed for
PAM systems whose filtering error are constrained during
system operations. How to address the issue of non-uniform
trajectory tracking and output constraint in adaptive ILC
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design for PAM systems with nonzero initial errors, is a
significant research topic yet to be resolved.

Inspired by the above discussion, to solve the angle
non-uniform trajectory tracking problem of PAM systems,
we will develop an output-constrained error-tracking adaptive
ILC scheme for a PAM-actuated device. Compared with
existing results, the main contributions can be summarized
as follows:

(1) Non-uniform trajectory tracking of PAM systems has
been considered with an error-tracking method adopted for
dealing with the problem of nonzero initial error in ILC
design.

(2) It is the first time to develop adaptive ILC scheme for
PAM systems with output constraint, which is different from
the filtering-error constraint strategy given in [29].

(3) By developing a barrier Lyapunov functional, along
with the difference-learning neural network, excellent control
performance and the boundedness of all signals in the
closed-loop system are guaranteed.

The paper is organized as follows. The system model
and problem formulation is introduced in Section II. In
Section III, a simple example is provided to clearly explain
how to use the error-tracking method during ILC system
design. The construction of auxiliary curves and the detailed
procedure of controller design is given in Section IV. The
stability analysis of closed-loop PAM system is provided in
Section V. The satisfactory simulation results are shown in
Section VI, and the conclusion is drawn in Section VII.

Il. PROBLEM FORMULATION

The model a PAM-acutated device [6] is presented in Fig. 1.
The control objective is to make the PAM system with
complicated inherent dynamic characteristics, uncertainties
and disturbance track the given reference trajectories, so as
to further complete actuating tasks.

- - Angle signal

ul(r) Pulley

Computer

Air compressor
FIGURE 1. Control system structure of the PAM-actuated mechanism.
In this device, there exist two PAM actuators which are
parallel to each other. The signal of deflection angle may

be collected by the angle sensor and then be transmitted to
the computer. The charging or discharging of the two PAM
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actuators can be realized by opening and closing the pressure
proportional valves. The input control voltages of pressure
proportional valves, u;(¢) and u,(¢), are determined by the
following equations.

{ w(t) = ty + S,u(t), o

up(t) = up — S,u(?),

in which u, presents the preloaded voltage, u(¢) is the control
input and §,, denotes the coefficient of voltage distribution.
Here, t € [0, T'], T denotes the operation time interval during
each iteration. Py and P; are the internal pressures of two
PAM actuators, which can be calculated by

[ Pi(t) = Po + AP(t) = Sous(0), ®

Pa(t) = Py — AP(t) = Souy(t).

In (2), Py presents the preloaded internal pressure, AP(¢)
is the variation of pressure, and §y denotes the proportional
coefficient of the control voltage and output pressure. F(t)
and F»>(¢) are the Pulling forces generated by PAM actuators,
which may be determined by

3

Fi(t) = P1(t)(M€5(t) + raer(t) + 23) + a,
Fa(1) = Pa(t)(M€3(2) + €1 (t) + A3) + Ag,

where A1 — A4 are four parameters, €((t) = € + rl; 19(t),
and ex(t) = ¢ — rlale(t). Here, 6(¢) is the deflection angle,
€o is the initial shrinking rate, and [y represents the initial
length of PAM actuators. By letting J, represent the moment
of inertia, b,, denote the damping coefficient and r be the
radius of pulley, we can deduce the driving moment of this
device as

Ty(t) = J,0(t) + b,6(t) = Fi(t)r — Fa(t)r +dy,  (4)

in which d, is the unknown external disturbances.
From (1)- (4), we obtain

O(t) = —J " b,0(t) + 2Tkouor* (21160 + M)y ' 0(1)
+ 27, kohur[hi€g + Aa€o + A3 + 2hae0
+ MO0y ) u) + dy (5)
where d; = Jp_ldu. Let x1(¢) and x,(¢) denote 9(¢) and é(t),

respectively. From (5), we can get the state-space model of
the device at the kth iteration cycle as

X1,4(t) = x2,1(2),
0,k (1) = uok1x1,4 (1) + E2x2,4 (1) + [g1 + 8257 1 Juk (1)

"f‘ds,ky
(6)
where & = 27 'kor?Qrieo + Ayt &2 = —J b,
and g1 = 2 kohr(Qu€d + €0+ 13), g =

20 kghur da (rly 2.
For simplicity, the arguments of functions in the article are
often omitted when no confusion occurs.
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Ill. A SIMPLE EXAMPLE ON ERROR TRACKING METHOD
To clearly explain the concept of initial position problem of
ILC and how to solve this problem by using error-tracking
method [20], let us consider a simple system as follows:

Xk (1) = (1) sin(xx) + ur (2), )

where k denotes iteration index, r € [0, 5], xx(¢) € R,
() is an unknown parameter. Assume ¥ (¢) is time-varying
but iteration-independent, i.e., ¥ (t) = 20011 4 in(0.271).
The control objective is to make xi(¢) converge to zero as
k increases. Because v(¢) is time-varying, we will derive a
difference learning law to estimate 9 (z).

s1). Design control law and iterative learning laws as

up = —txk — U sin(xk), )
Uk = k-1 + Xk sin(xx), 9

where ¢ > 0 is a design parameter. Substituting (8) into (7)
leads to

Xi () = —1xx + D sin(xp), (10)
where ¥, = © — 9. Define a Lyapunov functional as

1, 1 (",
Lyx==xt+= | didr. (11)
2 2 Jo

From (11), we obtain

1 1 | A ~
Lx,k — Lx,k—l = _Xk2 — _szfl + E/O (19]3 — l?lgfl)d‘f.

2 2
(12)
By (10), we have
1, 12(0)+/t »
Zy2_ T
2Xk 2X1< ) Xk Xk
1, t 5 to
=§Xk(0)—t A xidt + ; XUk sin(yx)dz. (13)

Substituting (13) into (12) yields

1 o 1
Lyx —Lyji-1 =< 5)(;3(0) +/ X Ok sin(xx)dt — 5)(;3_1
0
1 [1 oy =
2 Jo
It follows from (9) that
S 1 2 =
X O sin(xx) + 5(19/( - ﬂk_l)
. 1
= x O sin(xx) + 5(21‘/‘ — Ok — V1) (k-1 — Vi—1)

. 1
< XU sin(xx) + 5(219 —201)(Pk—1 — Pr—1)

=0. (15)
Combining (14) with (15), we get
1 1
Lyk =Lkt = 5000 = 5 Xy (16)
127481
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By recursion method, from (16), we obtain

k
1 1 1
SKEO) = L) < Ly o) + 5 > x70) = 541 (0.
=0
(17)

Ly 0(t) can be proved to be bounded. If x;(0) = 0 holds,
from (17), we can derive the conclusion that L, k(t) =0and
xx(t) = 0 for k — +oo0. If the boundedness of z —0 X; 2(0)
can not be guaranteed, from (17), we can not derive the
conclusion that L, () = 0 and yx(t) = 0 for k — +o0.

Remark 1: In practical applications, the initial state of the
system is not equal to 0, which means x;(0) is not equal to
0 here. From this, it can be inferred that Zf:o x?(0) —
+oo while k& — 400, which means we can not derive
the conclusion that L, () = 0 and xx(¢) = 0 for k —
400 from (17). Hence, traditional ILC algorithms are not
applicable in many practical applications.

s2) Define
Xk () = xi(O)hy (1) COS(;—;), (18)
where 0 < t5 < 5(e.g., t5 = 0.5), and
wosly iin
Let us define
Xek () = xi () — xi (©). (20)
According to (7) and (20), we have
Xek (1) = O (@) sin(xe) + uk (1) — X' 2

On the basis of (21), we design the control law and iterative
learning law as

U = —txXzk — Uk sin(xk), (22)
Uk = Ok—1 + Xk SI(XR). (23)
Define another Lyapunov functional as
Ly ==-xr+= [ %dr. (24)
27% 2 Jo

Similar to (17), we can obtain

k
1 1
L@ < Lo+ 5 D 02O = ox¢ g (29
i=0
It follows from (25) that

1 1
SAZ() < Log(t) < Leo(t) — Xk 1 (1) (26)

2

From (26), we can derive the conclusion that L_ () = 0 and
Xxzk() = 0 fort € [0, 5] and for k — +o0. Thus, based on
the fact that x, x(t) = xx(¢) fort € [ts, 5], xx(t) = 0 holds
overt € [ts5, 5], while k — +o0.

According to the above analysis, we can see that the control
algorithm (22)-(23) may be used in cases that x4 (0) % 0. That
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is to say, the design method is effective to solve the initial
position problem of ILC.

Remark 2: Because x;;(0) =0fori=0,1,---,k,sothe
term 2 Zk 0 XZZ,(O) in (25) is equal to zero. By contrast, the
term 5 Z —0 X; (0) in (17) is not equal to zero.

IV. CONTROLLER DESIGN

Let x1 4 denote the reference trajectory. By defining e; x =
X1k — Xl,d, €2k = X1k — X2, and xp g = X1 4, from (6),
we have

€1k = ek,

: 2

€2k = UokE1X1.k + E2x2k + (81 + g2x] Uk + ds i
_x]’d.

27)

Note that in actual situations, the initial system error in each
iteration usually satisfies

e1,k(0) # 0, e2k(0) = 0. (28)

A. CONSTRUCTION OF DESIRED ERROR TRAJECTORY
To overcome the obstacle caused by nonzero initial error in
the path of of ILC system design, two auxiliary signals e“f’ (D
and e; «(t) are formed as follows:

When 0 <t < g,

10(ts — )3 15(ts — 1Y
eik(t) = el’k(o)( (t83 t) B (t54 7)
1 1
6 AN}
+ (’5_5’)), 09)
15
63’,{(1‘) = el,k(O)( _ (15 . 1) (t84 f)
15 t3
_ 4
_ 30<fst_5t>)’ 0
§

whents <t <T, e’l*’k(t) =0, e;k(t) = 0. Here, t; is a preset
time point between O and 7.

Let e14(t) = e1x(t) — €] ; (1) and e2x(t) = exx(t) —
e2 +(8). Through simple calculation, it follows from (29) that
el +(0) = e1,%(0) holds. Meanwhile, when ¢t = 0,

=30(t; —1)*>  60(ts —1)>  30(ts — 1)*
13 1y 3
from which and (30), it can be inferred that e2 +(0) = O holds.

Based on the fact that e} k(O) = 1 (0) and ex £ (0) =
ez’k(O) 0, it is obvious that

=0, @D

£1,k(0) = 0, £2.x(0) = 0. (32)

B. ERROR-TRACKING CONTROLLER DESIGN
According to (27), we get

€1k = €2k,

: 2

&2k = o k€1X1k + E2x2 1k + (81 + g2X7 4 Uk (33)
+dsx — X1,0 — ézk.
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Define s;x = cerx + €24 with ¢ > 0. From (33), the
derivative of s x may be calculated by

Sex = ek + uo r&1x1k +E2x0 1 + (g1 +gzx12,k)uk +dsk

Chose a barrier Lyapunov function as

2
€ 1
T AT (35)

Vi=—k
202 -1y 281

where b, > 0.

Remark 3: On the basis of above conclusions given
in (32), we can see that s; x(0) = 0 and V;(0) = 0 holds,
which is useful to overcome the initial position problem
of ILC.

Differentiating Vj yields

2

. £
2 2 \2
(b3 _Sl,k)

+ tto kE1X1 k + E2X2 k + dsk — F1.a — &3 4)
10
+ur + g 82x1)kuk]

. -1
Vi e1k(Se.k — ce1.k) + Sek[g] (cerk

bZe1 ksek _
< 28—282 + 5o g7 (cerk + o E1X1 K + E2x2k
(ba - 81,k)
+dok —¥1a — &) Fue + g7 goxt k] (36)

Then, a radial basis function (RBF) neural network is adopted
for constructing the following approximator

gy ' (cerk + o Erx1k + Exxok + dsi — F1.a — &5 4)
=T (Y X) + eX), (37)

in which n*(t) represents the optimal weight of neural
network and ¥ (X) = [¥1.k. Y2k, -+ » Ykl , where

Ix—cjl?
252 .
Vik=e T, j=12,---,m, (38)
X = [X1k, X2k, X1,d> X2.d, %2,4]7, ¢j and b; represent the

center vector and the width of the hidden layer, respectively.
€(X) is the approximation error. There exists an unknown
constant €y such that |e(X)| < epn.

Denote (X ) briefly by ¥x. Combining (36) with (37)
yields

_ blergsex
= 2
(b7 — &7

+ g7 goxt cur] (39)

Vi + sex[n*T (O + €(xp) + wi

Based on (39), the control law and iterative learning laws are
designed as follows:

U = Ui f + Ur f, (40)
Uik = ————5—— = hsSek — M Yk (41)
(bs - gl,k)
2 2
Up k = —TkX] Uik tanh(ss,kwkxl’kui,kv)
— en .k tanh(s, ke k V), 42)
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Nk = sat(i—1) + V1Se k¥, N-1 =0, 43)
Dk = sal(@y—1) + VasekXi gUik, @1 =0,  (44)
€Nk = sat(ey k—1) + V3lse k|, eny,—1 =0, (45)

where Ay > 0, v=putk + Dk +2),u >0,y >0,y >0,
y3 > 0, @y is the estimation of @ ::gl_lgz, and ey i is the
estimation of e€y. Here, sat(-) is is an saturation operator: For
B €R,

sat(B) := sign(B)min(B, |B]), (46)

in which B represents the upper bound of |B| and
sign(-) is an operator of signum function; for an n-
dimensional vector B = [B1, 2, -, Bul, sat(B) :=

[sat(B1), sat(B2), - - - , sat(Bn)]".

V. CONVERGENCE ANALYSIS

Theorem 1: Consider the closed-loop PAM system con-
sisting of (6) and (40)-(45). The tracking performance and
system stability can be concluded as follows:

(t1) le1x()| < bg is guaranteed for t € [0, T'], which
means |x1 x| < be + |x1 4| holds for ¢ € [t5, T].

(t2) Both e x(#) = 0 and e2 k() = 0 hold for ¢ € [t5, T]
as the iteration number increases.

(t3) All internal signals in the closed-loop system are
guaranteed to be bounded V¢ € [0, T] and Vk > 0.

Proof: (tl1) First, in order to derive the constraint
property of PAM system, let us verify the boundedness of the
time derivative of barrier Lyapunov functional L, which is
defined as follows:

Lk:Vk+—/ n.n dr+—/ o dt
2y Jo F K 2mJo  *
4 ‘2 4 (47)
— | € T,
23 Jo MK
where 7, = n — ;. Note L;(0), the initial value of L (1),
is bounded. In the next part, we will verify that L (¢) < +o00
is guaranteed for ¢ € [0, T], so as to derive that L (¢) < +o0
and |e1 x(¢)| < b, hold for ¢ € [0, T'].
Substituting (40) and (41) into (39) leads to
Vi < —)»ssg,k + Secff Wi + |Seklen — |seklen
+ [Se k€N & + SekTTXT ik — Se kTTUX] Uik
+ sexmxt ik + (1 + g7 gox] Pzl (48)
Invoking (42) and (48), we have

y 2 ~T ~ ~ 2
Vie < —AsSei + Se kM Wi + Se,k|€N k + Se,kDhXT Uik
2 -1, .2
+ [Sg klen k + Se,k DkX] Uik +(1 + 8 82x1)k)
2 2
X [ — WEX] g Uik tanh(sg,kwkxl’ku,-,kv) — €Nk

x tanh(sg k€N k U)]. (49)

where éy x = ey —enk, Dk = @ — @i.Foro € R, w > 0,
the inequality

o] — o tanh(Z) < 0.2785w (50)
w
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holds. By this property, we obtain

2 —1 2 2
Se,kDKXY Uik — Se k(1 + 81 82X7 DU X jlhik
x tanh(sg k wkx% (Ui kV)

2 2 2
< Se kDRX] Uik — TEX] g Uik tanh(sg,kwkxl’kui,kv)

0.2785
S —0 (51
nk + D)k +2)
and
[seklen k — Se (1 + gl_lglez,k)ézv,k tanh(s, ey (V)
< ISe.k|€n k — Se.k€n k tanh(sg ren xv)
0.2785
(52)

<—.
ok 4+ Dk +2)
It follows from (49), (51) and (52) that

y 2 =T ~ ~ 2
Vie < —AsSe o+ Sekfx Wk + 1Se.k €N & + Se kDhXT] g Uik

(53)
With the help of (53), we get
L < =82y 4 Sexfif Wi + Ise.klén
R -
AT L Dk +2)
PNEIF ¢ NI S (54)
-— —€ .
2y, T 5, T Gy WA

Invoking (43), (44) and (45), we can deduce the following
three inequalities:

1
Se kM '//k + ﬂk Ny

2y

= 271(”* — )" Cni — 2sat(me—1) +n* — )
1
= ﬂ[—nk me + 0 n* — 20" sat(ni—1)+2n) sat(ni—1)]

1
= — 5l - sat(me—1)]" [k — sat(e—1)]
Y1

1
+ z—yl[sat(nz_l)sat(nk_l) +0*Tn* — 297 sat(ni—1)]

1
< Z—M[sat(n,{,l)sat(nk_l) +0*Tn* — 297 sat(ni— 1)),
(55)
-, 1.
Se k DRXY Uik + 2—)/2
1

2V2

Wy

— - zzrk +w?— 2w sat(wy_1) + 2o sat(wi—1)]
1

= 5 lsat@ensat(@i1) + w? — 2wsat(wp_1)]
V2

1
— 5l - sat(wy—1)]
V2

1
= 5 lsat(@e-psat(ey1) + o’ — 2wsat(@i_1)], (56)
)2

and

1
- )
|s€,k|€N,k + —€y i
2y3
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1
= —[—€y + €y — 2esat(ey k—1) + 26y xsat(ey k—1)]

2y3
1
= i[sat(fN,k—l)Sat(fN,k—l) + €3 — 2esat(ey x—1)]
1
— —[enx — sat(ey x—1)]?
2y3

1
s2—y3[sat<eN,k_1)sat(eN,k_1> + €} — 2ensat(ey k—1)].

(57)

By the property of saturation, we can see that the right
values of the three above inequalities are bounded. Therefore,
from (54)-(57), we obtain

Ly < o0, (58)
which means
Vi < 400 (59)
and
2
£
Lk~ 4eo. (60)

2(b2 — 8%’,()

From (60), we can see that |&1 | < b holds for ¢ € [0, T].

Remark 4: Based on the construction of e*l" (1), the result
that |e1 x| < b, holds for ¢ € [0, T'] implies that |ej x| < b,
and |x; x| < be + |x1,4| hold for ¢ € [#5, T].

(t2) Second, we will calculate the difference of Lyapunov
functional between two adjacent iterations, so as to analyze
the convergence of PAM system.

From (53), we get

t t
Vi < Vi(0) —/ AT dT +/ (Sekflf Wk + Sek Dk
0 0

t
X X7 i )dT +/ Ise.k|En xdT. (61)
0

Substituting (61) into (47), we have

t t
2 ~T ~ 2
Ly < _/ )\‘Ssg’kdt +/ (Sa,knk Y +S£,kwkx1‘kui,k)d7f
0 0

t B 1 t~ .
+/ |Se,k|€N,de+_/ i iy dT
0 2y1 Jo
1 P 1 !
— zfrdr—i——/é dr. (62)
2y2 /o ¢ 2y3 Jo M*
When k > 0, invoking (62), we obtain
Ly — Ly

t t
2 ~T ~ 2
= _/ )"Ssg)kdt +/ (SexM Yr + Sa,kwkxl,kui,k)df
0 0

t . 1 t B
+/ |Ss,k|€N,de+_/ @iy

(& )dr—l——/(e & dr
2)/2/ k 1 N,k = N.,k—1

0.557
— Vi _.
k 1+,u(k+1)(k+2) (63)

— il Wi )dT
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By the adaptive learning law (43), we have

U v N
Z_(UZ”k — M 1iie—1) + Ss,kwkxlz,k“i,k
Y1
1
< Z—m[(n—nk>T<n—nk>—(n—sat(nk_l)ﬂn — sat(n;_1))]
+ Ss,kﬁ]{"l’k

1 N
< 2—)/1(271 — i — sat(e_ )7 (sat(my_;) — nx) + sexflp Vi

< %(n — o)’ (satie_1) — ) + Visex¥i)

=0. (64)
It follows from (63) and (64) that
Ly — Ly

t t t
—/ )\ssg’kdl'-k/ Sg’kzﬁkxikui’kdl’-l-/ [Se k€N xdT
0 0 0

1 /I ~ 2 ~2 1 ! ~2 ~2
+ — [ (& —wf)dr—i——/(e — €y ,_dt
2]/2 o k k—1 2]/3 0 N,k N,k—1
0.557
Vil + —mmm . (65)
wulk + Dk +2)

Using the learning law (44), we have

2
(wk - wk 1)+ Se, kwkxl Uik

2y
RS 2 B 2 ~ 2
< o (@ — @) — (o — sat(@k—1))")] + Se k DrX] g Ui k
1
< 2—(2117 oy — sat(wy—1))(sat(wy 1) — @)
V2

+ Se kXL Uik
< %(w — @) (Sal@Dk—1) — Dk + V2Se.kXT g Uirk)
=0. (66)
Combining (65) with (66), we arrive at
Ly — Ly

5—/ ssgkdr+/ o /(eNk

Vi1 + 0.557 67)
T L+ Dkt 2)
Similarly, invoking the learning law (45), we get

1

—EN’k_l)dr —

(fzv K GN,kfl) + |Se. k€N &

2y3
< 2_)1/3[(61\/ —en i) — (en — sat(ex_1))*] + |sex|é
< %(2@\/ — €Nk — sat(en k—1))(sat(ey k—1) — € k)
+ I56.k 1€k

1
< ;(EN —en k)(satlen k—1) — €n.k) + V3lse k)

=0. (68)
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Applying (68) to (67), we can get

Ly — Ly
4 0.557
< —/ )»ssgkdf —Vicr+t —m———
0 ' uk + Dk +2)
0.557 1 1
< —-Vi_ — . 69
< Vi + P (k+1 k+2) (69)

On the basis of recursive operation, from (69), we obtain
0.557 1
Li(t) < Lo(t) + —— — — ng,(r) (70)

With the help of the continuity of Lyapunov functional,
we can see that of Ly(¢) is bounded for ¢ € [0, T]. Therefore,
Lo(t) + == 0557 557 is also bounded. Then, from (70), we obtain

lim s x(t)=0,t€[0,T] (71)
k——+00

In light of the fact that s, ¢ = ce k +€2.k, it follows from (71)
that

lim &14(t) =0,Vt € [0, T] (72)
k—+00
and
lim ey x(t) =0,Vt €[0,T], (73)
k—+o00

which is actually equivalent to the conclusion that both
e1k(t) = 0 and e x(t) = O hold for t € [t5,T], as the
iteration number k increases.

(t3) Here, let us analyze the boundedness of closed-loop
system signals.

Based on (70), the boudedness of L is guaranteed, such
that s, x is bounded. On the basis of this and the definition
of s¢ x, we can see that €1 x and &, ; are bounded. Further, x;
and e; may be verified to be bounded. Applying the above
conclusion and the property of saturation functions, we can
derive the boundedness of u;. Then, it is not difficult to derive
the boundedness of all other signals in the closed-loop PAM
system. ]

In this work, we construct the auxiliary signals e} ; and €3 ;
to overcome the obstacle of nonzero initial error in adaptive
ILC design. Difference learning approch is used to estimate
the ideal weight of RBF neural network. Hyperbolic tangent
function is used to design robust feedback term.

Remark 5: In (61), if Vi(0) # O, then the following
inequality can be derived:

L 0557 1 &
Li(t) < Lo(t) + D Vi(0) + —— — —
i=0 # 281735

2
sg‘j(t)7

from which we can not conclude that limg_;, 4o ¢,k () = 0.
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~06 . . . . . .
0
t(s) t(s)

FIGURE 2. x; and x; 4 during the 29th iteration (barrier ILC). FIGURE 5. The error e, and €3 during the 29th iteration (barrier ILC).

03 ‘ ‘ ‘ ‘ ; ; »

eref (%)

i(s)

FIGURE 4. The error e; and e} during the 29th iteration (barrier ILC).
FIGURE 7. &, during the 29th iteration (barrier ILC).

VI. NUMERICAL SIMULATION

. . . . . The desired trajectory is
To verify the theoretical results, a numerical simulation ) y

is performed for the PAM system (6), in which d;; = 0.5cos(0.471), k=0,2,4,6,---
0.5sin(x k)x2k + 0.1sgn(x kx2,%) + 0.2rand;. The model Md = os0.2701), k—1.3.5.7. .. (74)
parameters are set as follows [29]: §o = 0.09, A1 = 1,

M =151 =41 =18,8, = 1,¢9g = 0.5, b, = 2, and
_ _ _ _ 2
r = flc.m, ly = 20cm, u, = 2.5V, J = 10kg - cm”. —0.27 sin(0.471), k=0,2,4.6, -
The initial state is x1 £(0) = 0.7 + 0.1randz, x2 x(0) = 0. X2.d = 0277 sin(0.2 k—13.57 (75)
Here, rand; and rand, are random numbers between 0 and 1. —0.27 5in(0.27), — e
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FIGURE 8. Control input during the 29th iteration (barrier ILC).

@1, 21,4(°)

FIGURE 9. x; and x; 4 during the 30th iteration (barrier ILC).

0.6

0.4

0.2

23,250 (%s7Y)

-06f -

FIGURE 10. x, and x; 4 during the 30th iteration (barrier ILC).

It is obvious that x1 x(0) # x1,4(0). The control law and
learning laws (40)-(45) is adopted for simulation with A; =
5,0 = 0lL,y1 = 5, = 1,3 = 005,b, = 0.15,
ts = ls, T = 7s. The number of RBF network neurons in (38)
is set to be m = 5, with centers ¢j, j = 1,2, --- , m, evenly
spaced on [—2, 2] x [—2, 2], and the corresponding width
bj=3,j=1,2,--- ,m.

The simulation results are shown in Figs. 2-16. The track-
ing responses of angle position and angular velocity during

VOLUME 11, 2023

-0.25

-0.3
0
FIGURE 11. The error e; and e] during the 30th iteration (barrier ILC).

0.6

€z, €3

FIGURE 12. The error e, and e during the 30th iteration (barrier ILC).

x10°

FIGURE 13. ¢ during the 30th iteration (barrier ILC).

the 29th iteration are shown in Figs. 2-3 and the tracking
responses during the 30th iteration are shown in Figs. 9-10.
The angle tracking error and angular velocity tracking error
during the 29th iteration are plotted in Figs. 4-5, while the
tracking error profiles during the 30th iteration are given in
Figs. 11-12. From Figs. 2-5 and Figs. 9-12, we can see that
[xl,k,xz,k]T can precisely track [xl,d,xz,d]T fort e [t5, T]
during the 29th iteration and the 30th iteration. Meanwhile,
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0.16 T T T T T

0.12F d

01 E

0.08 1

iy be

FIGURE 16. History of &1 j convergence (barrier ILC, dashed line: b, and
solid line: Ji ).

it is observed from Figs. 4-7 and Figs. 11-14 that e; and e>
can follow e’f and 6; overt € [0, T], respectively. The control
input during the 29th iteration and the 30th iteration are
shown in Fig. 8 and Fig. 15, respectively. Fig. 16 provides the
convergence history of €1 x, where Ji £ maxe[o,7] 1€1,k ().
From Fig. 16, we can see that |1 x(t)] < be holds during
system operation.

127488
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o
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@, 1,4(%)

-0.6
0

FIGURE 17. xq and x; g4 during the 29th iteration (PD-type ILC).

t(s)

FIGURE 18. x and x, 4 during the 29th iteration (PD-type ILC).

FIGURE 19. x; and x; 4 during the 30th iteration (PD-type ILC).

In the following text, two traditional control algorithms,
including robust PD-type ILC algorithm and PID control
algorithm, are adopted for comparison as follows.

1). PD-type ILC with forgetting factor [30]:

ug1 = Arttgo + (1 — Apdug + L,(x1,0 — x1.%) + La(x2,0
— X2.k)s (76)

in which 0 < Ar < 1 is the forgetting factor, uyo is the
preset value of ui, I, > 0 and l; > 0. In this simulation,
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0

0 5 10 15 20 25 30

FIGURE 21. History of Jo (PD-type ILC, dashed line: b, and solid line:
Jek)-

z1,71,4(°)

FIGURE 22. x; and xq g4 (PID control).

they are set as Ay = 2-k+D o = 0.5, I, =5
and I; = 5. The profiles of angle position tracking and
angular velocity tracking during the 29th iteration are shown
in Fig. 17 and Fig. 18, respectively. The tracking results
during the 30th iteration are shown in Fig. 19 and Fig. 20,
respectively. By comparing Figs. 17-18 with Figs. 2-3, as well
as Figs. 19-20 with Figs. 9-10, we can be observed that the
proposed error-tracking based neuro-adaptive ILC scheme

VOLUME 11, 2023

0.8 T T T T T T

T, 224 (°-571)

FIGURE 24. The error e; (PID control).

FIGURE 25. The error e, (PID control).

possesses better tracking performance, which indicates that
the control algorithm (76) is not suitable for the non-uniform
trajectory tracking ILC design for PAM systems with nonzero
initial errors. In Fig. 21, Jo denotes maX;e[s 7] le1 x(?)]
with 75 = 1. Comparing Fig. 16 and Fig. 21, we can
see the constraint property is guaranteed in the proposed
proposed error-tracking based neuro-adaptive ILC, whereas
no constraint property is met in PD-type ILC with forgetting
factor.
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0.25 T T T T T T

leal, be

FIGURE 26. The absolute value of e; (PID control).

2). PID control:

t
U= dp(x1.a(t) — x1(8)) + A /0 (x1.4(1) — 31 (D)

+ Aa(x1,a(1) — x1(1)), (77)

where x; 4 = 0.5 cos(0.47r¢) and the control parameters are
chosen as A, = 18.2,1; = 0.5,A; = 10. The tracking
response of deflection angle and deflection angular velocity
under PID control are shown in Figs. 22-23, respectively.
Figs. 24-25 display the profiles of deflection angle error and
deflection angular velocity error for the case of using PID
control law, respectively. By comparing Figs. 22-23 with
Figs. 2-3, as well as Figs. 24-25 with Figs. 4-5, we can see
that the higher control precision has been achieved for the
case of using error-tracking based neuro-adaptive ILC law.
Comparing Fig. 16 and Fig. 26, we can see the constraint
property observed in the proposed ILC scheme is violated in
PID control scheme.

Thus, compared with both PD-type ILC with forgetting
factor and PID control, the proposed neuro-adaptive ILC
scheme is reasonable for the target of non-uniform trajectory
tracking of PAM systems with nonzero initial errors. The
above simulation results verify the effectiveness of theoretical
analysis in this work.

VIl. CONCLUSION

In this paper, for dealing with the non-uniform angle
trajectory tracking tasks for PAM systems under nonzero
initial errors, high nonlinearities, uncertainties, and time-
varying characteristics, an output-constrained error-tracking
neuro-adaptive ILC scheme is proposed, which achieves
satisfactory accurate tracking control performance. Error-
tracking method is used to solve the initial position problem
of ILC. A difference-learning neural network is introduced
to compensate for the unknown uncertainties in the PAM
system. The angle tracking error and angle velocity tracking
error can follow the desired error trajectories over the whole
time interval as the iteration number increases, which means
excellent tracing performance of angle position and angular

127490

velocity can be obtained during the preset interval. Moreover,
the system output is restrict in the preset bound during system
operation. Lyapunov analysis is applied to derive the control
law and analyze the stability and learning performance.
In addition, the simulation comparison between the proposed
control algorithm and two traditional control algorithms,
including PID control algorithm and PD-type ILC algorithm
are made to verify the effectiveness of the proposed ILC
scheme.
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