IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

SPECIAL SECTION ON DESIGN AND ANALYSIS TECHNIQUES
IN ITERATIVE LEARNING CONTROL

Received June 14, 2019, accepted June 26, 2019, date of publication July 3, 2019, date of current version July 24, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2926760

Variable Gain Feedback PD*-Type Iterative
Learning Control for Fractional Nonlinear

Systems With Time-Delay

JING WANG “', (Member, IEEE), CHENCHEN YU', YI LIU', DONG SHEN"!, (Senior Member,

IEEE), AND YANGQUAN CHEN"2, (Member, IEEE)

!College of Information Science and Technology, Beijing University of Chemical Technology, Beijing 100029, China
2Mechatronics, Embedded Systems and Automation Lab, University of California at Merced, Merced, CA 95343, USA

Corresponding author: Jing Wang (jwang @mail.buct.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 61573050, and in part by the
Fundamental Research Funds for the Central Universities of China under Grant XK1802-4.

ABSTRACT A variable gain feedback PD*-type iterative learning control (ILC) update rate is proposed for
the fractional-order nonlinear systems with time delay. The learning update rate combines the open-loop and
closed-loop strategy, in which the system’s current tracking error and the previous iterative control of the
tracking error are simultaneously used to correct the control effect. So, the proposed method could both speed
up the convergence rate along the iteration direction and reduce the tracking error along the time direction.
Furthermore, the algorithm ensures that the system has good learning efficiency and control performance at
the different running time and iterative batches due to the time-iteration-variable learning gain. The sufficient
condition for the convergence of the proposed algorithm is analyzed. Finally, the validity of the proposed
method is verified on a numerical example and a wind power generation system.

INDEX TERMS Nonlinear systems with time-delay, fractional order system, time-iteration-variable gain,

feedback ILC.

I. INTRODUCTION
Iterative learning control (ILC) is one of the important
research directions in the field of intelligent control and it
also widely used in practice [1]. The advantages of ILC can
be reflected in complex systems with nonlinear characteris-
tic and the uncertain structural information. The basic ILC
scheme takes full advantage of the previous implementa-
tion information. The repeated control trajectory is modified
according to the tracking or performance errors obtained from
the previous iterations. Then the desired trajectory is ulti-
mately achieved, and the perfect control is completed [2]-[5].
The ILC strategy has developed tremendously in the inte-
ger order systems and has been widely used in many fields,
such as industrial robot, medical system [6], [7]. However,
some real systems are essentially described as the fractional
order models in order to better characterize the dynamic pro-
cess. So we should pay close attention to the fractional order
system and its related control problem based on the fractional
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calculus theory. It includes the iterative learning control
algorithm and the initial value problem of fractional linear
system [8]-[10]. Fractional calculus originates in the 17th
century and has been widely applied to physical and engi-
neering practice now [11]-[17]. The fractional controllers
also have been widely used to improve the performance and
robustness of control systems [18]. The fractional calculus
control theory is studied [19]-[21].

The fractional order iterative learning control (FOILC)
is first proposed in 2001, and the ILC strategy is applied
to the fractional system has become a new research
hotspot [22]-[26]. Many FOILC problems are proposed in
order to improve the control performance of linear or nonlin-
ear systems [19]-[21], [27]. A D*-type ILC update rate is first
proposed and the detailed analysis was carried out [28], [29].
The PD*-type ILC is studied in the linear time invariant
system [30]. The time domain analysis of FOILC is discussed
[31], [32].

Many industrial processes have time-lag, so it is necessary
to study the stability and convergence of FOILC control
systems with time-delay. Here the FOILC for the fractional
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nonlinear systems with time-lag is considered. How to deal
with the trajectory tracking control problem for fractional
nonlinear system with time-lag? To answer this question,
a variable gain feedback PD“-type ILC update rate is pro-
posed and the sufficient condition of convergence for tracking
errors are discussed in this paper. The main innovation is that
for fractional nonlinear system with time-delay, the variable
gain feedback structure is adopted on the basis of the closed-
loop PD%-type ILC algorithm. The closed-loop strategy aims
to introduce the information of the current iteration which
will improve the stability and convergence [33]. So the pro-
posed ILC algorithm can realize the good tracking perfor-
mance and the fast convergence. Another highlight of the
proposed control algorithm lies on its variable gain strategy in
which the learning gains are varied with the iterations k& and
time ¢. The variable gain are adjusted based on the system
erTors.

The structure of this paper is as follows. Section II intro-
duces some of the basic definitions of the fractional calculus
and the vector norms. Section III proposes the variable gain
feedback PD-type ILC update rate for a class of fractional-
order nonlinear systems with time-delay, and the system
convergence are proved. Section IV gives two experiments,
a numerical example and a wind power generation system,
to verify the proposed method. Section V draws the conclu-
sions and puts forward the future work.

Il. PRELIMINARIES
First, we give some classical definitions of the fractional
calculus and the vector norms [34]-[36], which will be used
in the following sections of this paper.

Definition 1: The Caputo fractional-order integral with
order a € (0, 1) is defined as

L[ fo

CnH—o _
WP I O=1G ), -

’

when to = 0,

L[ f@
C(a) Jo (=)l
The Caputo fractional derivatives is defined as
AN

F(n—a) J,, (t—7)@tl-n

SDyf (1) =

CDYf(1) = dt, (n—l<a<n).

The A-norm of a function e(¢) is defined as

||e(r>||xzosup leMlle®loc}, tel0,T1,

<t<T

where the maximum norm of e(¢) is defined as

le@®llcc = max {le(r)]}.
0<t<T

Ill. THE VARIABLE GAIN FEEDBACK PD*-TYPE ILC
The fractional-order nonlinear system with time-delay can be
expressed as

{yi"”(r) = £, 30, 3t = 0, (D), 1 €10, T,

()
Vi) = gk(?), te[—t,0],
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where @ € (0, 1), yx(¢#) € Rand ui(t) € R, o) represents the
ap-order Caputo derivative of ¢, gx (¢) is a continuous function
defined on [—7, 0], and the function f satisfies

S

[ [ 2
@

_ <

Ayt — 1) Qu(1) ||l op — H Ayk (1)

where a, b, and c are constants greater than zero, respectively.
Assume that, for a given trajectory function y,4(¢), there exists
an unique u,4(t) satisfies

Lﬁf‘)(r) =/t ya(0). ya(t = 1), ua(1)), 1 €[0.T],

<c

o0

3)
ya(t) = ga(1), t €[-1,0]
Here u,4(¢) and y;(¢) denote the desired system control input
and reference system output, respectively. The tracking error
of the system is ex(t) = yq(t) — yx(t). t € [—-7,0],7 > 0,
8k(t) = 8a(t), ug(t) = uq(r), ex(t) = 0; 1 € [0, T], % (0) =

ya(0).

The variable gain feedback PD*-type ILC update rate is
proposed for fractional nonlinear systems with time-delay.
The sufficient condition for the convergence of the proposed
algorithm is analyzed and given by introducing the A-norm.
The fractional-order variable gain feedback PD“-type ILC
update rate is as follows,

w1 (1) = ug (1) + Kpi (k + Deg(t) + Kai (k + Del (1)
+Kp(Der1(1) + Ko (el (1), (@)

where Kj,1(k + 1), Kg1(k 4+ 1), K»»(), Kg2(t) are the variable
gain functions that vary with the number of iterations £ and
time ¢, respectively. Kp1(k + 1), Kg1(k + 1) are defined as

Kpik + 1) = r(k + DK}1(0),
Kqi(k +1) = r(k + DKq1(0),

where K,1(0) and K;1(0) are the initial values of the learning
gains, and 0 < r(k) < 1 is a monotonically decreasing
function about the number of iterations & (k = 0, 1,2, ---).
Kp2(1), Kgo(t) are defined as

2
Kpo(t) = Kp2(0) [U <1 — _arctan |ek+1(l)|>i| ,

Ka(t) = Kg2(0) [l —0o (l — %arctan |ek+1(t)|>] ,

where K,»(0) and K;(0) are the initial values of the learning
gains, 0 < o < 1.

From a batch perspective, K,1(k + 1) and Kq1(k + 1)
are related to k. At the beginning of the iteration, e (f) is
relatively large and Kj,1(k + 1) is relatively large. The con-
trol effect of the learning law is more obvious. When the
iteration error e(t) is gradually reduced with the iteration
k increasing, K,1(k + 1) becomes greater. It is found that
the control correction effect remains steady as a condition as
possible along the iteration direction. This ensures that the
iterative process is gradually amended until stable. From the
time point of view, Kj»(r) and Ky (¢) are related to ej11(2).
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FIGURE 1. Variable gain feedback PD*-type ILC algorithm.

At the initial time, eg41(¢) is relatively large and Kj»(¢) is
relatively small. As ¢ tends to T', K,»(¢) increases properly,
K4>(t) decreases appropriately, y gradually approaches y,.
Therefore, the proposed ILC strategy can adaptively adjust
the control law and significantly obtain a fast convergence
rate and high tracking precision.

The basic structure of variable gain feedback PD*-type
ILC algorithm is shown in Figure 1. The proposed ILC
algorithm consists of two parts that simultaneously introduce
the information from the current and history iterations. Their
learning gains are varying with the number of iterations k and
the system time ¢, respectively. Therefore, these two strate-
gies, close-loop and variable gain, can significantly improve
the system convergence, compared to the traditional open-
loop iterative learning control.

Lemma 1: For the system (1) and the reference system (3),
the tracking error e]((a)(t) is as follows,

N0 = fu — fi

BuD) Aui(t)

+

By X"

af
+ 8yk(t — 'L')ek(t - r)’

where f is a continuous differentiable function,

Ja = f(t,ya(@), ya(t — ©), ua(1)),

Jie = [,y @), yi(t — ©), u (1)),
Aug (1) = uq(t) — ug(?),
e (1) = ya(t) — yi(1),

ex(t =) = ya(t — 1) — yi(t — 7).
Proof: Directly from the system (1) and its reference
(3), we have

Ja —fi = f(t,ya(t), ya(t — ), uq(t))
—f @, yi @), yi(t — 1), u (1))

= f(t, ya(®), ya(t — ©), ua(t))
—f(t, yi(®), ya(t — ©), uq(t))
+f (@, yi (@), ya(t — ©), uq (1))
—f @,y @), ye(t — 1), uq(t))
+f (&, k@), Yt — ), ua(?))
—f(t, yk(®), yr(t — T), ug (1))

of

= B DU
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Lemma 2: For the system (1) and the reference system (3),
if satisfied (2) then there exists a sufficient large X\ satisfying

lexllx < O™ Auglls,

where O(L™ 1) denotes the same order infinitesimal function
about parameter A.

Proof: Implement the integral operation oD, * to both
sides of Eq. (3) with the initial condition y;(0) = y;(0),

lexlln = sup {e ™ [lexlloo}
0<t<T
= sup {e D™ [fa — fillloo}
0<t<T
t Y (t _s)ot—l
< sup e ———|llfa — fillloods
0<t<T JO ()
t a—1
=3
< sup / T el
0<t<T JO ()

tallex(s — Dlloo + bl Aur(s)lloolds

t a—1

t—s

< sup f = G e Pleleloo
0<t<T JO I'(a) 0<s<T

+ bl Aug (5) [l oo lds

t f—s a—1
+a sup / T (s = Dloods
0<t<T JO I'(a)

' —A—s) (1—s)*""
< [cllexllx+bllAugll]- sup [ e Ve————ds
0<t<T JO ()

t—t1 t—s — a—1
+a sup f TS T ()l

0<t<T J—1 I'(a)
< LT el + bl Aug ]
Al(a +1)
t—1 f—s—1T oa—1
+a Sup/ €_M;|Iek(8)lloods,
0<r<T J—1 I'(a)
©)
where
t—t a—1
—\ (t i ‘L—)
su e —————|lex(s)|lcods
OgtET/—r ['(@) >
0 a—1
_uE—s—1)
< sup f e M ———————lex(s) | codls
0<t<T J—1 ['(a) oo
t—t a—1
_ut—s—1)
+ sup f e Jle(5) | codls
0<t<T JO IN(9)
t—t f—§5— a—1
< sup f M lep(s) e 9 LTS
0<t<T JO [(a)
1—T
< s [ Lswp e
0<t<T JO 0<t<T
N2 |
e_}‘(t_s)—(t s—7) ds
()
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IA

—At
sup e " lex (oo
0<t<T

t—t1 t—s—1T a—1
sup / e Mt=9) G—s—o" ds
0<t<T JO (o)

t—1 it (g gy
lexlln sup / o= H1=9) g / (t—s—1)*" s
0<t<T JO 0 F(O{)
(4 — e YT — 1)
< fexll . ©
Al(a + 1)
Linking Eq. (5) and Eq. (6), we have
(1—e )T
Al(a + 1)
a(e™* — eI — o)
T rarn el
_ (1—e *1)pT
T OAT@+ D) —c(1 — e M T)
—a(e_}‘f _ e_)”T)(T _ ‘L’)O‘

IA

lexlln < [cllexlln + bl Aullz]

| Al

where A is large enough such that

AC(a+1) —c(1 —e T —a(e™ — e )T — 1)* >0.

Define
b(1 — e )T
onh = d=e’) AT ey
Ma+1)—c(l —e™TY
_a(ef)n: _ e*)»T)(T _ .C)Ol
then

lexlln < O Augll.

O

Lemma 3: For the system(1) and the variable gain feed-

back PD“-type ILC scheme (4) and reference system (3),
suppose Augi1 = ug — ugy+1 (k =0,1,2,---), we have

lAugiilln < pll Augll.
Proof: Define Ay (t) = GE By () =
af
dyk(t—71)°

Aty

Ce(t) =

f
duy(t)°

= Uq — Ug+1
= ug — g — Kp1(k + Der(t) — Kar(k + Del (1)
— Kpp(Dek1(t) — Kaa(D)e) (1)
= Auy — Kp1(k + Dex(t) — Kpo(t)ex+1(1)
— Ka1(k + Dlfa — fil — Ka2(®lfa — fie+1]
= Aug — Kp1(k + e (t) — Kpo(t)er11(t)
—Ka1(k + 1)
[Ak()ex (1) + B (1) Aug (1) + Cr(t)ex(t — T)]
—Ka2 ()
[Ak(Dex+1(1) + Br() Aug41(1) + Cr()ex+1(1 — 7))
= Auy — Br(H)Kg1(k 4+ 1)Auy
— [Kp1(k + 1) + Ap()Ka1(k + 1)]ex(r)
— [Kpa(t) + Ak (DK a2()]er+1(2)
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— B (OKa2(t) Augy1(t) — Cr(0)Kg1(k + Deg(t — 1)
— Ce(DKg2(t)ep11(t — 1)
= [1 + Br(Ka2 ()] Ay
—[1 4 Bx(DKa2(D] ' Br(DKq1 (k + 1) Auy
—[1 + Be()Kan ()]
[Kp1(k + 1) + Ar(OKa1(k + Dlex(t)
—[1 4 Be()Kao (O] [Kpa (1) + Ak (1)Ko (D)]ex1(7)
—[1 4 Bx(DKa2(D] ' Ce(®)K a1 (k + Dex(t — 1)
—[1 4+ Bx(OKa2 (D] CeOK a2 (Dep1(t — 7). (7)

Taking the maximum norm on both sides of (7) yields

| Attt oo

= |0+ Beokaor|_1awi

+ | BOK@T | 1BOKaK + Dl Au o
+|| 1+ BeOKn 017
|Kp1(k + 1)+ Ar@Ka1 (k + D]  lexlloo
+ |1+ Beokawr|
|Kp2(1) + Ac(OK a2 (1))  Nlex+1(D)
+ |1+ Bi()Kaa ()]

ICL®Kark + Dllsellertt — Do
+ |1+ Beokawr|
| CeOKa2Dllsollexs1(t — )l ®)

Multiplied the inequality (8) by e~** and applying A-norm,
it is obvious that

—A
sup {e™ | At 1l }
0<t<T

sup |11+ BeKar(1! |
0<t<T o0
[+ IB(Ka1(c + Dllooll Aue
+ sup |[[1+Bi()Ka2(0)] ™"

0<t<T oo
[Kp1(k + 1) 4+ Ar()Ka1 (k + D llex @]l
+ sup ||[14 Bi(®)Kga(1)] ™!
0<t<T oo
| Kp2 (1) + Ax (DK a2 (1) || o llex1(D11;
+ sup [[1+Br(®Kap()]™"
0<t<T 0
ICk(Ka1(k + Dl sup llex(t — Dllowe™

0<t<T

+ sup [0+ BeoK@1 !
0<t<T oo

| Avteyl;,

IA

ICk(OKa2(Dlloo sup llexs1(t — T)lloge™".
0<t<T
)
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Because 0 < r(k) < 1, we choose the appropriate K;1(0)
such that
p = sup [I[1+Br()Ka()] oo
0<t<T
[1+ [lrtk + DBr()K41(0)] 0]
< sup [I[1 + Br(OK22(D)] oo
0<t<T
[1+ 1Br(1)Kq1(0)]l o]

=p<l,
where
p' = sup [[[1+Be()Ka2()] oo

0<t<T

[1+ [lr(k + DBr()K41(0) o],
pw= sup [I[1+Be(®)Ka2()] lloo

0<t<T

I[Kp2 (1) + Ak (1)K a2()] ]l oo

y = OSHPT I+ Be()Ka2(O1 oo | Ck (DK a2() | 0o,
<i<

v=sup |I[1+Br®Ka()] oo
OStST
IKp1 (k 4+ 1) 4+ Ap(1)Ka1 (k + Dl oo,
8§ = sup [I[1+Br()Ka2()] oo
0<t<T
ICe (DK a1tk + 1)l oo,

—A
sup e Mlex(t — 7)o
0<t<T

= sup Mg — Dllece™

—t<t—t<T—71

= sup e M e looe
—T<t/<T—-t

—A —A
= sup e Mex()oce™
—t<t<T-—1

—
< e el

—A
sup e lext1(t — Dlloo

0<t<T
—A(t— —A
= sup e Mgt — D)lloce ™
—t<t—t<T—71
—t’ -\
= sup e M lerr1()loce "
—T<t/<T—-t
—A -\
= sup e Merp1(®)llcce™
—t<t<T-—1

—
e ekl

Link it with Eq. (9),

IA

At ll;, < /Il Auglly, + vllell, + rellexsilly,
+8e  lekllx + ye M llextilln.  (10)

According to Lemma 3.2 and the inequality (10), we have
| Aus1ll; < Lo+ (v + 8¢ HOG™ Dl Augll;
+ (e + ye ORI Ayl

Let A is sufficiently large, || Augr1llx < ollAugllx. ]
Theorem 1: For the system (1) with the variable gain feed-
back PD*-type ILC update rate (4) and reference system (3),
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where t € [—t, T, suppose f(¢t, y(t), y(t — 7), u(t)) satisfies
(2), and
o= OSUP 11 + Bk (OKa2(O1 ool 1 + 1 Be(H)K41(0)]|oo]
<t<T
<1,

we have hm yk(t) =yq),te[—1,T]

It can be known that the convergence conditions p only
depend on K;1(0) but not Kj1(0) according to Theorem 1.
So we just need to determine the initial values of the learning
gains K;71(0) to assure p < 1.

Proof: As long as yield p < 1, there is a large enough
A to satisfy p’ 4+ (v + e *)O(A~1) < 1. So,

lim [|Aull, = lim [ug — uglln = 0.
k—o00 k—o00

In other words, lim ur(t) = uy(¢), where t € [—1, T].
k— 00

According to the existence and uniqueness theorem of
fractional-order differential equation, it is obtained that

lim yi(#) = ya ().
k—o00

IV. SIMULATIONS
Example 1: Consider the fractional-order nonlinear system
with time-delay as follows

YOI (1) = 0.5y%(r) + 0.1y(t — 0.4) + 0.5u(r),  (11)
The closed-loop PD*-type ILC law with fixed gains is

up+1(1) = Mk(t)+€k+1(t)+ek+1(t) (12)
Furthermore, two kinds of variable gain feedback PD*-type
ILC law are given,
w1 (1) = ug (1) + (1/K)ex(t) + (1/2K)0el"> (1)

+ek+1(t)+€k+1 0, 13)

and
Up+1(t) = wr (1) + (1/k)er (1) + (1/2k)e(0 5)(1‘)
+4 |:O.5 (1 — ; arctan |ek+1(t)|>:| exs1()

+4 |:1 —0.5 (1 — vE arctan |ek+1(t)|>} ek+l)(t) 0
b3
(14)

In addition, K,1(0) = 1, K41(0) = 1/2, the control
input initial value is up(#) = 0, the initial system output is
¥(0) = 0, T = 1 and the reference trajectory function is
ya(t) = 12 2(1 — ¢). Under the control of ILC update rate
(13),itiseasy toget p = [1 4+ 1/2|7 11 + 1/4] =5/6 < 1.
Under the control of ILC update rate (14), Kg2(t) € (2,4),
p € (5/12,5/8), which satisfies all p < 1. Figure 2 and
Figure 3 are the simulation results of the closed-loop PD“-
type, the variable gain feedback PD“-type ILC update rate
(13) and (14).
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System output

System output

0 01 02 038 04 05 06 07 08 08 1 0 of 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 08 1

Time(s)

(a) ILC law (12)

FIGURE 2. System output: System(11), reference(15).

Time(s) Time(s)

(b) ILC law (13)

(c) ILC law (14)

2-norm of ek(t)
2-norm of ek(t)

18

16

14

2-norm of ek(t)

Iteration(k)

(a) ILC law (12)

FIGURE 3. Tracking error: System(11), reference(15).

TABLE 1. Comparison of |e|l,: System(11), reference(15).

Number of iterations 1 2 3 4 5
learning law(12) 29575 0.7171 0.1714  0.0409  0.0099
learning law (13) 29274 0.7028 0.1664 0.0393  0.0095
learning law (14) 1.6505 0.2236  0.0301  0.0042  0.0007

Figure 2 is the system (11) outputs under the action
of ILC update rate (12)-(14), respectively. Where iteration
k = 1,2,---, the reference trajectory function is y,4(t) =
12:20—t)and T = 1.

Figure 3 is the two norm of y,;(t) — yx () while fractional-
order nonlinear system with time-delay (11) under the action
of ILC update rate (12)-(14), respectively. And the reference
trajectory function is as follows:

ya(t) = 126%(1 — 1), (15)

For fractional-order system with time-delay (11) and the
closed-loop PD“-type, the variable gain feedback PD*-type
(13) and the variable gain feedback PD“-type (14) ILC update
rate, the reference trajectory y;(¢) is a segmentation function

0, 0<t<0.1,
, 0.1 <t<0.6, (16)
1, 06<t<l.

Ya(t) =

N =

Figure 4 and Figure 5 show the corresponding simulation
results of system (11), reference (16).

VOLUME 7, 2019

6
Iteration(k) Iteration(k)

(b) ILC law (13)

(c) ILC law (14)

TABLE 2. Comparison of |e|l,: System(11), reference(16).

Number of iterations 1 2 3 4 5

learning law(12) 1.7707  0.4268  0.1058  0.0306  0.0152
learning law(13) 17517 04177  0.1024  0.0293  0.0146
learning law(14) 09915 0.1354  0.0210 0.0075  0.0064

Example 2: Give an example of wind power generation.
Because the actual electrical and capacitive electrical prop-
erties are essentially fractional facts, the use of fractional
descriptions is more receptive to their intrinsic characteristics
and engineering values [21], [31], [37], [38].

xO9 (1) = Ax(¢) + Bu(r),
(17)
(1) = [0 0 l]x(t).
[a1 +aiRy a3+ x3 asxo
A= b1x30 by +b3Ry  bixio+bs |,
L 0 0 c2vo + ¢3x30
[axx10  aix3o 0
B = | bsxao bax3p 0
0 0 c1vo + ¢c3v30
the expression of each parameter is
Ry 1 Ly — L
al ) a2=_—7 a3=p—1
Ld + Lx Ld + Ls Ld + LS
L L, R
by = _pL7 by = ——5 .
L, +L, Ly +Ly
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FIGURE 4. System output: System(11), reference(16).
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FIGURE 5. Tracking error: System(11), reference(16).

1
b3 = T 7 > b4 = pl'bm )
Ly+1L, Li+ L
2d; d 2d3
cl=—, (=—,c=—,
=7 S AR

where d1, d», d3 are constants associated with air density and
wind turbine radius; x19, x20, X30, and Ry are the steady-state
values of the corresponding variables at the operating point,
p is the pole number of the motor. Ry, R, are the equivalent
resistance of the system and L; is the equivalent inductance
of the system, Ly and L, represent the inductance of d, g axis,
respectively. W, is the magnetic flux.

The main parameters are as follows: Ly = L, =
0.04156 H, Ry = 3.3Q, p = 1,J = 0.5042kg - m?, the cor-
relation constant is d; = 0.002, d» = 0.002, d3 = 0.002,
vo = 2.1, vy = 5.2, the steady-state values of the variables

at the run point are, respectively x;9 = —0.2, xp9 = 0.6,
x30 = 120.6, Ry = 1.6.
So the system matrices are
[—5.8225 119.6988 —0.5407
A= —120.6 —5.8225 0.3207 |,
| 0 0 1.4601
[0.2377 —1.344 0
B=|-0713 —472.5711 0
| 0 0 0.0785
The expected speed is y4(t) = sin(4xt), select initial

control input ug(t) = [0 0 017, r(k) = 1 /k. In the variable
gain feedback PD“-type ILC update rate, select the learning

90112

(c) ILC update rate (14)

TABLE 3. Comparison of |e||,: System(17), reference(18).

Number of iterations 1 10 20 30 40
learning law(12) 6.6340 2.6715 1.0735 0.4165 0.1659
learning law(13) 6.6562  2.6346 1.0495 0.4004 0.1589
learning law(14) 5.8918 09313 0.1468 0.0329  0.0202

gain:
1 0 O 1 0 0

kp1()=10 3 0, ku(@=]0 2 0

0O 0 1 0 0 05

Under the control of ILC update rate (14), Kz2(t) € (2, 4),
p € (0.79,0.89), which satisfies all p < 1 and convergence
condition of Theorem 1.

Figure 6 and Figure 7 show the corresponding simulation
results of system(17), reference(18).

ya(t) = sin(4wt), (18)

It can be seen from Figure 2 and Figure 7 that the iterative
number of variable gain feedback PD“-type ILC update rate
is smaller than the iterative number of closed-loop PD%-
type ILC update rate when the tracking error of fractional
nonlinear time-delay system (11) and (17). At the same time,
through the data in Table 1, Table 2 and Table 3, it can be seen
that the two norms of the tracking error with the variable gain
feedback PD-type ILC update rate are smaller than the two
norms of the tracking error with closed-loop PD*-type ILC
update rate after each iteration. Therefore, compared with
the closed-loop PD*-type ILC update rate, the variable gain

VOLUME 7, 2019
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FIGURE 7. Tracking error: System(17), reference(18).

feedback PD“-type ILC update rate has a better convergence
effect.

V. CONCLUSION

For a class of fractional-order nonlinear systems with time-
delay, a variable gain feedback controller is added on the
basis of the traditional closed-loop PD%-type ILC algorithm.
By introducing the A-norm, we get the sufficient condition
that the system tracking error is bounded convergence. The
simulation results show that the variable gain feedback PD“-
type ILC system has faster convergence speed and better
tracking effect. However, the time-delay is not considered
separately when designing the controller in this paper. The
time-delay does not affect the stability of the system on the
iteration axis when k tends to infinity. But the system conver-
gence along the time axis cannot be guaranteed within one
batch due to the effect of time-delay. Then designing the con-
troller and simultaneously considering the time-delay in one
batch should be the further research topic. The appropriate
iteration learning controller should guarantee the systemars
stability both in iteration direction and time direction.
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