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Abstract: This paper investigates iterative learning control for Caputo fractional-order systems with
one-sided Lipschitz nonlinearity. Both open- and closed-loop P-type learning algorithms are proposed
to achieve perfect tracking for the desired trajectory, and their convergence conditions are established.
It is shown that the algorithms can make the output tracking error converge to zero along the iteration
axis. A simulation example illustrates the application of the theoretical findings, and shows the
effectiveness of the proposed approach.
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1. Introduction

Recently, fractional calculus emerged as a crucial tool for describing the dynamics of real-world
problems [1-3]. Indeed, many fractional-order systems (FOSs) have been reported in the literature,
focusing on stability, fault tolerant control, and sliding mode control, among other issues (see [4—6]
and references therein). Iterative learning control (ILC) is an interesting approach to obtain trajectory
tracking of repetitive systems operated over finite-time [7]. In recent years, FOSs and ILC have been
merged with the goal of increasing tracking performance. In [8], a D*-type ILC scheme was designed
and its convergence was addressed. In [9-11], both the P- and D-type learning schemes were adopted
in FOSs with Lipschitz nonlinearities. In [12], fractional-order PID learning control was proposed for
linear FOSs, and output convergence was analyzed using the Lebesgue-p norm. In [13], the ILC
framework was adopted for FOSs with randomly varying trial lengths. In [14,15], ILC problems of
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multi-agent systems with fractional-order models were investigated. = Despite many relevant
contributions, it should be pointed out that the above mentioned works mainly address linear and
Lipschitz FOSs. Moreover, a variety of control strategies have been proposed for nonlinear systems
(NSs) to achieve the desired performance. In [16,17], the convergence analysis for locally Lipschitz
NSs was addessed based on the contraction mapping approach. In [18], adaptive optimal control was
investigated for NSs based on the policy iteration algorithm. In [19], zero-sum control for tidal
turbine systems was studied though a reinforcement learning method.

Compared with classical Lipschitz nonlinearity, one-sided Lipschitz (OSL) nonlinearity possesses
less conservatism. Therefore, in recent years, is has often been used in control systems. Moreover, in
many practical problems, the OSL constant is much smaller than the Lipschitz one, which simplifies
the estimation of the influence of nonlinearities. OSL systems are a wide class of NSs, which contain
Lipschitz systems as particular cases. Practical examples are Chua’s circuits, Lorenz systems, and
electromechanical systems [20-22]. In [23-25], observer design issues for OSL NSs were
investigated. In [26], the classical OSL was considered, and an observer was designed by introducing
the quadratically inner-bounded (QIB) constraint. In recent years, observer design and control of OSL
NSs has attracted considerable attention. In [27], full- and reduced-order observers were derived via
the Riccati equation. In [28], exponential observer design was investigated. In [29], tracking control
for OSL nonlinear differential inclusions was considered. In [30], H. attenuation control was
considered for OSL NSs in the finite frequency domain. In [31], event-triggered sliding mode control
was studied for OSL NSs with uncertainties. In [32,33], consensus control was discussed for OSL
nonlinear multi-agent systems. Other meaningful results on ILC of OSL NSs have also been
reported [34-36]. In particular, the QIB constraint was employed to reach perfect trajectory
tracking [34,35]. Note that the above-mentioned results are about classical integer-order systems. To
the best of the authors’ knowledge, for FOSs with OSL nonlinearity, the problem of how to achieve
exact trajectory tracking through appropriate ILC design has not yet been investigated, which
motivates the present study.

This paper deals with the ILC of a family of Caputo FOSs, where the fractional derivative is in
the interval 0 and 1. The considered nonlinearity satisfies the OSL condition, which encompasses the
classical Lipschitz condition. Open- and closed-loop P-type learning control algorithms are adopted.
The convergence of the tracking error is guaranteed with the generalized Gronwall inequality. The
novelty of this paper is summarized in the next two points.

e Unlike the control methods in references [18,19,29-33], the ILC method proposed in this paper
can lead OSL nonlinear Caputo FOSs to exhibit perfect tracking capability;

e In contrast to the works of [34-36], the ILC theory is extended from integer-order OSL NSs to
fractional-order OSL NSs.

This paper is divided into 5 sections. Section 2 establishes some elemental assumptions and
formulates the ILC problem of fractional OSL NSs. Section 3 constructs the open- and closed-loop
P-type control algorithms, and presents the corresponding convergence results. Section 4 includes
a numerical example to show the suitability of the algorithms. Finally, Section 5 summarizes
the conclusions.
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2. Preliminaries and problem description

Some relevant lemmas and definitions are introduced. Afterwards, the problem to be tackled is
formulated.
Definition 1 [37]. The Riemann-Liouville integral of order @ > 0 of a function x(¢) is

1 !
Ig,x(@) = @ fo (1= &) X(@)dE, 1 € [0, 00),

where I'(«@) stands for the Gamma function.
Definition 2 [37]. The Caputo derivative of order 0 < a < 1 of a function x(7) is

@ - d 1 t -
D x(0) = Iy, 370 = mfo (1= &) X(&£)dé, 1 € [0, ).
Lemma 1 [38]. Consider the differentiable vector x(¢) € R". It follows that, for any time instant ¢ > 0,
we have

c D5 (X" (Ox(1) < 2x" () DG (1), Ya € (0, 1),

where the superscript T denotes the vector (or matrix) transpose.

Lemma 2. (Generalized Gronwall Inequality) [9] Consider that the function u(¢) is continuous on the
interval ¢ € [0,T], and let v(t — &) be nonnegative and continuous on 0 < ¢ < ¢t < T. Additionally,
consider that the function w(¢) is positive continuous and nondecreasing on ¢ € [0, T']. If

u(t) < w(r) + f v(r = Hu(€)dg, 1 €[0,T],
0

then we have ;
u(t) < wt)eh 9% 10, T].

To simplify the notation, in the following, we use D to refer to the Caputo derivative ¢ Dy ..
Let us consider the nonlinear FOS

{Z)“xk(t) = Axi(t) + Buy (1) + f(xi(7)),

2.1
yi(?) = Cxi (1) + Duy(1),

where @ € (0,1), ¢ € [0,T], and kK = 0,1,2,- - - is the repetition. Moreover, x;(t) € R", u,(t) € R",
and y.(¢) € R? represent the state, control, and output of (2.1), respectively; f(xi(¢)) € R" stands for a
continuous nonlinear function; and A, B, C, and D are constant coefficients matrices.
Assumption 1. The nonlinear function f(-) is OSL, meaning that, for Yx(¢), X(¢) € R",

(f(x() = f(R(@)), x(1) = 2(1)) < ollx(@) = (D),

where || - || denotes the Euclidean norm, (:,-) represents the inner product, and o € R is the OSL
constant.

Remark 1. Note that the above constant o~ can assume any real value, while the Lipschitz constant is
positive. From [26], a Lipschitz function is OSL (o > 0), but the converse may not hold.
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Assumption 2. The desired trajectory y,(¢) is possible, meaning that a control u,(f) exists, guaranteeing

Dxq(t) = Axy(t) + Buy(t) + f(x4(1)),
va(t) = Cxy(t) + Duy(t),

with x,(#) being the desired state.
Assumption 3. The system defined by expression (2.1) meets the initial condition

x(0) = x4(0), k=0,1,2,---,

where x,(0) represents the desired initial state.
Remark 2. Assumption 2 is a representative condition for OSL Caputo FOSs in control law design.
Assumption 3 is the identical initialization condition, which has been widely used in ILC design to
obtain perfect tracking [7].

The main objective herein is to design a control sequence u, () so that the output y,(¢) of (1) can
track the specified trajectory y,(t), with ¢ € [0, T], as k — oo.

3. The ILC design

For the nonlinear FOS (2.1), we design an open-loop P-type learning control algorithm
U1 (1) = w (1) + Wey (), (3.1)

where the output tracking error at the kth iteration is defined as e;(f) = y,(f) — yi(¢) and the learning
gain matrix is ¥ € R™?.
Theorem 1. Let us assume that Assumptions 1-3 hold for the FOS (2.1) with algorithm (3.1). If ¥
can be chosen such that

p1=ll -DY¥| <1, (3.2)

then y,(¢) converges to y,(?) for t € [0, T].
Proof. Let us use 0(:)i(t) = (-)x+1() — ()k(¥), where (-) stands for the variables x, u, and f. It follows
from (2.1) and (3.1) that

DY(0x:(2)) = Adxi(2) + Bou(t) + 6 fi(t) = Adxi(t) + 6 fi(t) + B¥Yer(1). (3.3)
If we left-multiply (3.3) by (6x(£))T and use Assumption 1, then we have

(6xx(1) "D (5x(1)) = (ASx4(1), 521(1)) + (BYex(r), (1)) + (S £i(1), 6x(1))
< (ASxi(1)) 6xi(t) + (BYey (1)) 6x0(1) + orllxu(1)IIP
< (A1l + laDlsxe)I” + 1B IS xk (D) llex (D (3.4)

According to Lemma 1,
D (6x(1)) " 62(1)) < 2(6x1(1))" D (62.(1)). (3.5)

From (3.4) and (3.5), we get
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D (16x: DI < 2(1Al + loDISx (DI + 21 BLNSx1(Dlllex(t)l]
< QIAl + 2la] + DISx@)I + I1BLIPllex (DI
= 16, DIF + callex @I, (3.6)

where ¢; = 2||A|| + 2|o| + 1 and ¢, = ||BY|. Applying the a-order integral on (3.6), we get
15 D (16xDI) < IS (c1lloxi I + callex @) (3.7)

It follows from Assumption 3 that 16x,(0)||> = 0, and we further get

0,t dt
= (162 I* = 116xe (O = ll5x(D)II,

15, D" (I5xe(D)I°) = 1,1, (||5xk(t)|| ) =1 0rg (Iléxk(t)ll )

which, together with (3.7), leads to

163 (DI” < I (crllx DI + callex®I)

- L e 2 =y L el )
‘r(cnfo(’ " I OIPdE + s f (1 =& llew@IPdé

_a ! a1 G a1 208420
= F( )f( - & Iox©I d§+r( )f (t=%) fe ¥ lex(©)I1dé

F( ) f (t—&)™ 1||5xk<§)||d§+m f (t — &) e de llell - (3.8)

We can see that

f (- &) leMéde =5 1-§=1 [Ta—ICZ/l(t—T)dT

0

!
— o2 f 101274,
0

2r=g @2 M

a—1_,-&
a7 §eds
e2/lt +00 ol -
e, ¢«
euz
= @ (3.9)

From (3.8) and (3.9), we have
2/lt

Qu°

l6x(E)II* < _F( ) f (t = O loxy(©)|Pde + 2

llexlly -

Setting

Wt — &) = ——(t-&"",

( )
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22t

)= —— ,
w(t) g llexll;

and using Lemma 2, we get

I Ry
(D" < (2/1)06”” 0 " lledly
21t
€7 o 2
= (2/1)QG““>“ llexlly
- czeuz
- @

o TY

1
e [lexl;

Multiplying the above inequality by e >, and using the A-norm || - ||;, we have

clT”

C2el"(a+l)
lI6xell3 < o llexll
where || - [la = suppo.rfe™II1}.
Therefore, we get
c
162elly < —= llexl, - (3.10)
/l(l
where
%
Czer((y+l)
C3 = e
It is obvious that
err1(t) = ep(t) — Coxy(t) — Douy(t) = (I — DW)er(t) — Coxi(2). (3.11)
It follows from (3.2), (3.10), and (3.11) that
llexsilla < i1 = D¥|lllexllx + ICIo Xl
< pillexlla + [ICII16xk]12
|| Cl|
< pillelr + llexl
1llexlla Vi klla
= pullella, (3.12)
where
b= py + a3l
1 =PI .
Ve
As 0 < p; <1by (3.2), we can select A as large as needed so that p; < 1. Thus, we obtain
lim [legll, = 0.
Note that |leg]l, < e*T|lexl,, with || - ||; = Sup,cro.rq Il denoting the supremum norm. Therefore,

]}im llexlls = 0, meaning that
]}i_)fgyk(f) =yq(0), t €[0,T].
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This ends the proof.
Now, we design a closed-loop P-type learning control algorithm, such that

U1 (1) = wi (1) + Peyy 1 (0),

where the learning gain is ® € R™7.

(3.13)

Theorem 2. Consider that Assumptions 1-3 hold for the FOS (2.1) with the learning algorithm (3.13).

If the gain @ can be chosen such that
p2 =l + DD) || < 1,

then y,(#) converges to y,(t) for t € [0, T].
Proof. From (2.1) and (3.13), we get

DY(0x:(1)) = Adxi (1) + Bou(t) + 6 fi(t) = Adxi(t) + 6 fi(t) + BDey, ().
Left multiplying (3.15) by (6xx(¢))" and considering Assumption 1, we obtain

(Gxx(1) "D (6x(1)) = (AS2(1), 62(1)) + (BDeyy1 (1), 5x4(1)) + (S [ (1), 5xk(1))
< (ASx(1)) 6xi(8) + (BDeys1 (1)) 620(2) + 0|6 xi(1)IIP
< (ANl + oDl xi (DI + IBOISxk (1) llexs1 (DIl

Obviously, (3.16) together with (3.5) implies

D (162D < 20l + loDISx (I + 20BOINSx D) llles1 ()]
< QNI+ 2 o] + DlIsx I + IBEIP e (DI

2 2
= c1llox (D" + callec1 DI,

where ¢, = ||B®||*. Similarly to the procedure adopted in Theorem 1, we get

Cs
l0xlla < llexs1lla
/la
where
c TY
C4el"(a+l)
Cs = 2([

From expressions (2.1) and (3.13), we have
er1(t) = e (1) — Coxi(t) — Do (1) = ex(t) — Coxi (1) — DDeyy (1),

that is
(I + DD)e,1(1) = er(t) — Cox(1),

where the symbol 7 stands for the identity matrix. Since I + D® is nonsingular, we get

exs1(1) = (I + DO) ™ (ex(r) = Coxi(r)).

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)
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Furthermore, we derive

llexsilla < I + D) lllexlla + I + D)™ Cllloxila
< pallexlly + 117 + D®) ™' ClllI6 el (3.19)

Substituting (3.18) into (3.19) yields

Cc _
llewlla < pallells + \/%u(l + DO) ' Clllless 1]l

Taking A such that -
\ﬁn(l +DD)'C| < 1,
then we have
llexslla < pollexlls (3.20)
where
A P2

P T T =a+ poyial

As 0 < p, < 1, we can choose 4 as large as needed so that p, < 1. From expression (3.20), we
can obtain
Lim flegl], = 0.

As |lexlls < eTllexl],, we know that ]}1_{2 llexll, = 0, and it follows that
]}LnolOYk(f) =ya(0), t € [0,T].
This completes the proof.
4. An illustrative example
We illustrate the applicability of the P-type learning algorithms by means of a practical example.

Let us choose the following nonlinear FOS, which can be used to describe the motion of a moving
object in Cartesian coordinates [39]

D" x (1) = Axp () + Buy (1) + f(xi(2)),
Yi(®) = Cxi (1) + Du (1),

where x;(1) = [.Xlk(l) )CZk(t)]T, with t € [0, 1],

1 -2 10 10 1 0
A: ’B: ’C: ,D: .
I e S I P P

—x1(1) (1, (1) + X§k(t))l
—X(D) (X (1) + x5 (1) |

fa(®) = [

Mathematical Biosciences and Engineering Volume 21, Issue 2, 3095-3109.
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We know from [26] that the nonlinear function f(-) is globally OSL with o = 0 in R?. Let us use

sin(37t)
yd(t) = l te_o‘” :| P

0) < 0 |0
xi( )—[Ol, Mo(f)—[o}-

and consider

1) Open-loop algorithm (3.1).
Using the gain matrix

0.5 0
P = :
[o 0.5]

we then have
o1 =|I-D¥Y||=05<1.

Figures 1 and 2 depict the desired trajectories yS) (t) and yilz)(t), and the outputs y,(:)(t) and y,({z)(t),

respectively, at the 3rd, Sth, and 7th iterations, obtained with the learning algorithm (3.1). Figure 3
represents the errors, showing that perfect tracking is reached as the number of iterations increases.

1.5
-=---k=3
............... k=5
k=7
r P 1 i
1 N - =YD
fi, ‘.\\ / "\\\'g
£r A /s R
fr ) fe &%
4 °‘ [ “ﬁ
L 1 [ .
£ 05 A \\ /i \ “_ﬁ
e f \ [t %
> 4 \ /! A
Y f \ /! %
= ’ 4
~ / ‘\ /1
) \ 4
=r of \ JA
Y n
h_“ I
b Y
Y ,’
® 7
0.5 W ‘i 4
1Y 4
AN P
LAY 4
('\ . 4
AN
-1 | | S | |
0 0.2 0.4 0.6 0.8 1
t/s

Figure 1. Desired trajectory and system output, y;”(t) and y,il)(t), at the 3rd, 5th, and 7th

iterations, when using the learning algorithm (3.1).
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Figure 2. Desired trajectory and system outputs, ygz)(t) and y,(cz)(t), at the 3rd, 5th, and 7th
iterations, obtained with the learning algorithm (3.1).

12

1)
e

R T )]
el

S

o o
o ©

Maximum output tracking error
o
~

0.2

0 5 10 15 20

Figure 3. The output tracking errors versus the number of iterations, obtained with the
learning algorithm (3.1).

i1) Closed-loop algorithm (3.13).
Using the gain matrix
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then we have

p2 =l +DD) ' =05 <1,
meaning that the convergence is verified. Figures 4 and 5 illustrate that y,(cl)(t) and y,(f)(t) follow
the desired trajectories from the 6th iteration. Figure 6 shows that the error converges under
algorithm (3.13).

L & W
0.6 f )

041 4 3

r \
0.2 4 \

yPo, yDo

0.2

04 b

-0.8 | e

t/s

Figure 4. Desired trajectory and system output, yg)(t) and y,({l)(t), at the 2nd, 4th, and 6th
iterations, when using the learning algorithm (3.13).

1.2
----k=2
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1r k=6 | |
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s - Z 1
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¢ 7
0.8 Rt ]
e P
@ ~ ,.”*"’"
> 7
~ 06 B o i
= P ‘uv‘:/
SN LT
> o
L 1
0.6 0.8 1

t/s

Figure 5. Desired trajectory and system output, yﬁlz) (t) and y,(f)(t), at the 2nd, 4th, and 6th
iterations, when using the learning algorithm (3.13).
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(€]
el

- == le?llg |

Maximum output tracking error

10 15 20

Figure 6. The output tracking errors versus the number of iterations, obtained with the
learning algorithm (3.13).

We also verify that, at the 10th iteration, [lel’|l; (i = 1,2) achieves [1.4 x 1073, 5.7 x 10~*] and
[0.5% 1073, 1.4 x 1073] when using algorithms (3.1) and (3.13), respectively. This confirms the results
observed in Figures 3 and 6, meaning that algorithm (3.13) performs better than (3.1) in terms of
convergence speed.

5. Conclusions

The ILC for a class of Caputo FOSs with OSL nonlinearity was investigated. Open- and
closed-loop P-type learning algorithms were designed to guarantee perfect tracking of a desired
trajectory, and their convergence was verified using the generalized Gronwall inequality. An example
was provided to verify the theoretical results. It should be noted that the QIB constraint was used in
the framework of ILC for OSL NSs with irregular dynamics [34,35]. To some extent, this limits the
applicability of NSs due to their need to simultaneously satisfy the OSL and QIB constraints.
Therefore, the ILC for irregular OSL nonlinear FOSs needs to be further investigated by relaxing or
removing the QIB constraint.
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