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Abstract

In this paper, we explore P-type learning laws for impulsive Riemann-Liouville
fractional-order controlled systems (0 < o < 1) with initial state offset bounded to
track the varying reference accurately by using a few iterations in a finite time interval.
By using the Gronwall inequality and fundamental inequalities, we obtain open-loop
and closed-loop P-type robust convergence results in the sense of (PCy_g, A)-norm

I - llec,_y - Finally, numerical examples are given to illustrate our theoretical results.
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1 Introduction

Since Uchiyama and Arimoto put forward the concept of iterative learning control (ILC
for short), ILC has been extended to tracking tasks with iteratively varying reference tra-
jectories [1-3] extensively. Up to now, a wide variety of iterative learning control problems
and related issues have been proposed and studied in many fields. For example, ILC for
fractional differential systems [4—6], ILC for impulsive differential systems [7, 8], research
on the robustness of ILC [9-11], and so on.

Recently, the fractional-order differential system has played an important role in various
fields such as electricity, signal and image processing, neural networks [12—14], and control
problems [15]. Furthermore, the qualitative theory of fractional differential systems has
been studied extensively. The existence theory of solutions to fractional-order differential
equations involving Riemann-Liouville and Caputo derivatives has been investigated in
[16—25]. Meanwhile, it is remarkable that some interesting existence and controllability re-
sults have been obtained for fractional controlled systems involving the Caputo derivative
[26-29]. Moreover, the concept and existence of solutions for impulsive fractional differ-
ential equations involving Riemann-Liouville and Caputo derivatives have been studied in
[30-34]. There are few papers on ILC for integer-order and Caputo type fractional-order
impulsive differential systems [35—-44]. Since Riemann-Liouville fractional-order systems
play the same important role in theory analysis and application, it is necessary to deal with
ILC problems for Riemann-Liouville type fractional impulsive differential systems.
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In this paper, we discuss ILC for impulsive Riemann-Liouville fractional controlled sys-
tems with initial state offset bounded and present the robust convergence analysis results.

More precisely, we study

(DG i) (8) = paxic(8) + f (6 i (8), un(£)) + §x(8), £ € [0, TT\ {tr,..., tm}, 10 <O,
lim, o (15 %) (£) = %1(0),

Oy %)) = Gi(t7,xk(£)), 8 € {tn,s b},

yx(®) = g(t,2(8)) + Bu(£) + mic(0),

@)

where Df; denotes Riemann-Liouville fractional derivatives of the order a € (0,1) from
lower limit zero and I;* denotes Riemann-Liouville fractional integral the order 1 - «
from lower limit zero (see Definition 2.1), k denotes the kth learning iteration, 7" denotes

pre-fixed iteration domain length, impulsive term

OI55) () = Iyal6) ~ Lie(ty) = P (@) fim (¢ - 4)'~x(¢) - Jim (¢ - )" “(¢) |,
]

—
tt/

where Ié;}i‘x(tf) and Ié;}fl‘x(t}f) denote the right and the left limits of I§“x(¢) at ¢ €
{t1,...,t}. For more details on @(Ié;;’x)(tj), one can see [16], Lemma 3.2, Chapter 3. Also,
t,j=1,2,...,m, denotes the jth impulsive points satisfying 0 = fp <ty < - - - <ty < b1 = T
The nonlinear terms f : / x R" x R" — R" and Gj,g :/ x R" — R" are given functions. The
functions &, nx : /] — R" represent the state interference and output disturbance, respec-
tively. The variables xx, 1y, y« € R” denote state, input, and output, respectively. Moreover,
Bisan x nreal matrix.

According to [32], (2.5), the continuous solution of the system (1) can be formulated by

the solution of the fractional integral equations

£ Eg o (nt*)xi(0)
+ [yt = ) Eqo (1u(€ = ) [F (5, 25 (5), uie(9)) + ()] ds, £ € [0, 4],
t* 1 Eg o (t*)xi(0)
+fy (- 8)* L Eq o (1t — 8)*)[f (s, xk(s), i (s)) + Ex(s)] ds
+ i oo (1t = 8)*)(£ = 8 Gt 24 (87))
te(t,tul,j=12,...,m,

xr(t) = (2)

where E, , denotes Mittag-Leffler type function (see Definition 2.2).
The ILC problems for Riemann-Liouville type fractional impulsive differential systems
have not been studied extensively. The main difficulties are the following two facts:

(i) The initial value involving singular term in Riemann-Liouville fractional differential
equations of order « € (0,1) is much different from Caputo fractional differential
equations with the same order.

(i) Impulsive conditions make the formula of solutions to fractional differential
equations more complex due to the memory property of the fractional derivative.
After carefully observing, we have to introduce the piecewise continuous space with
weighted norm to deal with the singular term appearing in the initial condition via a new

singular impulsive Gronwall inequality, which is the main difficult to be solved by us.
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For the system (1), we consider an open-loop P-type ILC updating law with the initial
state offset bounded,

Auy = Poex(t), | Ax(0) | < do, 3)
and a closed-loop P-type ILC updating law learning with initial state offset bounded,
Ay = Pd€k+1(t), ” AX]((O) ” = dO; (4)

where Auy = Uy, — Uk, ex = Ya — Vi, Axg = %541 — %% denote the tracking error and y, the
iteratively varying reference trajectory, and dy is positive constant, P, and P, are unknown
1 X n matrix parameters to be determined.

The main objective of this paper is to generate the control input u; such that the impul-
sive fractional system output yi tracking the iteratively varying reference trajectories y,
(may be continuous or discontinuous) as accurately as possible when k — oo uniformly
on [0, T] in the sense of (PC;_4, A)-norm by adopting a P-type ILC updating law with initial
state offset bounded.

The main contribution of this paper are as follows.

(i) We establish a standard study framework of the ILC problem for an impulsive
Riemann-Liouville fractional system associated with an impulsive Gronwall
inequality with singular kernel given by us (see [31], Lemma 2.8).

(ii) Sufficient conditions ensuring the robust convergence of ILC problem for impulsive

Riemann-Liouville fractional system with order lying in (0, 1) are derived.

The rest of this paper is organized as follows. In Section 2, we give some necessary nota-
tions, concepts, and lemmas. In Section 3, two sufficient conditions ensuring convergence
results of the system (1) are presented. An interesting example is given in the final section
to demonstrate the application of our main results.

2 Preliminaries

Set ] = [0, T]. Let C(J, R") be the Banach space of vector-value continuous functions from
J — R" endowed with the standard norm || - ||. In order to define the solutions of system (1),
we consider a Banach space PC(J,R") = {x : (¢ — t;)'*x(¢) € C((¢}, 1], R"),and limHt/r (t-
t,')l“"x(t) exists,j = 1,2,...,m} endowed with the (PC;_4, 1)-norm

%l pc, o = max{(t - ) e | x(t)] :j = 0,1,...,m}.
Next, we recall some basic definitions on fractional calculus.

Definition 2.1 (see [16], Formula (2.1.1)) For a given function f, the Riemann-Liouville
fractional integral I} f is defined by

(szf)(x) = F(la) /x (xj:(,:t))l—a dt, x>a;0<a<l,

and the Riemann-Liouville fractional derivative D f is defined by

o — i 1 = 1 i ) f(t)
(Deaf) @)= L Uaf) @) = 5o dx/a ot

where I'(+) is the Gamma function.
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Definition 2.2 (see [45], (4.1.1)) The two-parameter Mittag-Leffler type function is de-

fined by
Eqp(2) = Z a>0,8eR,zeR.
= F(ak B)’

The following lemmas will be used in the sequel.

Lemma 2.3 (see [34], Lemma 2) Let « € (0,1] and A > 0 be arbitrary. The functions E,(-),
E, «(-) are nonnegative and

<L
F@’

Lemma 2.4 (see [31], Lemma 2.8) Let v € PC(J,R") satisfy the following inequality:

Eq(=t°4) <1, Egu(-t"2) <

V(t)<61(t)+62/ O L 1V(S)dS+Z@V

j=1

where c,(t) is nonnegative continuous and nondecreasing on J, and cy,0; > 0 are constants.
Then

v(t) < () (1 +0Es (:T(B)P)YEs (T (B)EF),  for t € (4, 1],
where 6 =max{6;:j=1,2,...,m}.

Lemma 2.5 (see [9], Lemma 1) Let dy be a sequence of real number which converges to the
limit do as k — oo. Suppose that ay is a sequence of real number such that

pai +qaxq <dy, p>-q=>0.

Then we have

limsupay < .
k— o0 p+q

3 Robust convergence analysis of P-type
In this section, we discuss robust convergence results for (1) via an ILC of an open-loop
P-type ILC (3) and closed-loop (4), respectively.

For a start, we impose the following assumptions:

(A1) The function f : ] x R* x R" — R" is continuous and there exist two nonnegative
functions Ly(-) and I¢(-) such that

Hf(trx’ M) _f(t’ée’ i\l)” SLf(t)”x_&” +If(t)||u_ i‘”;

for any x, %, u, 2t € R" and all £ € ].
The function g:J x R" — R" is continuous and there exists a constant Ly > 0 such that

lg(t %) - g, 3)| < Lyllx - ll,

foranyx,x € R" and all £ € /.
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We have the function G;:J x R" — R", j =1,2,...,m, and there exists a nonnegative
function LGj(-) such that

foranyx,x € R"and all £ € /.
(Ay) For nonnegative functions Ly(-), I(-), and LG,('), we set

Le(t Ie (¢t
Mlzmax{ sup Lz, sup L)l,jzo,l,...,m},
te(tjtj] (t- tj) “ te(tjtj]l (t- t]) -

M, = max{LGl.(t,),jz 1,...,m},

ML = max{Ml,Mz}.

(A3) For uncertainty and disturbance terms &(¢) € R”, nx(t) € R” and the initial value
xx(0) € R" are bounded as follows, for all £ € (¢, £,1],j =1,2,...,m, and for any K, ||&x,1(¢) -
&)l < dg, 1Nk () — ne(t)|| < dy, where d; and d,, are positive constants.

Now we are ready to present the robust convergence analysis result for an open-loop
P-type ILC.

Theorem 3.1 For the system (1), the assumptions (A1)-(As) hold. If |I — BP,|| < 1, then,
for arbitrary initial input uy, (3) guarantees that yi(t) is uniformly bounded for t € ] as
k — o0 in the sense of (PCy_q, L)-norm. Further, y(t) uniform convergent to y,(t) for t € J
if disturbance is converge asymptotically to zero.

Proof Without loss of generality, we only consider ¢ € (¢, ¢.1],j = 0,1,2,...,m. Linking (1)
and (3), we have

exa1(8) = (I = BP,)ex(t) + g (6,21 (2)) — g (£, %1:1(8)) + mic(t) = s (2). (5)
Taking the norm || - || on both sides of (5), one can derive that
lexn @) | < 11 = BPo Il [ex(®) || + Lg|| Axe(®) | + dy- ®)

In the following, we prove |le1llpc, . is uniformly bounded as k — oo.
Taking the norm || - || on both sides of (2), one can apply (A;) and (A3) to derive that

oa-1 t
|ax(@)] < % | Axe(0)] + ﬁ /0 (= 9 [ L) | Axel)]| + 115) | Auee(s) | ] ds
j

+ ﬁ /0 (t—s)*dsds + r(ltx) Z(t— £)* L, (t:) | A (£7) |- @

i=1

Multiplying (¢ — £)'~* on both sides of (7), using (A;) we have

(-5 Ax(@)]

t
(1_ %)l—a (t_tj)l—ae)»(t—tj)ML

= do + P, Ae

= T % e 1 Po 1l Aexllpcy g
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(ta — )M, (* ) . (t—t) "
T T (k- s - )| A ds + —-——
T () /o( o= ) | Ando)] ds + Ta+1) ¢
(t_tj)lia : a-1 a-1 1-o _
e 28— ) L (06— ) A (1) (8)
i=1
Note that the fact % <1sincet; > t; and
1-«o
t—t
t—t'lfa t_tioz—lz ] <1
(t-4)"@C-t) ( - ti) <
Then (8) reduces to
(=) s o]
Q-9 (- g)eip,
S P R 125 | Aexllpc .
(G —t) "M (" 1 1 (t—g)'oe
L (k-8 s - ) A ds + —2——
o /0( s )| Am) | s+ P
1 j
* T D (= i) T MLt - ) | Axe(8) |- 9)
i=1

For the inequality (9), we set v(t) = (¢ — £;)' || Axx(¢)||. Then one can apply Lemma 2.4
to derive that

(= 5)" | @)

(1 _ %)l—a (t _ tj)l—aMLek(t—t/-)
= d P,lIA
= ( Ty %t — 1P 11| Ak lpc_,
(e g)ees d Lo / l-a o
o % ) OE(a MY E (G =) e M), (10)

where

9= X{ (tj+1 - t]’)a_lML

:7=0,1,2,..., .
r@ ’"}

Multiplying e*¢~%) on both sides of (10) and noting the fact that E,(z),z > 0 is an in-
creasing function, we have

(t _ tj)l—ae—)»(t—tj) || Axk(t) ||

N =% M A s
j + e +
=Gl (o) g O T PO A T p (4T

x (1+0E,(NMy)Y Ey (N;MY), (11)
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For (11), one can take the (PCj_y, A)-norm to derive that

1A%y o < Noos( 2+ ML 1Ay .
X ot e & *
kI PCl_gh = INmax nl() e o KIPCr 2 INa+1)

* (14 0Eq(NimaxM1))" Ea (NinaxMy), (12)
where
Nmax =max{N;:j=1,2,...,m}.
Linking (6) and (12), we have
llexsillpcy_gn < I = BB, |l llexllpcy g0 + Lell Axkllpcy_g 0 + At},},zxdn» (13)
where
At};‘;‘x = max{(tj+1 - tj)l_“ :j=0, 1,...,m}.
Submitting (12) into (13), we obtain

llexillpcy o < Gl Aekllpcy i + M, (14)

where

. [LgNmaxdo LyNixds
+

= 1+ 0Ey(NmaxMy))" Eo (NmaxM1) + At % dy,
SINGY [ +1) :|( + O 1)) Ea( L)+ ,

j max

LoNyaxM;
A

q=II-BP]| + e

(1 + 0E,(NmaxM1))" Eo (Nimax M1 ).

Note that there exists a large enough X such that g <1 due to || — BP,|| < 1. Concerning
(14), one can use Lemma 2.5 to derive that
, M
lim sup ||e/<+1 ”PCl_a,)L = =~
k—o00 1-
which shows that y () is uniformly bounded in the sense of (PC;_, A)-norm. Further, if the
disturbance has asymptotic convergence, which means that d; — 0, d,, = 0, and dy — 0,

as k — oo, then yi(£) uniform convergent to y,(t) for ¢ € J if the disturbance converges
asymptotically to zero. d

Remark 3.2 In Theorem 3.1, If we set o = 0, x4 (0) = x,1(0), & (£) = 9k (£) = 0,0 < B3 < g—i <
Ba, Gj(t,x) = Gj(x), Ls(t) = Ly, Ir(t) = I, and LGj(t) = Lg, then y;(-) is uniform convergent
to y4(-) in the sense of (PC, A)-norm, which is a parallel result to [40], Theorem 3.1, in the

sense of the L2-norm.

Next, we present the robust convergence analysis result for a closed-loop P-type ILC.
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Theorem 3.3 For the system (1), the assumptions (A1)-(Az) hold. If (I + BP;)™ exists and
|(I + BP,)|| <1, (4) guarantees that yi(t) is uniformly bounded for t € J as k — oo in the
sense of the (PCi_y, L)-norm. Moreover, if the disturbance converges asymptotically to zero,

then yi(t) is uniform convergent to y;(t) fort € J.

Proof Similar to the proof of Theorem 3.1, we consider ¢ € (¢, ¢.1],j=1,2,...,m. Linking
(1) and (4), we have

e (0) = ex(t) + g (621 (2)) — g (£ %1:1(8)) — BPaeyei1(2) + mic(t) — s (£)
= (I + BPy)'ex(t) + (I + BPa) " (g(t, %1 (2)) — (£, %x11(1)))

+ (I + BPa)™ (i (8) = e (0)). (15)

Taking the norm || - || on both sides of (15), we have
leca®)| < |+ BPa) | [ex®)] + L[| + BPa) || | Axi()]| + (| (7 + BP)T |y (16)
Next, we apply the analogy method in Theorem 3.1 to prove that |leg,1|pc,_, . is uni-

formly bounded as k — oo.
By repeating the procedure to derive (12), one has

1A% n < N (2 s ML A “
x ) e +
k1PC1_g, = +¥max tll“( ) ta)\a d ke PCrg Mo +1)

X (1 +0E, (NmaxML)) E, (NmaxML): (17)

where Nj, 6, and N, are defined in Theorem 3.1.
Substituting (16) into (17), we have

lexsillpc_on < | +BP2) " ||llexll g + Le ||+ BP2) ™| Il Axicll ey
+ |+ BP) | AL (18)

jmax

Taking (17) into (18), we have

llexsillpc_gn < ||(1 +BP,)™! || llexllpcy_g

d M de
Ly | (I + BPy) | Nppax | —— P
+ Ly | (I + BP2)™ | Nina (ma) e I d||||ek+1||pc1_w+F((Hl))

X (1+0Eq(NmaxMy)) " Eo(NmaxM) + || (I + BP2) || AL} 2

j max

which implies that

llexs1llpcy g,
(I + BPy)7| LolI(I + BPg) ™ |Nmax ( do ds
< ———llellpcior + +
H H M) T(a+1)

I+ BP,;)™
10+ B2 oy )

(1 + QE (dexML)) (dexML) H jmax



Luo et al. Advances in Difference Equations (2016) 2016:256 Page 9 of 15

where
Ly|l(I + BPy) |M m
H =1 o P (U4 O Ey (Nowas ML) o (N M)
1
Let
- Lgll(I + BPg) |Nmax ( do de m
M="-=5 : 1+ 0Ey (NmaxM1))" Ey (Nmax M.
H AT(@)  T(a+1) (1+ O Fa (Nmax 1)) " Eel(Nowax M1)
I +BP,)™!
L +Hd) | aded,
_ I+ BPy)7H
g=——7—"

H

Then (19) reduces to

llexs1llpci_gn < gllexllpcy g0 + M.

Note that ||(I + BP;)7}|| < 1. It is not difficult to see that 7 < 1 for some large enough A. By

Lemma 2.5, we have

. M
lim sup [lex1llpci_gn < —=- (20)
k—00 1- q
Thus, the demised results are obtained immediately. The proof is finished. O

Remark 3.4 In Theorem 3.3, if we set o = 0, xz(0) = x%,1(0), & (£) = ni(£) = 0,0 < B3 < g—i <
Ba, Gi(t,x) = Gj(x), Lg(t) = Ly, Is(¢) = Ir, and LG].(t) = Lg, then y,(-) is uniform convergent
to y4(-) in the sense of (PC, A)-norm, which is another parallel result to [40], Theorem 3.2,

in the sense of L2-norm.

4 Simulation examples

In this section, one numerical example is presented to demonstrate the validity of the
designed method. In order to describe the stability of the system which is associated
with the increase of the iterations, we denote the total energy in the kth iteration as

&k = lluklloo = maxego,ry lux(£)])-
Example 4.1 Consider the following impulsive fractional controlled systems:

(DY2xi)(8) = —xie(2) + 8(t — 0.5)%uye(t) + 5, t€[0,1]\{0.5},
]imt%0+(1(())ka)(t) =0,

OUyx)(8) = tra(ty), 1 =0.5,

Yi(t) = % () + 12w () + €7,

(21)

and the P-type ILC

U1 (2) = i (£) + Poex(2).
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Figure 1 The system output and the tracking
error.

1 2 3 4

Figure 2 The system output and the tracking
error.

tracking error

2 4 6 8 10 12 14 16 18 20
iterative times

Set a = 0.5, u = =1, f(t, %, ux) = t(t — 0.5)%uy, Gt xk() = tyxe(ty), =1, &(2) = B
nk(t) = eX, t € [0,1]. Obviously, Le(t) = 0, Ir(t) = (¢ - 0.5)%, LG,(t) =0.5,¢t €[0,1]. It is not
difficult to verify that M; = 0.25, M, = 0.5. Set M = 0.5. Then (A;)-(A3) are satisfied.

Case I: The original reference trajectory is a piecewise continuous function,

3+, t€[0,0.3],
Ya(t) = %t?’ +(*+0.3)+1, t €(0.3,0.6],
1B+ (*+03)+ (> +0.6)+1, £€(0.6,1].

(i) We set 1(0) = 0 and B = 1.2, P, = 0.3. Obviously, [1 - BP,| = 0.64 < 1. &(¢t) = 5,
ne(t) = e®, t € [0,1]. All the conditions of Theorem 3.1 are satisfied. Meanwhile, the dis-
turbances have asymptotic convergence, then yi(¢) is uniform convergent to y,(z), for
te[0,1].

* Figure 1 shows the output y; of equation (21) of the 10th iteration and the reference
trajectory y,. The lower figure of Figure 1 shows the co-norm of the tracking error in each
iteration and the error is 0.0647.

* Figure 2 shows the output y; of equation (21) of the 20th iteration and the reference
trajectory y,. The lower figure of Figure 2 shows the co-norm of the tracking error in each
iteration and the error is 0.04.05.

(i) We set ux(0) = 0 and B = 1.2, P, = 0.7. Obviously, |1 — BP,| = 0.16 < 1. Then all the
conditions of Theorem 3.1 are satisfied. The yx(¢) is uniform convergent to y,(¢), for ¢ €
[0,1].
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Figure 3 The system output and the tracking ¢
error.

Y4, v, (0

tracking error

1 2 3 4 5 6 7 8 9 10
iterative times

@

Figure 4 The system output and the tracking
error.

)

Y40, v, 0

o

0.2 0.4 0.6 0.8 1

[

tracking error

2 4 6 8 10 12 14 16 18 20
iterative times

* Figure 3 shows the output yi of equation (21) of the 10th iteration and the reference
trajectory y,. The lower figure of Figure 3 shows the co-norm of the tracking error in each
iteration and the error is 0.0575.

* Figure 4 shows the output y; of equation (21) of the 20th iteration and the reference

trajectory y,. The lower figure of Figure 4 shows the co-norm of the tracking error in each
iteration and the error is 0.0153.

Conclusions:

From Figures 1 and 2 or 3 and 4, we find that the tracking error decreases with k
increasing.

From Figures 1 and 3 or 2 and 4, we find that the tracking error decreases with P,
increasing.

Case 2: The second original reference trajectory is continuous,

ya(t)=6t* 1 —t) +t - 1.

(iii) We set ux(0) =0 and B=1.2, P, = 0.3. Obviously, |1 — BP,| = 0.64 < 1. All the con-
ditions of Theorem 3.1 are satisfied. Meanwhile, the disturbances are asymptotic conver-
gence, then y,(¢) uniform convergent to y,(t), for t € [0,1].

* Figure 5 shows the output y; of equation (21) of the 10th iteration and the reference

trajectory y,. The lower figure of Figure 5 shows the co-norm of the tracking error in each
iteration and the error is 0.01754.



Luo et al. Advances in Difference Equations (2016) 2016:256 Page 12 of 15

Figure 5 The system output and the tracking !
error.

Figure 6 The system output and the tracking
error.

tracking error
o
5 -

o

2 4 6 8 10 12 14 16 18 20
iterative times

Figure 7 The system output and the tracking !
error.

Yy, y, (1)

tracking error

5 6 7 8 9 10
iterative times

x Figure 6 shows the output yx of equation (21) of the 20th iteration and the reference
trajectory y,. The lower figure of Figure 6 shows the co-norm of the tracking error in each
iteration and the error is 0.00033936.

(iv) We set u;(0) = 0 and B =1.2, P, = 0.7. Obviously, |1 — BP,| = 0.16 < 1. Then all the
conditions of Theorem 3.1 are satisfied. The yx(¢) uniform convergent to y,(t), for ¢ € [0, 1].

» Figure 7 shows the output y; of equation (21) of the 10th iteration and the reference
trajectory y,. The lower figure of Figure 7 shows the co-norm of the tracking error in each
iteration and the error is 0.00058637.

» Figure 8 shows the output y; of equation (21) of the 20th iteration and the reference

trajectory y,. The lower figure of Figure 8 shows the co-norm of the tracking error in each
iteration and the error is 0.00017541.
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Figure 8 The system output and the tracking
error.

tracking error

2 4 6 8 10 12 14 16 18 20
iterative times

Conclusions:
From Figures 5 and 6 or 7 and 8, we can see that the tracking error decreases with k
increasing.
From Figures 5 and 7 or 6 and 8, we can see that the tracking error decreases with P,

increasing.

5 Conclusions

Due to the fact that impulse phenomenon and fractional-order systems widely exist in
engineering, we investigated the P-type learning laws for impulsive Riemann-Liouville
fractional-order controlled systems (0 < « < 1) with initial state offset bounded. We obtain
open-loop and closed-loop P-type robust convergence results in the sense of (PCj_4,1)-
norm | - ||pc,_,,» via an impulsive Gronwall inequality. Furthermore, one example is given
to verify the effectiveness and feasibility of the obtained results. The proposed scheme can
deal with the robust convergence of impulsive Riemann-Liouville fractional systems. We
would like to point out that it is possible to extend our results to other impulsive fractional-
order models such as non-instantaneous impulsive fractional-order systems and so on.
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