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Decentralized Fault-tolerant Resilient Control for Fractional-order Inter-
connected Systems with Input Saturation
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Abstract: This paper investigates the problem of robust decentralized fault-tolerant resilient control for fractional-
order large-scale interconnected uncertain system, and the problem considered here is subject to mixed H.. and
passivity performance constraint, external disturbances, controller perturbations and control input saturation. Based
on the Lyapunov approach, the sufficient conditions are derived in terms of linear matrix inequalities to ensure
the asymptotic stabilization of the fractional-order large-scale system with a prespecified mixed H.. and passivity
performance index. The main objective of this work is to design a robust decentralized fault-tolerant resilient
controller which compensates both actuator fault and input saturation in its design for obtaining the required result.
Finally, a numerical example is included to illustrate the effectiveness of the designed control law. The simulation
results reveal that our proposed controller not only can effectively deal with actuator faults, but also has very good
robustness for input saturation and external disturbances.

Keywords: Decentralized control, fractional-order large-scale systems, input saturation, mixed H., and passivity
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1. INTRODUCTION

Fractional calculus is a generalization of traditional in-
teger order calculus. In recent years, it has been proved
that the fractional calculus model can better describe many
real-world physical systems since it has greater flexibil-
ity and accuracy as compared with the conventional in-
teger order calculus. In the last two decades, fractional-
order control systems have received significant attention,
since it can used to well characterize many industrial prob-
lems such as control of autonomous vehicles, flexible
robot manipulator, signal processing, thermal-diffusion,
non-holonomic systems, chaotic systems and so on [1-3].
Moreover, it is noted that fractional-order controller can
enhance the control performance and can maintain strong
robustness level of the dynamical control systems. On
the other hand, there is an exponential rise in the con-
trol of dynamical systems which is composed of large-
scale interconnected systems. A large-scale system con-
sists of a set of interconnected subsystems, characterized
by a large number of state, input variables and paramet-
ric uncertainties [4—7]. It should be mentioned that the
interconnections among the subsystems plays a vital role

in the dynamics of large-scale systems. It has great im-
portance and wide range of applications in power sys-
tems, transportation networks, industrial process systems,
multiple aircraft formation systems, economic and social
systems. For a fractional-order large-scale interconnected
system, maintaining the stability and stabilization of the
closed-loop system is an important task. Therefore, the
stability and stabilization problem for the fractional-order
large-scale interconnected system has received an increas-
ing attention [8]. Three main control schemes are there
for the large-scale systems and they are, centralized, de-
centralized and distributed controls. Precisely, the de-
centralized control scheme has attracted great attention
from researchers, since it reduces the computational bur-
den, storage requirements and easy debugging. There are
many valuable results regarding the decentralized control
of large-scale systems is reported in [9-11]. Tong et al.
[12] investigated the adaptive fuzzy decentralized fault-
tolerant control of nonlinear large-scale systems subject to
actuator failure. The authors in [13], discussed the decen-
tralized sliding mode control for a class of fractional-order
large-scale nonlinear systems. In [14], a robust decentral-
ized state feedback controller is proposed for a class of
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perturbed fractional-order linear interconnected systems
subject to structure and unstructure perturbations.

In practical large-scale interconnected systems, the
components may undergo sudden failures or one of the
subsystems may encounter failure. Such failures of one or
more subsystems may lead to poor performance or even
instability of the overall interconnected large-scale sys-
tems. So, it is necessary and important to design a fault-
tolerant controller, that will guarantee the reliable per-
formance of the system against the failure of individual
subsystems [15—-17]. Recently, Li et al. [18] developed
an adaptive fuzzy output-constrained fault-tolerant control
for nonlinear stochastic large-scale systems. However, the
number of existing results taking the component failures
into account is still limited with the linear fault represen-
tation and it is essential to add some nonlinear features to
the controller term in order to achieve the better perfor-
mance. In general, uncertainties are unavoidable on the
design of controller due to roundoff errors and unknown
noises. If the uncertainties are not handled properly in
control design, then they could deteriorate system perfor-
mance. Therefore, the controller should be designed in
such a way that it will be insensitive and robust against its
own parameter variations, which is called as non-fragile
controller [19-21]. Recently, non-fragile control problem
for fractional-order systems has received much attention
due to its potential applications. Due to some physical
constraints, the saturation in control input is unavoidable
and it degrades the system performance or may destabi-
lize the closed-loop system. In [22], the asymptotic stabi-
lization problem of fractional-order linear systems in the
presence of input saturation is studied. A decentralized
adaptive output feedback controller is designed in [23] for
a class of large-scale time-delay systems with input con-
straints. The authors in [24] proposed a novel decentral-
ized adaptive neural controller for a class of uncertain non-
linear large-scale interconnected time-delay systems with
input saturation.

On the other hand, the mixed H.. and passivity perfor-
mance can systematically make the control design when
compared with the individual H. and passivity setting.
It should be noted that the mixed H.. and passive con-
trol unify the H.. control and passivity control in a sin-
gle framework. The stabilization problem of fractional-
order interconnected uncertain systems with input satu-
ration and nonlinear actuator faults via fault-tolerant re-
silient controller with prescribed mixed H.. and passivity
index has not been reported in the literature so far, which
motivates the present study. The main contributions of this
study is as follows:

e Stabilization of fractional-order large-scale intercon-
nected system is explored subject to external distur-
bances, controller perturbation and control input sat-
uration.

e A robust decentralized fault-tolerant resilient con-
troller is designed for the asymptotic stability of the
proposed system with a desired mixed H., and passiv-
ity performance index.

e Sufficient conditions are derived in terms of linear
matrix inequalities and by solving those LMIs, a fea-
sible solution can be obtained for the addressed prob-
lem.

The rest of this paper is organized as follows: In Sec-
tion 2, problem formulation and some preliminary re-
sults which will be used to prove the main results are
given. Section 3 describes the main results that include the
asymptotic stabilization of the proposed system through
the designed control. A numerical example and conclu-
sion is given in Section 4 and Section 5, respectively.

2. PROBLEM FORMULATION

In this section, we consider the stabilization prob-
lem for a class of fractional-order uncertain continuous-
time large-scale systems with input saturations and actu-
ator faults, which is composed of N interconnected sub-
systems. The state dynamics of the /" subsystem S;
of fractional-order uncertain continuous-time large-scale
systems is described by

d‘xx,»(t)
dt®

= (A +AA(1)xi (1) + (Bi+AB;(1))sat(u] (1))

N
+ Y (A +AAG(1)x; (1) + Dyiwi (1),
J=Li#i
7i(t) = Coxi(t) + Djsat(ul (1)), i=1,2,---,N, (1)

where a € R is the fractional commensurate order and
0 < a<1,x(t) € R is the state, uf (t) € R is the con-
trol input, w;(¢) € R% denotes the disturbance which be-
longs to 15[0,00) and z;(¢) € R™ is the controlled output of
the i subsystem. A;;, B;, D,,;,C; and D; are known system
matrices of appropriate dimensions. The interconnection
between the i subsystem to j subsystem is given by
the matrix A;;. Further, A4;(r),AB;(t) and AA;;(r) are the
norm bounded time-varying uncertainties and are of the
form,

AA;i(1) = MaiFi(t) Naii, AB;(t) = My Fi(1)Nyi,
AA;j(t) = M Fi(t) Naij, 2

where M i, Mpi, Maij, Nait, Npi and N;; are appropri-
ate dimensional known constant real matrices. Also,
Fi(r) is the uncertain matrix function which satisfy
FI(t)Fi(t) < 1. The characteristics of actuators may
not be linear always. So, linear controllers are unable
to achieve the desired system performance. Also, due
to some physical limitations, the saturation in input
is unavoidable. Further, sat : R™ — R™ are vector-
valued saturation functions defined as sat(ul (¢)) =
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[sat(uf; (1)) sat(uy;(r)) - sat(up,(¢))]" withsat(uf;(t)) =
sign(ul(t))min{1,|u%(z)[}, j=1,2,---,m. In order to
tackle the nonlinear variations in actuators, in this paper
we will design a fault-tolerant controller for the system
(1) in the following form

uj (1) = Gui(t) + fi(ui(t)), )

where G denotes the actuator fault matrix, f;(-) represents
the nonlinear actuator fault and u,;(t) = Kix;(r), where
K; is the control gain matrix of the i’ subsystem to be
computed. The actuator fault matrix is defined by G =

diag{g1,82, -~ ,gm}, satisfying g; = [g, &}, i=1,2,--- ,n,
0<g <g<g <l Let G=diag{g,,g,," .8, }, G=
diag{g1,82,"-*,gm} and G = diag{§1,§27~~~ ,&m}. Here,
the variables gx, k=1,2,- m specify the failures of the
actuators. Let us define Gy = G146 and G = G G . Then,
the fault matrix G can be expressed as

G =Go+GiL, 4)

where ~ = diag{0'1,-, (o7 TREEEN
,j=1,2 -, m Letfz(t())

Fni(ui(2))]" and 1t satisfies | fji(u
2,---,m, B; > 0 and hence

£ ui(0) filui(2)) < ui (1) Lug(1), ®)

where L = diag{f, B2, -+, Bu}-
Now, we will introduce some basic definitions and lem-
mas which will be useful in deriving the main results.

Gmi} S lexmi’ -1 S Gji S

[fri(ui(t)) sz(ui(l))
) < V/Bjilwit)], j=1,

Definition 1 [22]: The Caputo derivative is defined as

. d"‘f(r
d*f(t
d{,ﬁ’ = r(m % fo —emrdT, where m € N satisfying

m—l<a<m, o E R* and I'(+) is the Gamma function
defined by ['(z) = [y e 't*"'dt.

Definition 2 [13]: The a'”" order fractional integral of
the function f(¢) with initial value 7, is defined as I* f(¢) =
@ Jn =1 f(t)dT, o >0.

Definition 3 [25]: The uncertain fractional-order large-
scale system is asymptotically stable with a mixed H.. and
passivity performance index ¥, if there exist 6 € [0, 1] and
under zero initial condition, the output z;(¢) satisfies

[ Tred @z -20- 03 (wio)]a
g/o w} (t)w;(t) forall £ > 0. (0)

Definition 4 [2]: For a linear system x(¢) = h(t)v(¢),
where Vv(¢) is the input, x(¢) is the output and A(z) is the
impulse response of the system, then for the elementary
frequency @, n(w) is called the diffusive representation
(or frequency weighting function) of A(¢) and it can be
expressed as h(t) = [;"n(w)e “do.

Remark 1: The fractional integration I" f(¢) can be in-
terpreted as the convolution of f(¢) with the impulse re-
sponse h(t). That is, I f(¢t) = h(t) = f(t), where * is the
convolution operator, h(t) =t*~! /T'(a) and also the diffu-
sive representation 1 (o) is defined as n (@) = “"(Ta”)a)’“.
Moreover, if z(®,t) is the frequency distributed state
of the fractional integrator, then it satisfies the equation
31((9(;),!) = —wz(w,t)+ v(t) and the output x(¢) of the frac-
tional integrator can be expressed as the weighted integral

ranging from 0 to oo, x(¢ / nN(w)z(w,t)do.

Lemma 1 [2]: Due to the continuous frequency dis-
tributed model of the fractional integrator, the fractional
order equation D%x(f) = Ax(¢t) can be expressed as,

9x@y) | n(w)z(o,t)do

o= = —0z(w,t), x(t) =

Lemma 2 [26]: Let M;, N; and F;(¢) be real constant
matrices of appropriate dimensions with F;(¢) satisfying
FI(t)Fi(t) <1, then there exists a scalar € > 0 such that

.E(t)./\/’, + (M,}-,(l‘)./\/‘,)T < 871./\/(,'./\/[? + 8./\/?./\/}.

Let us define H; € R™>*" and a polyhedral L(H,;) =
{.X,'(l) e R : \h,»j(x,-(t))| <l1l,j=1,2,--- ,m}, where h,’j
represents the j'* row of H;. Let B, € R"*" be a sym-
metric matrix, and & be a positive scalar, then define an
ellipsoid Q(P, ) = {x;(r) € R" : x! (1)Px;(t) < &}.

Let D be the set of m; x m; diagonal matrices with di-
agonal elements either 1 or 0. If each of its elements is
labeled as D, s = 1,2,---,2™ and denote D; = 1 — D,
then both D, D, € D.

Lemma 3 [27]: Let K;,H; € R™*", Then for
any x;(t) € L(H;), we have sat(u;(r)) € Co{Dsu;(t) +
D, Hix;(t),s = 1,2,--- ,2™} or equivalently, sat(u;(¢)) =
Y2, &(Doui(t) + Dy Hixi(t)), where Co represents the
convex hull, §, for s =1,2,---,2™ are some scalars which

m

satisfy 0 < {; < 1 and ZA ] Cg =1

Lemma 4 [26]: For x,y € R" and for any scalar € > 0,
the inequality 2x”y < £~ 'x"x + &y”y holds.

From (3) and Lemma 3, we have, sat(uf(t)) =
Y1 &(Daif (1) + Dy Hixi(r)).
Also, by considering the controller gain fluctuations

into account, the system (1) can be written as

do;’;f ) _ Axi(t) + Bfi(wi(t)) + Ax;(t) + Dyiwi(t),
zi(t) = Cxi(t) + Dfi (1)), )
where 4 = (Ag + Mu(1) + X (B + AB/(1)) [D,GR, +
s=1
p-A). B = 3:1 C(B; + ABi(1))Dy, A — §#(A,,- 4
5= j=1,j#i

AA;(1)),

o R
D; Z {D,, K; = K; + AK;(t) and H; = H; + AH;(t). Here,

s=1

~ 2" . A -
C =CGC+D; Yy Cs['DSGK,‘ + 'D;H,‘], D =
s=1
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AK;(t) = My Fi(t) Nii, AH;(t) = My Fi(t) Nuiy Mii, Niis
My, Nj; are known matrices of appropriate dimen-
sions and F;(z) is unknown matrix function satisfying

F(@0)Fi(t) <1.

3. MAIN RESULTS

In this section, a new set of criteria in terms of LMI
is developed for the design of decentralized fault-tolerant
resilient controller which can guarantee the robust asymp-
totic stabilization of the fractional-order large-scale inter-
connected uncertain system with a prespecified mixed H.,
and passivity performance index. First, when the actuator
faults and control gain matrices are known, a set of suffi-
cient conditions is derived to ensure the asymptotic stabil-
ity of the closed-loop system (7) without considering the
gain perturbations. Further, a procedure is developed to
design the controller gain parameters of (3).

Theorem 1: For given scalars £ > 0, p > 0, ¥ > 0,
6 > 0, known fault matrix G, known gain matrices K; and
H;, the fractional-order large-scale uncertain closed-loop
system (7) with 0 < a < 1 is asymptotically stable with a
mixed H. and passivity performance index, if there exist
positive definite matrices P,, i = 1,2,--- N and scalars &;,
&; and &4, such that, for s = 1,2,--- 2™ the following
LMI together with condition (9) holds:

¥ = [W]isx15 <0, ®)
Q(P;,6) C L(H,), ©)

where W11 = PA; + PBK; + ALPT + K[ B[ Pl, W1, =
PD,; — (1 —0)(CT + KI'DI'), ¥,3 = PBD;, W14 =

T _ w AT _ T T T
B, W5 =8 Y A Y = Ve(cr + ko),

W, =KIL"p, W19 = &P My, ¥1.10 = Ny Pr11 =
&3P Myis W12 = KI NG, Wias = &N, Wan = —71,
‘ngg, = —(l — B)DS, \P3~,3 = —pI, ‘P3’g = \/@DZ,
Vi3 = DINE, Wuu = —gl, Ps5s = —(N—1)"1,
Ws 15 = &iMaij, Yoo = =y, W77 = —pl, W33 = —7I,
Woo = —&l, Wio,10 = —&ul, V11,11 = —&il, Yio,10 =
—&3il, W13.13 = —&3il, V14,14 = —€4l, Y1515 = —€4l, and

om R R
]Ci = Z Cs [DYGI(l +D_:Hi]
s=1

Proof: According to Lemma 1, the closed-loop system
(7) can be rewritten in the following form

@ = —wZ(o,t) +Ax;(t) + Bfi(u;(t)) + Ax;(t)
+Dw[Wi(l)7 (10)

—/n Z(w,t)do with n(w)= Sm(;m) o

where Z(w,t) = [Z(w,t),Z(wn,t), -, Z(®,,1)]7 is the
frequency distributed state, x;(¢) is the output of the frac-
tional weighted integrator with weight frequency 1 (®).

In order to prove the asymptotic stability of the sys-
tem (1), let us define two Lyapunov functions, v(w,) =
Z"(w,t)PZ(w,t), corresponding to the elementary fre-
quency  and V(r) = [y n(w)v(w,t)dw, correspond-
ing to all monochromatic v(®,¢) with weighting function
N(®). Then,

(1) = /Omn(a))ZT(w,t)BZ(w,t)da), (a0

where P, are positive definite matrices. Taking the time
derivative of V (¢) along the trajectories of (10), we get,

V() :/Own(m){ — oZ" (@,1) +xTAT + f7 (ui(t) BT
+xTAT ! (t)DQ}R-Z(w,t)dw
+ /0 ) n(0)7" (0,0 ~ 0Z(w.1) + Ax(r)

B (ui(t)) + Ax; (1) +Dwiwl~(t)}da),

=— 2/: on(0)Z" (w,1)PZ

+2x] (t)PAx;(t) +2x] (t)PBfi(ui(t))
+2x7 (t)PAxj(t) +2xF (1) PDyiwi(t).  (12)

(w,1)dw

According to Lyapunov stability theory, system (10) is
asymptotically stable, if V(t) < 0. In order to prove this,
we show that,

Q =2x] (t)PAx;(t) + 2x] (t)PBfi(ui(t))
+2x] (1) PAx;(t) + 2x] (t)PDyiwi(t) <0.  (13)

By Lemma 4 and following the procedure as in [8], we
can have the following inequality

N N T N
Z{[ Z Ajj+AA;j)x;(t Z Aij+AA;)x;( )}}
i=1 " j=1,j#i Jj=1,j#i

IA
™M=
Iir?z
Mz

(Aji+AAj)xi(t }T[ (Ajit+AA)xi(t )]}

1:1{ 7 JF
N N -
< ;{(N -1 )_;;? (1) (Aji+AA ;) (A ;i+AA ji)xi(t)} ,

(14)
Given a scalar p > 0, it follows from (5) that
plRx]" LIKxi] — p " (ui(1)) f (ui(r)) > 0. (15)

From (13)-(15) and the mixed H. and passivity perfor-
mance index, it is easy to verify that

V(1) <ET()DE(r) + &1 ' [Poxi(r)]” [Poxi(1)]

Fe{e-

an
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x Y )

GTAA ) (Aji+AA ;)x; (f)} ;
Jj=1,j#i

(16)

A

where ZE(t) = [x(t) wi(t) flui(r)] T and & =
631,1 o, PB
x —yl —(1—0)D;
* * CIA>3‘3
AA,‘,‘) + P,‘(Bl' + AB,‘)]C,‘ + 6')/71 (C, +D,‘IC5)T(C5 + D[’C,‘) +
pKILK;), @15 = PDyi— (1 - 8)(Ci + DiK), &35 =
0y 'DI'D, — pI. 1t is obvious that V() < 0 if & < 0.
By decomposing the uncertain parts using Lemma 2 and
Schur compliment, it is easy to obtain the LMI in (8). This
shows that, the closed-loop system (7) is asymptotically
stable with known actuator faults and input saturation.
This completes the proof of Theorem 1. |
In Theorem 1, sufficient conditions are derived in terms
of LMIs such that, the closed-loop system (7) is asymptot-
ically stable with known actuator faults and without con-
sideration of perturbations in gain. In the following theo-
rem, a non-fragile controller will be designed, which can
guarantee the asymptotic stabilization of the system (1).

, where <i>171 = sym(P,-(Aii +

Theorem 2: For some given positive scalars &;,p,7,0
and known fault matrix G, the uncertain fractional-order
large-scale system (1) with 0 < a < 1 is asymptoti-
cally stabilized via robust fault-tolerant non-fragile con-
trol law (3), if there exist positive definite matrices P;,i =
1,2,---,N and scalars &;, &;, &; and &s; such that, for
s=1,2,---,2™ the following matrix inequality together
with the condition (9) holds:

A Wlisxis  PF e
Y—| « —ed 0 | <o, 17)
3 * —&sil

where {Pl,l = SyIIl(A,','X,' + B;D;GY; —‘y—B,‘D;Z,‘), fI’JLz =
D,i—(1-0)X,CT —(1—6)[D,GY; +D; Z|"D!', ¥, ;5 =

- - N -
BD,Yia=1L¥is=8X, ¥ Al W= Vox,CT +
J=Lj#
VO[DGY, + D;Z]'D], W17 = p[D,GY, + D; Z)"LT,
W9 = &iMuii, Pr10 = Xf\/,m, Py =My, P =
[’D GY; + ’DXZ}T./\[IH, l111,14 = SIXiA/a];j’ @2,2 = —}/I,
¥y3=—(1-0)D,, ¥35=—pl, P35 = VOD!, P35 =
DAT./VZ;, lNI"4’4 = —&l, @5,5 = —& (N— 1)_1, @5,5 =
€4iMaij, Yoo = —VI, W77 = —pl, Wz = =7, Yoo =
—&ul, P10 = —&ul, P = —&il, Pion = —&il,
W31 =—&3, Pra s = —&4l, 15,15 = —e4l, ¥1 = [BA

(1-6)DA 0...0 VODA pLA 0.0 NuA

4
0..0], ¥, = [(Nki+Mu~)X,-T 0..0]", A=

3 14
o

Y &[D,GMyi + Dy My).
=1
controller gain and the auxiliary gain matrices can be

computed as K; = Y,X; ' and H; = Z.X, "

Moreover, the fault-tolerant

Proof: The same steps as in Theorem 1 are fol-
lowed to prove Theorem 2. By taking the gain pertur-
bations into considerations, we obtain ® = Disv1s +
(CI)l]:(I)Z) + (q)l]:q)z)T, where c131,1 = sym(PA,, +
PIBIDSGI(I —|—P,B,DS_H,), &)1,2 - Ptii - (1 G)ClT (1 -
9)[D3GK +D:H,]TD1T, q~)|’3 =PB;D;, &)134 = PiT, (i')|75 =
& ?%#Aw 6 = VOC! + VO[D,GK; + D; H)" D,

J=1j#

@, 7 = p[D,GK; + Dy H) L, &9 = &iPMaii, P110 =
./\/:m, CDI 1= 83,PMb,, q)l 2= [D GK +D H} bz’
P14 = 81/\/;,1, Gy = I, B3 = —(1—-0)D,, b33 =

—pl, &35 = VOD!I, d3,3 = DIN], P44 = —&ll,
q}s‘s = —&(N - )7L dsis = &My, Do = —YI
Q77 = —pl, Pgg = VI, Dgg = —eyl, Pio10 =
—eyl, 1111 = —&3il, Pia1n = —&3l, Pi313 = —&il,

D414 = —€4l, P1sy5s = —eyl, Py = [BA (1 — 0)DA

0...0 VODA pLA 0...0 NyA 0...0],
3 4 3
o ) Ay T T .
®, = [(My+Nw)XT 0...0]". Applying Lemma.
14

(2), the above expression can be rewritten as d =
D555 + 5P DT + &5, @I D,. In order to design the
controller gains, pre and post-multiplying the previous
expression by diag{X;, I ... I}, where X; = P/, Fur-
ther, by using Schur com;l)éltement and letting Y; = K;X;
and Z; = H;X;, we can easily obtain the LMI (17). This
completes the proof of Theorem 2. g

In Theorem 2, sufficient conditions are derived by con-
sidering gain perturbations in the controller design such
that the closed-loop system (7) is asymptotically stable
with known actuator faults. In the following theorem, a
fault-tolerant resilient controller will be designed, which
can guarantee the asymptotic stabilization of the system
(1) with unknown actuator failures.

Theorem 3: Consider the uncertain fractional-order
large-scale system (1) with 0 < o < 1. For some pos-
itive scalars €;,p,7,0 and for unknown fault matrix G,
system (1) is asymptotically stabilized via the controller
(3), if there exist scalars &, &, €4, i, Ei» & and
positive definite matrices P;,i = 1,2,--- ,N such that, for
s=1,2,---,2™, the following matrix inequality together
with the condition (9) holds:

¥, — {[‘P]wxls ‘?1} <0, (18)
* ¥,
where li’] = [q’g 85,“?1 \,i;%T SGjli"4 85,"?? 87,‘?6]
W, = diag{—esl,—esl,—eeil, —€6il, —Eil, 86,1}
W, | = sym(A;X; + BiD;GoY; + B/D; Z;), W1, = D, —
(1 - 0)X,Cl — (1 — 0)[D,GoYi + Dy Z]'Df, Wi =
VOX.CT +/0[D,GoY; + D Z|" DI, W, 7 = p[DyGoY; +
D;Z|TLT, ¥, = [D,GoY; + D; Z)] N,,,, ¥, = [BA

(1-6)D,A 0...0 VODA pLA 0.0 NuA
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2" -
0...0], A= El &[D,GoMyi + Dy My], W3 = [BiX;
3

(1-6)x'Dl 0...0 +6x'Dl pLX'D 0...0
3 4
X'NL 0...0], ¥4 = [(D,Gi 0...0], ¥s =

5 17
[(,GIDI —(1-6)¢GIDIDT 0...0 VO(,GIDIDY
3
GPLGTDI 0...0 (GIDINL 0...0], P =

4 7
[0...0 M 0...0]. Further, the fault-tolerant
N—— N——

16 3
controller gain and the auxiliary gain matrices can be

computed as K; = Y;X; ' and H; = Z.X, "

Proof: By using the relation (4) in (17), with the aid
of Lemma 2 and Schur compliment Lemma, the LMI in
Theorem (3) can be easily obtained. Hence, it can be con-
cluded that, uncertain fractional-order large-scale system
(1) with 0 < o < 1 is asymptotically stabillized through
the controller (3) in the presence of nonlinear actuator
faults and input saturation. The proof is completed. O

Remark 2: In the derivation of main results, we have
employed Lyapunov stability theory to ensure the asymp-
totic stabilization of the considered system where the
number of variables in the obtained LMIs plays a crucial
role. Further, no free-weighting matrices are introduced
in the proofs of the theorems, so the structure of the ob-
tained LMISs is simpler and hence the computational bur-
den is reduced significantly. However, the conservatism of
proposed results could be further reduced by developing
control algorithms with the use of some advanced integral
inequalities.

4. NUMERICAL EXAMPLE

In this section, a numerical example is presented to vali-
date the effectiveness of the proposed robust decentralized
fault-tolerant resilient controller design. Consider a large-
scale system consisting of 2 subsystems (N = 2) and the
system parameters associated with that are,

-3 1 -1 2 1.6
A11_|:2 3:|7 A12_|:O 1:|7 Bl_|:18:|7
1 0 1 0 1 0

BW1|:1 1:|7 C1|:O 1:|7 D1|:0 1:|a
-1 1 -3 0 1.4
A2l:|:1 _2}7 AzzZ[z _2}, 322{1.8],

1 0 1 0 1 0

Further, the uncertain matrices are chosen as

0.2 0.2
M= {O.l] ; Nai=[0.6 0.4], M= {0.1] ;

’/\/‘112: [06 04} ) Mbl = |:0?:| ) Nbl = [06] ’

0

0.1 0.1
MaZl = |:03:| ) j\/—aZI = [04 02] ) Ma22: |:03:| )
.1
Naz=[04 0.2], My= {33} , Nip=[0.1],

M =1[02], Nu= {8” , My =1[0.1],

Ny = [gﬂ , Mia=[02], Np= [gﬂ )

Mjp=102], Njp= {g:ﬂ .

The remaining parameters are taken as & = 0.5, L =
001, p=3,D, =1, Dy =0, D, =0, D, =1 and
the actuator fault matrix G is assumed to lie in the in-
terval [0.6 0.8]. Further, the nonlinear function is cho-
sen as f(u;(t)) = sin(u;(¢)) — 0.15u;(¢)cos(u;(2)). Also,
we take the external disturbance as w;(r) = 0.03sins. Us-
ing the above parameters and solving the LMIs obtained
in Theorem (3), the minimum H. and passivity perfor-
mance index is obtained as y = 0.75 and the correspond-
ing state feedback controller gain matrices are obtained
as, K; = [0.0007 —4.3378], H; = [0.8688 — 8.6117],
K, =10.7411 —6.0163] and H, = [1.9345 — 11.1401].

Moreover, for simulation purposes, we choose the ini-
tial conditions of the two subsystems as [0.2 —0.2]” and
[0.3 —0.4]7 respectively. Based on the obtained gain val-
ues, Figs. 1 and 7 depict the state trajectories of the two
subsystems in the presence of nonlinear actuator faults.
Figs. 2 and 8 show the trajectories of the system states
when there is no nonlinear faults in the actuators. Fur-
ther, the state responses of the two subsystems with un-
known actuator fault under H.. and passivity performances
are shown in Figs. 5, 6, 11, and 12.

The response of the proposed fault-tolerant resilient
controller with and without nonlinear actuator faults are
shown in Figs. 3, 9, 4, and 10 respectively. Also, Figs. 13
and 14 show the maximal invariant ellipsoids of the sub-
systems with input saturation. It is evident from these fig-
ures that, for different initial conditions, the trajectories of
the states remain inside the ellipsoids, which proves the ef-
ficiency of the designed fault-tolerant resilient controller.

Hence, the simulation results concludes that, the
fractional-order uncertain large-scale system with input
saturation and unknown actuator faults is asymptotically
stabilized via the designed robust decentralized fault-
tolerant resilient controller even in the presence of nonlin-
ear term in the control input.

5. CONCLUSION

In this paper, the robust decentralized fault-tolerant re-
silient control problem for fractional-order large-scale in-
terconnected uncertain systems with input saturation and
nonlinear actuator faults is studied. By developing suit-
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Fig. 5. State responses of subsystem 1 under H.. perfor-
mance.

Fig. 2. State responses of subsystem 1 when f(u;(¢)) = 0.
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Fig. 12. State responses of subsystem 2 under passivity
performance.
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Fig. 13. State Trajectories of subsystem 1.
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Fig. 14. State Trajectories of subsystem 2.

able Lyapunov functional together with LMI technique,
a set of sufficient conditions is derived in terms of lin-
ear matrix inequalities which ensures the asymptotic sta-
bilization of the considered system with prescribed mixed
H.. and passivity performance index. Moreover, the fault-
tolerant resilient control gain matrices are obtained by
solving the developed LMIs. Finally, a numerical example
with simulation results is given to validate the efficiency
of the proposed controller design technique. Further, the
problem of fault-tolerant resilient control for stochastic
large-scale fractional-order interconnected systems with
nonlinearities, quantization and energy constraints is an
untreated area. These issues will be our future research
topic.

REFERENCES

[1] Z. Liao, C. Peng, W. Li, and Y. Wang, “Robust stability
analysis for a class of fractional-order systems with uncer-
tain parameters,” Journal of Franklin Institute, vol. 348, no.
6, pp. 1101-1113, August 2011.

[2] Y.-H. Lan and Y. Zhouc, “Non-fragile observer-based ro-
bust control for a class of fractional-order nonlinear sys-
tems,” Systems and Control Letters, vol. 62, no. 12, pp.
1143-1150, December 2013.

[3] R. Sakthivel, C. K. Ahn, and Maya Joby, “Fault-tolerant
resilient control for Fuzzy fractional order systems,” IEEE
Transactions on Systems, Man, and Cybernetics: Systems,
2018. DOI: 10.1109/TSMC.2018.2835442

[4] Q. Wang and D.-L. Qi, “Synchronization for fractional or-
der chaotic systems with uncertain parameters,” Interna-
tional Journal of Control, Automation, and Systems, vol.
14, no. 1, pp. 211-216, February 2016.

[5] S. Marir, M. Chadli and D. Bouagada, “A novel ap-
proach of admissibility for singular linear continuous-time
fractional-order systems,” International Journal of Con-
trol, Automation, and Systems, vol. 15, no. 2, pp. 959-964,
April 2017.

[6] N.Liu,J. Fang, W. Deng, Z.-J. Wu, and G.-Q. Ding, “Syn-
chronization for a class of fractional-order linear complex
networks via impulsive control,” International Journal of
Control, Automation, and Systems, vol. 16, pp. 1-6, Octo-
ber 2018.

[7] Y. Boukal, M. Darouach, M. Zasadzinski, and N.-E. Radhy,
“Large-scale fractional-order systems: stability analysis
and their decentralised functional observers design,” IET
Control Theory and Applications, vol. 12, no. 3, pp. 359-
367, January 2018.

[8] J. Zhao, C.-M. Lin, and J. Huang, “Decentralized H.,
sampled-data control for continuous large-scale networked
nonlinear systems,” International Journal of Fuzzy Sys-
tems, vol. 19, no. 2, pp. 504-515, February 2016.

[9] Y. Li and J. Li, “Decentralized stabilization of fractional-
order T-S fuzzy interconnected systems with multiple time
delays,” Journal of Intelligent and Fuzzy Systems, vol. 30,
no. 1, pp. 319-331, January 2016.

[10] L.-V. Hien and C.-T. Kinh, “Decentralised stabilisation
of positive fractional-order interconnected systems,” IET
Control Theory and Applications, vol. 11, no. 14, pp. 2391-
2395, September 2017.

[11] H. Liu and H. Yu, “Decentralized state estimation for a
large-scale spatially interconnected system,” ISA Transac-
tions, vol. 74, pp. 67-76, March 2018.

[12] S. Tong, B. Huo, and Y. Li, “Observer based Adaptive de-
centralized fuzzy fault-tolerant control of nonlinear large-
scale systems with actuator failures,” IEEE Transactions
on Fuzzy Systems, vol. 22, no. 1, pp. 1-15, February 2014.

[13] S.-S. Majidabad, H.-D. Shandiz, and A. Hajizadeh, “De-
centralized sliding mode control of fractional-order large-
scale nonlinear systems,” Nonlinear Dynamics, vol. 77, no.
1-2, pp. 119-134, July 2014.

[14] J.Li, J.-G. Lu, and Y.-Q. Chen, “Robust decentralized con-
trol of perturbed fractional-order linear interconnected sys-
tems,” Computers and Mathematics with Applications, vol.
66, no. 5, pp. 844-859, September 2013.


http://dx.doi.org/10.1016/j.jfranklin.2011.04.012
http://dx.doi.org/10.1016/j.jfranklin.2011.04.012
http://dx.doi.org/10.1016/j.jfranklin.2011.04.012
http://dx.doi.org/10.1016/j.jfranklin.2011.04.012
http://dx.doi.org/10.1016/j.sysconle.2013.09.007
http://dx.doi.org/10.1016/j.sysconle.2013.09.007
http://dx.doi.org/10.1016/j.sysconle.2013.09.007
http://dx.doi.org/10.1016/j.sysconle.2013.09.007
http://dx.doi.org/10.1109/TSMC.2018.2835442
http://dx.doi.org/10.1109/TSMC.2018.2835442
http://dx.doi.org/10.1109/TSMC.2018.2835442
http://dx.doi.org/10.1109/TSMC.2018.2835442
http://dx.doi.org/10.1007/s12555-014-0275-1
http://dx.doi.org/10.1007/s12555-014-0275-1
http://dx.doi.org/10.1007/s12555-014-0275-1
http://dx.doi.org/10.1007/s12555-014-0275-1
http://dx.doi.org/10.1007/s12555-016-0003-0
http://dx.doi.org/10.1007/s12555-016-0003-0
http://dx.doi.org/10.1007/s12555-016-0003-0
http://dx.doi.org/10.1007/s12555-016-0003-0
http://dx.doi.org/10.1007/s12555-016-0003-0
http://dx.doi.org/10.1007/s12555-017-0403-9
http://dx.doi.org/10.1007/s12555-017-0403-9
http://dx.doi.org/10.1007/s12555-017-0403-9
http://dx.doi.org/10.1007/s12555-017-0403-9
http://dx.doi.org/10.1007/s12555-017-0403-9
http://dx.doi.org/10.1049/iet-cta.2017.0264
http://dx.doi.org/10.1049/iet-cta.2017.0264
http://dx.doi.org/10.1049/iet-cta.2017.0264
http://dx.doi.org/10.1049/iet-cta.2017.0264
http://dx.doi.org/10.1049/iet-cta.2017.0264
http://dx.doi.org/10.1007/s40815-016-0140-x
http://dx.doi.org/10.1007/s40815-016-0140-x
http://dx.doi.org/10.1007/s40815-016-0140-x
http://dx.doi.org/10.1007/s40815-016-0140-x
http://dx.doi.org/10.3233/IFS-151758
http://dx.doi.org/10.3233/IFS-151758
http://dx.doi.org/10.3233/IFS-151758
http://dx.doi.org/10.3233/IFS-151758
http://dx.doi.org/10.1049/iet-cta.2016.1341
http://dx.doi.org/10.1049/iet-cta.2016.1341
http://dx.doi.org/10.1049/iet-cta.2016.1341
http://dx.doi.org/10.1049/iet-cta.2016.1341
http://dx.doi.org/10.1016/j.isatra.2018.01.007
http://dx.doi.org/10.1016/j.isatra.2018.01.007
http://dx.doi.org/10.1016/j.isatra.2018.01.007
http://dx.doi.org/10.1109/TFUZZ.2013.2241770
http://dx.doi.org/10.1109/TFUZZ.2013.2241770
http://dx.doi.org/10.1109/TFUZZ.2013.2241770
http://dx.doi.org/10.1109/TFUZZ.2013.2241770
http://dx.doi.org/10.1007/s11071-014-1278-4
http://dx.doi.org/10.1007/s11071-014-1278-4
http://dx.doi.org/10.1007/s11071-014-1278-4
http://dx.doi.org/10.1007/s11071-014-1278-4
http://dx.doi.org/10.1016/j.camwa.2013.07.001
http://dx.doi.org/10.1016/j.camwa.2013.07.001
http://dx.doi.org/10.1016/j.camwa.2013.07.001
http://dx.doi.org/10.1016/j.camwa.2013.07.001

2904 Venkatesan Nithya, Rathinasamy Sakthivel, Faris Alzahrani, and Yong-Ki Ma

[15] J. Wang, K. Liang, X. Huang, Z. Wang, and H. Shen, “Dis-
sipative fault-tolerant control for nonlinear singular per-
turbed systems with Markov jumping parameters based on
slow state feedback,” Applied Mathematics and Computa-
tion, vol. 328, pp. 247-262, July 2018.

[16] J. Wang, M. Chen, H. Shen, J. H. Park, and Z.-G. Wu, “A
Markov jump model approach to reliable event-triggered
retarded dynamic output feedback H. control for net-
worked systems,” Nonlinear Analysis: Hybrid Systems,
vol. 26, pp. 137-150, November 2017.

[17] M. Chen and G. Tao, “Adaptive fault-tolerant control of un-
certain nonlinear large-scale systems with unknown dead
zone,” IEEE Transactions on Cybernetics, vol. 46, no. 8,
pp. 1851-1862, August 2016.

[18] Y. Li, Z. Ma, and S. Tong, “Adaptive fuzzy output-
constrained fault-tolerant control of nonlinear stochastic
large-scale systems with actuator faults,” IEEE Trans-
actions on Cybernetics, vol. 47, no. 9, pp. 2362-2376,
September 2017.

[19] H. Shen, Y. Men, Z.-G. Wu, J. Cao, and G. Lu, “Network-
based quantized control for fuzzy singularly perturbed
semi-Markov jump systems and its application,” [EEE
Transactions on Circuits and Systems-1: Regular Papers,
vol. 66, no. 3, pp. 1130-1140, March 2019.

[20] H. Shen, E. Li, S. Xu, and V. Sreeram, “Slow state variables
feedback stabilization for semi-Markov jump systems with
singular perturbations,” IEEE Transactions on Automatic
Control, vol. 63, no. 8, 2709-2714, August 2018.

[21] H. Shen, F. Li, Z. Wu, Ju H. Park, and V. Sreeram, “Fuzzy-
model-based non-fragile control for nonlinear singularly
perturbed systems with semi-Markov jump parameters,”
IEEE Transactions on Fuzzy Systems, vol. 26, no. 6, 3428-
3439, Dec. 2018.

[22] Y.-H. Lim, K.-K. Oh, and H.-S. Ahn, “Stability and stabi-
lization of fractional-order linear systems subject to input
saturation,” IEEE Transactions on Automatic Control, vol.
58, no. 4, pp. 1062-1067, April 2013.

[23] Y. Yang, D. Yue, and Y. Xue, “Decentralized adaptive neu-
ral output feedback control of a class of large-scale time-
delay systems with input saturation,” Journal of Franklin
Institute, vol. 352, no. 5, pp. 2129-2151, May 2015.

[24] T. Li, R. Li, and J. Li, “Decentralized adaptive neural con-
trol of nonlinear interconnected large-scale systems with
unknown time delays and input saturation,” Neurocomput-
ing, vol. 74, no. 14-15, pp. 2277-2283, July 2011.

[25] B. Zhu, M. Suo, Y. Chen, Z. Zhang, and S. Li, “Mixed
H.. and passivity control for a class of stochastic nonlinear
sampled-data systems,” Journal of Franklin Institute, vol.
355, no. 7, pp. 3310-3329, May 2018.

[26] O.-M. Kown and J.-H. Park, “Decentralized guaranteed
cost control for uncertain large-scale systems using delayed
feedback: LMI optimization approach,” Journal of Opti-
mization Theory and Applications, vol. 129, no. 3, pp. 391-
414, June 2006.

[27] R. Sakthivel, Maya Joby, C. Wang, and B. Kaviarasan,
“Finite-time fault-tolerant control of neutral systems
against actuator saturation and nonlinear actuator faults,”
Applied Mathematics and Computation, vol. 332, pp. 425-
436, September 2018.

Venkatesan Nithya received her B.Sc.,
M.Sc., and M.Phil. degrees in Mathemat-
ics from Bharathiar University, Coimbat-
ore, Tamil Nadu, in 2001, 2003, and 2005,
respectively. She served as a Lecturer in
the Department of Mathematics, Vellalar
College for Women, Erode, from 2005 to
2008. From 2008 to 2012, she was an
Assistant professor at the Department of
Mathematics, Tiruppur Kumaran College for Women, Tirupur
and from 2012 to 2016, she served as an Assistant Professor in
the Department of Mathematics of Angel College of Engineer-
ing and Technology, Tirupur. She is currently pursuing a Ph.D.
degree in the Department of Applied Mathematics, Bharathiar
University, Coimbatore, Tamil Nadu. Her current research inter-
ests include dynamical systems and control theory.

Rathinasamy Sakthivel received his
B.Sc., M.Sc., M.Phil., and Ph.D. degrees
in Mathematics from Bharathiar Univer-
sity, Coimbatore, India, in 1992, 1994,
1996, and 1999, respectively. He served as
a Lecturer with the Department of Math-
ematics, Sri Krishna College of Engineer-
ing and Technology, Coimbatore, from
2000 to 2001. From 2001 to 2003, he was
a Post-Doctoral Fellow with the Department of Mathematics,
Inha University, Incheon, South Korea. He was a Visiting Fel-
low with Max Planck Institute, Magdeburg, Germany, in 2002.
From 2003 to 2005, he was a Japan Society for the Promotion of
Science Fellow with the Department of Systems Innovation and
Informatics, Kyushu Institute of Technology, Kitakyushu, Japan.
He was a Research Professor with the Department of Mathemat-
ics, Yonsei University, Seoul, South Korea, till 2006. He was
a Post-Doctoral Fellow (Brain Pool Program) with the Depart-
ment of Mechanical Engineering, Pohang University of Science
and Technology, Pohang, South Korea, from 2006 to 2008. He
served as an Assistant and Associate professor with the De-
partment of Mathematics, Sungkyunkwan University, Suwon,
South Korea from 2008 to 2013. From 2013 to 2016, he was
a professor at the department of Mathematics, Sri Ramakrishna
Institute of Technology, India. He is currently a Professor with
the Department of Applied Mathematics, Bharathiar University,
Coimbatore India. He has published over 260 research papers
in reputed Science Citation Index journals. His current research
interests include systems and control theory, optimization tech-
niques, and nonlinear dynamics. He has been on the Editorial
Board of international journals, including the /IEEE ACCESS,
the Journal of the Franklin Institute, Neurocomputing, Advances
in Difference equations and Journal of Electrical Engineering
& Technology.


http://dx.doi.org/10.1016/j.amc.2018.01.049
http://dx.doi.org/10.1016/j.amc.2018.01.049
http://dx.doi.org/10.1016/j.amc.2018.01.049
http://dx.doi.org/10.1016/j.amc.2018.01.049
http://dx.doi.org/10.1016/j.amc.2018.01.049
http://dx.doi.org/10.1016/j.nahs.2017.05.004
http://dx.doi.org/10.1016/j.nahs.2017.05.004
http://dx.doi.org/10.1016/j.nahs.2017.05.004
http://dx.doi.org/10.1016/j.nahs.2017.05.004
http://dx.doi.org/10.1016/j.nahs.2017.05.004
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TCYB.2015.2456028
http://dx.doi.org/10.1109/TCYB.2017.2681683
http://dx.doi.org/10.1109/TCYB.2017.2681683
http://dx.doi.org/10.1109/TCYB.2017.2681683
http://dx.doi.org/10.1109/TCYB.2017.2681683
http://dx.doi.org/10.1109/TCYB.2017.2681683
http://dx.doi.org/10.1109/TCSI.2018.2876937
http://dx.doi.org/10.1109/TCSI.2018.2876937
http://dx.doi.org/10.1109/TCSI.2018.2876937
http://dx.doi.org/10.1109/TCSI.2018.2876937
http://dx.doi.org/10.1109/TCSI.2018.2876937
http://dx.doi.org/10.1109/TAC.2017.2774006
http://dx.doi.org/10.1109/TAC.2017.2774006
http://dx.doi.org/10.1109/TAC.2017.2774006
http://dx.doi.org/10.1109/TAC.2017.2774006
http://dx.doi.org/10.1109/TFUZZ.2018.2832614
http://dx.doi.org/10.1109/TFUZZ.2018.2832614
http://dx.doi.org/10.1109/TFUZZ.2018.2832614
http://dx.doi.org/10.1109/TFUZZ.2018.2832614
http://dx.doi.org/10.1109/TFUZZ.2018.2832614
http://dx.doi.org/10.1109/TAC.2012.2218064
http://dx.doi.org/10.1109/TAC.2012.2218064
http://dx.doi.org/10.1109/TAC.2012.2218064
http://dx.doi.org/10.1109/TAC.2012.2218064
http://dx.doi.org/10.1016/j.jfranklin.2015.02.009
http://dx.doi.org/10.1016/j.jfranklin.2015.02.009
http://dx.doi.org/10.1016/j.jfranklin.2015.02.009
http://dx.doi.org/10.1016/j.jfranklin.2015.02.009
http://dx.doi.org/10.1016/j.neucom.2011.03.005
http://dx.doi.org/10.1016/j.neucom.2011.03.005
http://dx.doi.org/10.1016/j.neucom.2011.03.005
http://dx.doi.org/10.1016/j.neucom.2011.03.005
http://dx.doi.org/10.1016/j.jfranklin.2018.01.040
http://dx.doi.org/10.1016/j.jfranklin.2018.01.040
http://dx.doi.org/10.1016/j.jfranklin.2018.01.040
http://dx.doi.org/10.1016/j.jfranklin.2018.01.040
http://dx.doi.org/10.1007/s10957-006-9075-y
http://dx.doi.org/10.1007/s10957-006-9075-y
http://dx.doi.org/10.1007/s10957-006-9075-y
http://dx.doi.org/10.1007/s10957-006-9075-y
http://dx.doi.org/10.1007/s10957-006-9075-y
http://dx.doi.org/10.1016/j.amc.2018.03.081
http://dx.doi.org/10.1016/j.amc.2018.03.081
http://dx.doi.org/10.1016/j.amc.2018.03.081
http://dx.doi.org/10.1016/j.amc.2018.03.081
http://dx.doi.org/10.1016/j.amc.2018.03.081

Decentralized Fault-tolerant Resilient Control for Fractional-order Interconnected Systems with Input Saturation 2905

Faris Alzahrani received his B.Sc. de-
gree in mathematics from King Abdulaziz
University, Jeddah, Saudi Arabia in 2006,
and his Ph.D. degree in mathematics from
Cardiff University, Cardiff, United King-
dom in 2014. He is currently an Associate
Professor with the Department of Mathe-
matics, King Abdulaziz University. He has
authored or co-authored over 30 research
papers in reputed international journals. His current research in-
terests include differential equations, control theory and dynam-
ical systems.

Yong-Ki Ma received his M.S. and Ph.D.
degrees in Mathematics from Yonsei Uni-
versity, Korea, in 2007 and 2011, respec-
tively. Soon after the completion of his
Ph.D. degree, he was a Post-Doctoral Fel-
low at the Department of Statistics, Seoul
National University, Korea from 2011 to
2012. Currently, he is an Associate Profes-
sor of Applied Mathematics at Kongju Na-
tional University, Korea. His research interests include stochas-
tic processes, control theory, and stochastic modeling.

—
——
-

\

4
s 2

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional affil-
iations.



