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ABSTRACT
In this paper, the stabilisation problem is considered for a class of nonlinear interconnected systems
with matched uncertainties and mismatched unknown interconnections. A composite sliding sur-
face is designed firstly, and a set of conditions is developed to guarantee that the corresponding
sliding motion is uniformly asymptotically stable. Then, decentralised state feedback sliding mode
control is proposed to drive the interconnected systems to the designed sliding surface in finite time,
and a slidingmotion ismaintained thereafter. The bounds on the uncertainties and interconnections
havemore general nonlinear forms, which are employed in the control design to reject the effects of
uncertainties and unknown interconnections to enhance the robustness. It is not required either the
isolated nominal subsystems linearisable or the interconnections linearisable. Finally, a numerical
simulation example is presented to demonstrate the effectiveness of the proposed control strategy.
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1. Introduction

With the advancement of scientific technology, many
industrial and commercial systems have become more
complex, which can be modelled by large-scale inter-
connected systems. These systems usually consist of a
set of composite objects through interactions, which
are possibly different sorts of physical, natural, and
artificial dynamics. Such a class of systems widely
exists in the real world, for instance, modern power
systems, transportation systems, aircraft systems and
robot systems (Dang et al., 2020; Xiang et al., 2021;
Yan et al., 2017). In reality, the existence of nonlin-
earities, uncertainties and interconnections makes the
analysis and design for interconnected systems very
difficult. Moreover, practical systems are prone to be
affected by internal and external disturbances includ-
ing modelling errors, parameter variations, tempera-
ture changes, pressure andmechanical loss, etc. There-
fore, the study of complex interconnected systemswith
uncertainties and disturbances is full of challenges.

It should be noted that centralised control and
decentralised control are two different approaches.

CONTACT Xing-Gang Yan x.yan@kent.ac.uk Instrumentation and Control Research Group, School of Engineering and Digital Arts, University of Kent,
Canterbury CT2 7NT, UK
∗The original version of this paper appeared in the 21st IFAC World Congress, Germany, 13–17 July 2020. The current version is its modification and extension in
which more detailed information and new discussion/results have been added.

Centralised control allows each controller to use the
whole system states/outputs information and thus
developed results usually have low conservatism. In
decentralised control, each controller only adopts local
states/outputs information of its own subsystem and
cannot use the other subsystems’ information. There-
fore, decentralised control does not need informa-
tion transfer between subsystems which can avoid the
data transfer cost when compared with a centralised
scheme. Moreover, if information transfer channels
are blocked, centralised control usually does not work
but decentralised control is not affected by it. There-
fore, decentralised control is convenient for practical
implementation, particularly when the interconnected
systems are distributed in a large space. To be specific,
decentralised control law consists of several local con-
trollers, and each of these local controllers only uses its
local state information of the corresponding subsys-
tem. So the structure of decentralised control is usu-
ally more effective than centralised control from the
implementation point of view. In the last few decades,
decentralised control has received much attention and
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many results have been achieved (Misgeld et al., 2015;
Sombría et al., 2012; Zhang, 2020; Zhou et al., 2020).

Sliding mode control (SMC) due to its high robust-
ness has been recognised as an effective method for
control systems with uncertainties. Niu et al. (2008)
considered the sliding-mode control for nonlinear
stochastic systems modelled by Ito stochastic differ-
ential equations. Yan et al. (2005) proposed a mod-
ified SMC which was able to deal with mismatched
uncertainties, where dynamic feedback was employed.
R. Xu and Özgüner (2008) presented an innovative
SMC to stabilise a kind of under-actuated system in
the cascade case. Khan et al. (2011) proposed a novel
dynamic integral sliding mode controller for state-
dependent matched and mismatched uncertainties.
Kang and Fridman (2016) imposed an SMC com-
bined with a backstepping method to control a cas-
cade of equation-ODE systems with matched and
mismatched disturbances. A neural network fuzzy
SMC presented by Chiang and Chen (2017) was
applied to pneumatic muscle actuators, where an
adaptive training used neural network was able to
establish a fuzzy SMC controller, and an integrator
could minimise the tracking error. Feng et al. (2018)
adopted the terminal SMC and the full-order termi-
nal SMC to improve the performance ofmultiple-input
multiple-output systems with mismatched uncertain-
ties, respectively. It should be noted that all of the
results mentioned above only considered centralised
systems.

Recently, many researchers have focused on the
decentralised SMC of the interconnected systems.
Azizi et al. (2010) applied the decentralised SMC
to the distributed simulation of differential-algebraic
equation systems. But the proposed method was not
suitable for general nonlinear systems. An adaptive
decentralised SMC for a class of non-affine stochas-
tic nonlinear interconnected systems was presented in
Ning et al. (2016), which just estimated one adaptive
parameter of each subsystem. However, uncertainties
were not considered in Ning et al. (2016). Further-
more, a kind of novel decentralised state-feedback
adaptive SMC was imposed by Mirkin et al. (2011)
to large-scale interconnected systems with nonlinear
interconnections and time-delay. The global decen-
tralised discrete SMC for interconnected systems
based on output feedback was employed by Mah-
moud and Qureshi (2012). Although these two strate-
gies achieved good results for specific interconnected

systems, it is required that all the isolated subsystems
are linear. A decentralised integral SMC combined
with PID was proposed in Thien and Kim (2018) for
unmanned aerial vehicles, where the control sensitiv-
ity with respect to the network topology was anal-
ysed, but the mismatched uncertainties were not con-
sidered. Ark et al. (2020) proposed an SMC scheme
for load frequency problems in two area intercon-
nected power systems, where mismatched uncertain-
ties were not considered. A model-free decentralised
sliding mode control (SMC) scheme for each sub-
system is designed in Song et al. (2020) where it is
required that the interconnection terms are matched
and the considered interconnected systems are linear.
Althoughmany researchers have obtained the remark-
able achievements of decentralised SMC, few people
concentrated on the nonlinear interconnected systems
with mismatched uncertainties and unknown inter-
connections at the same time. Due to the complexity
of nonlinear systems, the technology of SMC com-
bined with decentralised control for nonlinear inter-
connected systems with unknown interconnections is
challenging and significant.

In this paper, a state feedback decentralised SMC
scheme is proposed to stabilise a class of nonlin-
ear interconnected systems. The considered intercon-
nected systems possess both nonlinear interconnec-
tions and nonlinear isolated subsystems. A coordi-
nate transformation is applied to transform all the
isolated subsystems into the regular form to facili-
tate the controller design as well as the interconnected
system analysis. Then, for the transformed system, a
composite sliding surface is designed, and a set of
conditions are developed to guarantee that the cor-
responding sliding motion is uniformly asymptoti-
cally stable based on the Lyapunov theory. A state
feedback SMC law is established to drive the sys-
tem to the sliding surface in finite time and keep the
sliding motion after that. The bounds on all uncer-
tainties and interconnections have general nonlinear
forms, which are employed in the decentralised con-
trol design to reduce the effects of uncertainties. It
is shown that under certain conditions, the effect
of the unknown interconnections can be completely
cancelled by appropriate designed decentralised con-
trollers with regard to the reachability analysis. At
last, a numerical simulation example is provided to
demonstrate the effectiveness of the proposed control
strategy.
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2. System description and problem formulation

For simplification of statement as well as readers’ con-
venience, a few concepts are introduced at first.

Definition 2.1 (Khalil, 2002): A continuous function
α : [0, a) −→ [0,∞) is said to belong to classK if it is
strictly increasing and α(0) = 0.

Definition 2.2 (Yan et al., 2014): A class K func-
tion is said to belong to class KC1 if it is continuously
differentiable.

Consider nonlinear time-varying interconnected
systems with matched disturbances and unknown
interconnections consisted of n interconnected sub-
systems,

ẋi = fi(t, xi) + gi(t, xi)(ui + ϕi(t, xi)) + hi(t, x),

i = 1, 2, . . . , n, (1)

where xi ∈ �i ⊂ Rni (�i denotes a neighbourhood of
the origin), and ui ∈ Rmi are, respectively, state vari-
ables and inputs of the ith subsystem with mi < ni,
x := col(x1, x2, . . . , xn) ∈ � = �1 × �2 × · · · × �n.
It is assumed that thematrix function gi(·) ∈ Rni×mi is
known and has full column rank; the nonlinear vector
fi(·) ∈ Rni is known. The term ϕi(·) denotes matched
disturbance, and hi(·) represents the unknown inter-
connection. All nonlinear functions are assumed to
be continuous in their arguments in the considered
domain to guarantee the existence of system solutions.

Some definitions for system (1) are to be introduced
as follows.

Definition 2.3: Consider system (1). The following
system

ẋi = fi(t, xi) + gi(t, xi)(ui + ϕi(t, xi)),

i = 1, 2, . . . , n, (2)

is called the ith isolated subsystem of system (1). The
system

ẋi = fi(t, xi) + gi(t, xi)ui, i = 1, 2, . . . , n, (3)

is called the ith nominal isolated subsystem of sys-
tem (1).

It is well known that one of the major issues for
interconnected systems is to design a controller such

that interconnected system (1) has the desired perfor-
mance if all nominal isolated subsystems (3) exhibit
the required performance. Compared with centralised
control, one of the important challenges for inter-
connected systems is to deal with interconnections,
because for the decentralised case each controller is
only allowed to use its own/local state information.
The definition of the decentralised control is given as
follows.

Definition 2.4 (Yan et al., 2017): Consider sys-
tem (1). If the controller ui for the ith subsystem only
depends on the time t and states xi, that is,

ui = ui(t, xi), i = 1, 2, . . . , n. (4)

Then, control (4) is called the decentralised state feed-
back controller for system (1).

Now, consider a nonlinear transformation,

zi = Ti(xi), i = 1, 2, . . . , n, (5)

which is a diffeomorphism, i.e. the Jacobian matri-
ces ∂Ti/∂xi is nonsingular in the considered domain
for i = 1, 2, . . . , n. Then, transformation (5) defines
a new coordinate z = col(z1, z2, . . . , zn). In the new
coordinate z, system (1) can be described by

żi =
[
∂Ti

∂xi
ẋi
]
xi=T−1

i (zi)

=
[
∂Ti

∂xi

(
fi(t, xi) + gi(t, xi)

· (ui + ϕi(t, xi)) + hi(t, x)
)]

xi=T−1
i (zi)

,

i = 1, 2, . . . , n. (6)

It is assumed that system (1) in the new coordinates z
can be described by

żi1 = Fi1(t, zi1, zi2) + Hi1(t, z), (7)

żi2 = Fi2(t, zi1, zi2) + Gi(t, zi1, zi2)

· (ui + �i(t, zi1, zi2)) + Hi2(t, z), (8)

where zi1 ∈ �zi1 ⊂ Rni−mi , zi2 ∈ �zi2 ⊂ Rmi , z =
col(z1, z2, . . . , zn), zi = col(zi1, zi2) ∈ �Ti ⊂ Rni ,

�Ti := �zi1 × �zi2 := {(zi1, zi2) | (zi1, zi2)

= Ti(xi), xi ∈ �i} ,
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and[
Fi1(·)
Fi2(·)

]
:=
[
∂Ti

∂xi
fi(t, xi)

]
xi=T−1

i (zi)
, (9)

Hi(·) :=
[
Hi1(·)
Hi2(·)

]
:=
[
∂Ti

∂xi
hi(t, x)

]
xi=T−1

i (zi)
,

(10)[
0

Gi(·)
]
:=
[
∂Ti

∂xi
gi(t, xi)

]
xi=T−1

i (zi)
, (11)

�i(·) := [ϕi(t, xi)]xi=T−1
i (zi), (12)

where Gi(·) ∈ Rmi×mi is nonsingular in the consid-
ered domain �Ti for i = 1, 2, . . . , n.

It should be noted that systems (7)–(8) are in the
traditional regular form, which is very useful for the
constructive application of the slidingmode paradigm.

Remark 2.1: It should be pointed out that there is no
systematic method to find a coordinate transforma-
tion (5) to transfer system (1) to regular form (7)–(8).
But the work in Marino and Tomei (1995) and Yan
et al. (2014) can be referred to construct the corre-
sponding transformation in certain cases.

In the following, the nonlinear interconnected sys-
tems (7)–(8) will be focused. The objective of this
paper is to develop a state feedback decentralised
SMC scheme, such that controlled systems (7)–(8) are
uniformly asymptotically stable irrespective of distur-
bances and unknown interconnections. It should be
emphasised that the results developed in this paper can
be easily extended to all interconnected systems (1)
which can be transformed to systems (7)–(8) by a
known nonsingular transformation.

3. Slidingmotion analysis and control synthesis

In this section, the sliding surface will be designed and
the corresponding sliding motion is to be analysed.
Then, a novel decentralised SMC strategy is to be pro-
posed under the assumption that all system states are
accessible.

3.1. Stability of slidingmotion

Based on the specific structure of systems (7)–(8),
the switching function for the ith subsystem can be

selected as

si(zi) = zi2, i = 1, 2, . . . , n. (13)

Then, the composite sliding function for intercon-
nected systems (7)–(8) is given as

S(z) = col (s1(z1), s2(z2), . . . , sn(zn))

= col (z12, z22, . . . , zn2) . (14)

So, the composite sliding surface is written by

{col(z1, z2, . . . , zn) | si(zi)
= zi2 = 0 for i = 1, 2, . . . , n}. (15)

When the interconnected system is limited to moving
on the sliding surface (15), zi2 = 0 for i = 1, 2, . . . , n.
It follows from the structure of systems (7)–(8) that
the corresponding sliding mode dynamics can be
described by

żi1 = Fi1s(t, zi1) + Hi1s(t, z11, z21, . . . , zn1),

i = 1, 2, . . . , n, (16)

where zi1 ∈ �zi1 ⊂ Rni−mi denotes the state of the
sliding mode dynamics, and

Fi1s(·) := Fi1(t, zi1, zi2)|zi2=0, (17)

Hi1s(·) := Hi1(t, z)|z12=0,...,zn2=0, (18)

where Fi1(·) and Hi1(·) are defined in (9) and (10,
respectively. From (10), it is clear to see that the
term Hi1s(·) comes from hi(t, x), which represents the
unknown interconnection of the ith subsystems in (16)
for i = 1, 2, . . . , n.

In order to analyse the sliding motion governed by
interconnected system (16) and related to the compos-
ite sliding surface (15), the following assumptions are
needed.

Assumption 3.1: There exists the continuously dif-
ferentiable functions Vi(t, zi1) : R+ × Rni−mi �→ R+
for i = 1, 2, . . . , n, such that for any zi1 ∈ �zi1 the fol-
lowing inequalities hold:

(i) p2i1(‖zi1‖) ≤ Vi(t, zi1) ≤ p2i2(‖zi1‖);
(ii) ∂Vi(·)

∂t + (
∂Vi(·)
∂zi1 )TFi1s(t, zi1) ≤ −p2i3(‖zi1‖);

(iii) ‖( ∂Vi(·)
∂zi1 )T‖ ≤ pi4(‖zi1‖),

where the functions pil(·) for l = 1, 2, 3, 4 are classKC1
functions.
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From Definition 2.2, there are continuous func-
tions ςil(·) such that for any zi1 ∈ �zi1 , pil(·) can be
decomposed as

pil(‖zi1‖) = ςil(‖zi1‖)‖zi1‖, l = 1, 2, 3, 4, (19)

where ςil(·) are continuous functions in R+ for i =
1, 2, . . . , n and l = 1, 2, 3, 4.

Remark 3.1: Assumption 3.1 implies that all the nom-
inal isolated subsystems of interconnected system (16)
are uniformly asymptotically stable. It is worth clar-
ifying that Assumption 3.1 is usually required when
the nominal sliding mode dynamics are fully nonlin-
ear (see e.g. Yan et al., 2013, 2014, 2017). Moreover,
if the nominal system is exponentially stable, then
Assumption 3.1 will be satisfied. It should be men-
tioned that the fact that żi1 = Fi1s(t, zi1) is uniformly
asymptotically stable does not mean that nominal sys-
tem (7) is uniformly asymptotically stable. It should
be pointed out that in Mahmoud and Qureshi (2012)
and Yan et al. (2013), the whole interconnected sys-
tems need to satisfy the constraint conditions to ensure
all the nominal isolated blue subsystems of (7)–(8) are
asymptotically stable, while only (16) needs to satisfy
the related conditions to guarantee that nominal iso-
lated subsystems of the reduced-order subsystems (16)
are asymptotically stable in this paper. Therefore, the
approach proposed in this paper has more advantages
than the work mentioned above in this regard.

Assumption 3.2: The interconnection termHi1s(·) in
system (16) satisfies

‖Hi1s(t, z11, z21, . . . , zn1)‖

≤ βi(t, z11, z21, . . . , zn1)
n∑
j=1

‖zj1‖, (20)

where βi(·) are known continuous functions for i =
1, 2, . . . , n.

Remark 3.2: Assumption 3.2 ensures that the inter-
connections in (16) are bounded by known functions.
However, the method developed in this paper can be
applied to a wider class of interconnections, for exam-
ple, (20) can be replace by

‖Hi1s(·)‖ ≤ β1i(·)‖z11‖ + β2i(·)‖z21‖
+ · · · + βni(·)‖zn1‖.

It is required that βji are the constants for i, j =
1, 2, . . . , n in Mahmoud and Qureshi (2012). In this

paper, βji(·) are known continuous functions which
include the interconnections considered in Mahmoud
and Qureshi (2012) as a special case in this regard.
In reality, the bounds on uncertainties for a specific
practical system usually can be obtained/estimated
based on the prior knowledge and engineering experi-
ences as well as statistical/historical data collected for
the considered system. It should be noted that under
certain conditions, the method proposed in Y. Yang
Niu (2020) can be applied if the bounds on uncertain-
ties are unknown.

The following result is ready to be presented.

Theorem3.1: Under Assumptions 3.1 and 3.2, the slid-
ing motion associated with the sliding surface (15) of
system (7)–(8) is uniformly asymptotically stable if the
function matrix MT(·) + M(·) > 0 in the considered
domain zi1 ∈ �zi1 ⊂ Rni−mi, where M = (mij(·))n×n
is a n × n function matrix with its entries defined by

mij =
{
ς2
i3(·) − ςi4(·)βi(·), i = j,

−ςi4(·)βi(·), i 
= j, (21)

where ςi3(·) and ςi4(·) are given in (19) and βi(·) is
defined in (20) for i, j = 1, 2, . . . , n.

Proof: From the analysis above, it is clear to see that
system (16) is the sliding mode dynamics related to
the composite sliding surface (15). The remaining is
to show that system (16) is uniformly asymptotically
stable.

Under the condition that pil(·) is classKC1 function,
the equations in (19) hold. For system (16), consider
the candidate Lyapunov function

V(t, z11, z21, . . . , zn1) =
n∑

i=1
Vi(t, zi1), (22)

where Vi(·) is defined in Assumption 3.1. The time
derivative of V(·) along the trajectory of system (16)
is described as

V̇(t, z11, z21, . . . , zn1)

=
n∑

i=1
V̇i(t, zi1)

=
n∑

i=1

(
∂Vi(·)

∂t
+
(

∂Vi(·)
∂zi1

)T
(Fi1s(·) + Hi1s(·))

)
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≤
n∑

i=1

(
∂Vi(·)

∂t
+
(

∂Vi(·)
∂zi1

)T
Fi1s(·)

+
∥∥∥∥∥
(

∂Vi(·)
∂zi1

)T
∥∥∥∥∥ · ‖Hi1s(·)‖

)
. (23)

From Assumptions 3.1 and 3.2, Equation (23) can be
written as follows:

V̇(t, z11, z21, . . . , zn1)

≤
n∑

i=1

⎛
⎝−p2i3(‖zi1‖) + pi4(‖zi1‖) · βi(·)

n∑
j=1

‖zj1‖
⎞
⎠ .

(24)

According to Equation (19), it follows that

V̇(t, z11, z21, . . . , zn1)

≤
n∑

i=1

⎛
⎝−ς2

i3(‖zi1‖)‖zi1‖2

+ ςi4(‖zi1‖)‖zi1‖βi(·)
n∑
j=1

‖zj1‖
⎞
⎠

= −
n∑

i=1

(
ς2
i3(‖zi1‖) − ςi4(‖zi1‖)βi(·)

) ‖zi1‖2

−
n∑

i=1

n∑
j=1,j
=i

ςi4(‖zi1‖) · βi(·)‖zi1‖ · ‖zj1‖

−
n∑

i=1

n∑
j=1,j
=i

ςi4(‖zi1‖) · βi(·)‖zi1‖ · ‖zj1‖

= −1
2
ZT
(
MT + M

)
Z, (25)

where Z := col(‖z11‖, ‖z21‖, . . . , ‖zn1‖) and M is the
n × n matrix with entries defined in (21). Hence, the
result follows fromMT + M > 0. �

Remark 3.3: Theorem 3.1 provides a set of suffi-
cient conditions under which the sliding mode is
uniformly asymptotically stable. The function matrix
M in Theorem 3.1 only depends on ςi3(·), ςi4(·)
and βi(·), which are determined by the given sys-
tem. The condition thatMT + M > 0 withM defined
in (21) implies the limitation to the mismatched
interconnections.

3.2. Reachability analysis

Aset of conditions have beendeveloped inTheorem3.1
to guarantee the sliding motion stability of the con-
sidered interconnected systems (7)–(8). The objective
now is to design a decentralised state feedback SMC
such that the interconnected system is driven to the
sliding surface (15) in finite time.

For interconnected system (7)–(8), the correspond-
ing reachability condition based on the composite slid-
ing surface is described by

ST(z)Ṡ(z) ≤ −η‖S(z)‖, (26)

where S(z) is defined by (14) and η is a positive con-
stant.

Consider system (7)–(8). The following assumption
is introduced for further analysis and control design.

Assumption 3.3: The uncertainties �i(t, zi1, zi2) and
Hi2(t, z) in (8) satisfy

‖�i(t, zi1, zi2)‖ ≤ ξi1(t, zi1, zi2), (27)

‖Hi2(t, z)‖ ≤
n∑
j=1

εij(t, zj), (28)

where ξi1(t, zi1, zi2) and εij(t, zj) are known continuous
functions.

It should be noted that Assumption 3.3 is the lim-
itation to system uncertainties as well as interconnec-
tions. It is clear to see that the bounds on the uncertain-
ties and interconnections are fully nonlinear, which
are to be employed in the control design to reject the
effects of them on the system performance. Construct
the control law

ui = −G−1
i (t, zi1, zi2)Fi2(t, zi1, zi2) − G−1

i (t, zi1, zi2)ki · sgn(zi2)

− G−1
i (t, zi1, zi2)

⎛
⎝‖Gi(t, zi1, zi2)‖ξi1(t, zi1, zi2)sgn(zi2)

+n
2
zi2 + 1

2
zi2

‖zi2‖2
n∑
j=1

ε2ji(t, zi)

⎞
⎠ , i = 1, 2, . . . , n, (29)

where Fi2(·) is given in (9), ξi1(·) and
∑n

j=1 εij(t, zj) are
given in (27) and (28), respectively, sgn(·) is the usual
signum function, and ki is the control gain which is a
positive constant.

Remark 3.4: From the control structure in (29), it fol-
lows that the functions εij(t, zj) need to be vanished
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at zj = 0 for i, j = 1, 2, . . . , n. This implies that the
unknown interconnectionsHi2(t, z) must be vanished
at the origin zi2 = 0 for i = 1, 2, . . . , n. Otherwise, it
may result in infinite control due to the term zi2

‖zi2‖2 .

Theorem 3.2: Under Assumption 3.3, nonlinear inter-
connected system (7)–(8) can be driven to the sliding
surface (15) in finite time by the designed controller in
(29) and maintains a sliding motion on it thereafter.

Proof: From the definition of si(zi) in (13) and sys-
tem (8),

sTi (z)ṡi(zi) = zTi2żi2

= zTi2 (Fi2(t, zi1, zi2) + Gi(t, zi1, zi2)

× (ui + �i(t, zi1, zi2)) + Hi2(t, z)) .
(30)

Note, in Equation (30), the state variable z = col(z1, z2,
. . . , zN) is involved through the interconnection terms
Hi2(t, z). However, for a decentralised scheme, the
control ui can only use the local states zi. In order
to cancel the effects caused by interconnections using
decentralised control, it is necessary to consider the
composite sliding surface in (14).

Then, from (14) and (30), it follows that

ST(z)Ṡ(z) =
n∑

i=1
sTi (zi)ṡi(zi)

=
n∑

i=1
zTi2 (Fi2(t, zi1, zi2) + Gi(t, zi1, zi2)

× (ui + �i(t, zi1, zi2)) + Hi2(t, z)) .
(31)

Substituting the control ui in (29) into Equation (31),

ST(z)Ṡ(z) =
n∑
i=1

zTi2

(
Fi2(·) + Gi(·)

(
− G−1

i (·)Fi2(·)

− G−1
i (·)

(
‖Gi(·)‖ξi1(·)sgn(zi2) + n

2
zi2

+1
2

zi2
‖zi2‖2

n∑
j=1

ε2ji(·)
⎞
⎠ . − G−1

i (·)ki

· sgn(zi2) + �i(·)
)

+ Hi2(·)
)
. (32)

Rearranging the associated terms in Equation (32), it
follows that

ST(z)Ṡ(z)

=
n∑

i=1

(
zTi2Gi(·)�i(·) − ‖Gi(·)‖ξi1(·)zTi2sgn(zi2)

+ zTi2Hi2(·) −
⎛
⎝n
2
zTi2zi2 + 1

2
zTi2zi2
‖zi2‖2

n∑
j=1

ε2ji(·)
⎞
⎠

−kizTi2sgn(zi2)
)

=
n∑

i=1

(
zTi2Gi(·)�i(·) − ‖Gi(·)‖ξi1(·)zTi2sgn(zi2)

)

+
⎛
⎝ n∑

i=1
zTi2Hi2(·) −

n∑
i=1

n
2
zTi2zi2 −

n∑
i=1

n∑
j=1

1
2
zTi2zi2
‖zi2‖2 ε2ji(·)

⎞
⎠

−
n∑

i=1
kizTi2sgn(zi2). (33)

Based on (27), (28) and the fact that sTsgn(s) ≥‖ s ‖
for any vectors s (see Lemma 1 in Yan & Edwards,
2008),

n∑
i=1

(
zTi2Gi(·)�i(·) − ‖Gi(·)‖ξi1(·)zTi2sgn(zi2)

)

≤
n∑

i=1

(‖zi2‖ · ‖Gi(·)‖ · ‖�i(·)‖ − ‖zi2‖ · ‖Gi(·)‖

· ξi1(·)
) ≤ 0. (34)

Then, by similar reasoning as in (34), and from (28)

n∑
i=1

zTi2Hi2(·) −
n∑

i=1

n
2
zTi2zi2 −

n∑
i=1

n∑
j=1

1
2
zTi2zi2
‖zi2‖2 ε2ji(·)

≤
n∑

i=1
‖zi2‖ · ‖Hi2(·)‖ −

n∑
i=1

n∑
j=1

1
2
‖zi2‖2

−
n∑

i=1

n∑
j=1

1
2
ε2ji(t, zi)

=
n∑
i=1

‖zi2‖ · ‖Hi2(·)‖ −
n∑

i=1

n∑
j=1

1
2
‖zi2‖2

−
n∑

i=1

n∑
j=1

1
2
ε2ij(t, zj). (35)
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From the fact that a2+b2
2 ≥ |a| |b|, it follows that

n∑
i=1

n∑
j=1

1
2
‖zi2‖2 +

n∑
i=1

n∑
j=1

1
2
ε2ij(t, zj)

=
n∑

i=1

n∑
j=1

1
2

(
‖zi2‖2 + ε2ij(t, zj)

)

≥
n∑

i=1

n∑
j=1

‖zi2‖εij(t, zj)

=
n∑

i=1
‖zi2‖

n∑
j=1

εij(t, zj)

≥
n∑

i=1
‖zi2‖ · ‖Hi2(·)‖. (36)

From (36) and (35),

n∑
i=1

zTi2Hi2(·) −
n∑

i=1

n
2
zTi2zi2

−
n∑

i=1

n∑
j=1

1
2
zTi2zi2
‖zi2‖2 ε2ji(·) ≤ 0. (37)

Substituting (34) and (37) into (33) yields

ST(z)Ṡ(z) ≤ −
n∑

i=1
kizTi2sgn(zi2)

≤ −η

n∑
i=1

zTi2sgn(zi2) ≤ −η‖S‖, (38)

where η is a positive constantwhich is chosen such that
η ≤ min{k1, k2, . . . , kn}.

Inequality (38) shows that reachability condi-
tion (26) is satisfied, and thus interconnected sys-
tems (7)–(8) can be driven to the sliding surface (15)
in finite time and maintain a sliding motion on it
thereafter. Hence, the result follows. �

According to SMC theory, Theorems 3.1 and 3.2
together show that the closed-loop system formed
by applying control law (29) to interconnected sys-
tems (7)–(8) is uniformly asymptotically stable.

Remark 3.5: From the proof of Theorem 3.2, it is clear
to see that both thematched uncertainties and themis-
matched interconnection terms can be cancelled by

the designed decentralised controllers in the reacha-
bility analysis, which is one of the main contributions
in this paper. Such controllers can enhance the robust-
ness against unknown interconnections even in the
framework of a decentralised scheme. Moreover, the
developed decentralised controllers can guarantee that
the interconnected systems are driven to the compos-
ite sliding surfaces in finite time. As for how to estimate
the finite reaching time, refer to the recent work in
Li et al. (2020). It should be noted that the sliding
motion is not robust to the mismatched interconnec-
tions in the sliding phase. Actually, the limitation to the
mismatched interconnection is necessary for the slid-
ing phase, which can be seen from the comments in
Remark 3.3.

Remark 3.6: It should be emphasised that in this
paper, the considered systems are fully nonlinear with
nonlinear disturbances and nonlinear interconnec-
tions. It is not required that the nominal subsystems
are linear, or the nominal subsystems are linearisable
or partial linearisable. This is in comparison withmost
of the existing work (Z. Xu et al., 2020). Therefore, the
methodology developed in this paper can be applied to
a wide class of interconnected systems.

4. Simulation results

Consider the nonlinear interconnected system which
is composed of two third-order subsystems

ẋ1 =
⎡
⎣ −6x212x

2
13 − 4x212 − 2x11

−3x12x213 − 3x12 + 1
16 (x

2
12 − x11)2

3x212x13 − 3x13 − 1
4 (x

2
12 − x11) exp{−t} cos(x13t)

⎤
⎦

+
[−4(x213 sin

2 t + 1)
0
0

]
(u1 + ϕ1(t, x1)) + h1(t, x),

(39)

ẋ2 =
[−8x21 + x23
−7x22 + x23

x21

]
+
[0
0
1

]
(u2 + ϕ2(t, x2)) + h2(t, x), (40)

where xi = col(xi1, xi2, xi3) ∈ R3 and ui ∈ R are,
respectively, the state variables and inputs of the i-
th subsystem for i = 1, 2. The terms ϕi(·) and hi(·)
for i = 1, 2 are matched disturbances and unknown
interconnections, respectively.
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Consider the transformation T1 and T2 defined by

T1 :

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

za11 = x12,

zb11 = x13,

z12 = 1
4
(x212 − x11),

and

T2 :

⎧⎪⎪⎨
⎪⎪⎩
za21 = x21,

zb21 = x21 + x22,

z22 = x23.

It is easy to find that the Jacobian matrices of T1 and
T2 are given by⎡
⎣ 0 1 0

0 0 1
−(1/4) (1/2)x12 0

⎤
⎦ and

⎡
⎣1 0 0
1 1 0
0 0 1

⎤
⎦

which are nonsingular in the whole state space. By
direct calculation, system (39)–(40) in the new coor-
dinates is given by

ż11 =
[

−3za11
(
zb11
)2 − 3za11 + z212

3
(
za11
)2 zb11 − 3zb11 − z12 exp{−t} cos (zb11t)

]

+ H11(·), (41)

ż12 = −2z12 + 1
2
za11z

2
12 + (1 +

(
zb11
)2

sin2 t)

× (u1 + �1(·)) + H12(·), (42)

ż21 = [−8za21 + z22 − 7zb21 − za21 + 2z22
]+ H21(·),

(43)

ż22 = za21 + (u2 + �2(·)) + H22(·), (44)

where H11(·) ∈ R2 and Hi2(·) ∈ R1 for i = 1, 2.
In order to demonstrate the theoretical results

obtained in this paper, it is assumed that the uncertain-
ties in (41)–(44) satisfy

|�1(·)| ≤ (‖zb11‖ + 1) exp{−t}, (45)

‖H11‖ ≤ ‖za11‖ sin2 t + ‖z12‖ + ‖z22‖, (46)

‖H12‖ ≤
2∑

j=1
ε1j(t, zj)

≤ 0.25(‖za11‖ sin2 t + ‖z12‖ + ‖z22‖), (47)
2∑

j=1
ε21j(t, zj) ≤ 0.06(‖za11‖ sin2 t + ‖z12‖ + ‖z22‖)2,

(48)

|�2(·)| ≤ ‖zb21‖ sin2 z22, (49)

‖H21‖ ≤ 1.618(za11 + (
za11
)2 − 4z12)2 sin2 z22, (50)

‖H22‖ ≤
2∑

j=1
ε2j(t, zj)

≤ 0.40(za11 + (
za11
)2 − 4z12)2 sin2 z22, (51)

2∑
j=1

ε22j(t, zj) ≤ 0.32(za11 + (
za11
)2 − 4z12)4 sin4 z22.

(52)

For (41)–(44), select the switching function S(z) :=
col(z12, z22). When the sliding motion occurs, z12 =
z22 = 0. It can be obtained by direct calculation that
the sliding mode dynamics are written as follows:

ż11 =
[
−3za11

(
zb11
)2 − 3za11

3
(
za11
)2 zb11 − 3zb11

]
+ H11s(·), (53)

ż21 =
[ −8za21
−7zb21 − za21

]
+ H21s(·). (54)

It is clear to see from (46) and (50) that

‖H11s(·)‖ ≤ ‖za11‖ sin2 t ≤ ‖z‖, (55)

‖H21s(·)‖ = 0 (56)

and thus β1 = 1 and β2 = 0.
For system (41)–(44), consider the candidate Lya-

punov function as

V(·) = V1(·) + V2(·),

where V1 = (za11)
2 + (zb11)

2 and V2 = (za21)
2 + (zb21)

2.
By direct calculation,

pil(‖zi1‖) = ςil‖zi1‖, i = 1, 2, l = 1, 2, 3, 4, (57)

where ςil for i = 1, 2, l = 1, 2, 3, 4 are the positive con-
stants. It is easy to find that Assumption 3.1 holds and
the pil(·) satisfy (57) with

ς11 = ς12 = 1, ς13 = √
6, ς14 = 2,

ς21 = ς22 = 1, ς23 = √
13, ς24 = 2.

Then from (21), it follows by direct calculation that

MT + M > 0. (58)

According to Theorem 3.1, the designed sliding mode
is asymptotically stable.
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Based on (29), the designed control is given by

u1(·) = −2z12 + 0.5za11z
2
12

1 + (
zb11
)2 sin2 t − k1sgn(z12)

1 + (
zb11
)2 sin2 t − z12

−
⎛
⎝(‖zb11‖ + 1) exp{−t}sgn(z12)

Figure 1. The time responses of the switching function s1 and
control signal u1 (upper), and the time responses of the switch-
ing function s2 and control signal u2 (bottom) for k1 = 0.2 and
k2 = 1.5.

+ 0.03z12(‖za11‖ sin2 t + ‖z12‖ + ‖z22‖)2
‖z12‖2

(
1 + (

zb11
)2 sin2 t)

⎞
⎠ ,

(59)

u2(·) = za21 − k2sgn(z22) − z22

−
(

‖zb21‖ sin2 z22sgn(z22) + 0.16z22
‖z22‖2

×
(
za11 + (

za11
)2 − 4z12

)4 · sin4 z22
)
, (60)

where constants k1 and k2 are chosen as

k1 = 0.2 and k2 = 1.5.

From Theorems 3.1 and 3.2, it follows that con-
troller (59)–(60) can stabilise interconnected sys-
tem (41)–(44) uniformly asymptotically.

For simulation purposes, the initial states are cho-
sen as x10 = (−2, 7.5, 5) and x20 = (6, 2, 3.5), and the
uncertainties and interconnections are chosen as

H11 =
[−0.5

(‖za11‖ sin2 t + ‖z12‖ + ‖z22‖
)

0.7
(‖za11‖ sin2 t + ‖z12‖ + ‖z22‖

) ] ,
H12 = 0.05(‖za11‖ sin2 t + ‖z12‖ + ‖z22‖),

�1(·) = 0.9 · (‖zb11‖ + 1) exp{−t},

x
11

x
12

x
13

x
21

x
22

x
23

Figure 2. The time responses of the state variables of subsystem (39) (upper), and the time responses of the state variables of
subsystem (40) (bottom) for k1 = 0.2 and k2 = 1.5.
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H21 =
[
−0.647(za11 + (

za11
)2 − 4z12)2 sin2 z22

0.323(za11 + (
za11
)2 − 4z12)2 sin2 z22

]
.

Figure 1 shows the control signals and the sliding func-
tions with respect to time. The simulation results in
Figure 2 show that the closed-loop system formed by
applying control (59)–(60) to interconnected system

Figure 3. The time responses of the switching function s1 and
control signal u1 (upper), and the time responses of the switch-
ing function s2 and control signal u2 (bottom) for k1 = 2.5 and
k2 = 5.

(41)–(44) is uniformly asymptotically stable which is
consistent with the obtained theoretical results.

It should be noted that the reachability constant
depends on the parameters k1 and k2 which affect the
convergent rates of sliding functions as well as sys-
tem state variables. In order to demonstrate this, keep
all the other parameters the same but increase k1 and
k2 to k1 = 2.5 and k2 = 5. The simulation results are
presented in Figures 3 and 4. It is clear to see, by com-
paring Figures 1 and 2 with Figures 3 and 4, that the
bigger the values of k1 and k2 are, the faster the sliding
functions and system state variables converge.

Remark 4.1: It should be noted that interconnected
systems (39)–(40) are fully nonlinear where both
matched uncertainties and unmatched interconnec-
tions are involved. Therefore, the methods proposed
in the recent work in Ma and Xu (2021) and X.
Yang and He (2021) cannot be applied to sys-
tem (39)–(40). Although the considered intercon-
nected systems are nonlinear inMa and Xu (2021) and
X. Yang and He (2021), it is required that the nominal
subsystems have a triangle structure and the uncer-
tainties/interconnections have a linear growth rate in
Ma Xu (2021). Moreover, it is required that the inter-
connections are matched in X. Yang and He (2021).

x
11

x
12

x
13

x
21

x
22

x
23

Figure 4. The time responses of the state variables of subsystem (39) (upper), and the time responses of the state variables of
subsystem (40) (bottom) for k1 = 2.5 and k2 = 5.
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5. Conclusion

A class of fully nonlinear interconnected systems with
unknown nonlinear interconnections has been con-
sidered in this paper. A composite sliding surface
has been designed, and a set of conditions has been
developed to guarantee that the corresponding slid-
ing motion is uniformly asymptotically stable. A novel
decentralised state feedback control law is designed for
the nonlinear interconnected systems to ensure that
the interconnected system is driven to the designed
sliding surface in finite time. The proposed strategy
supplies an approach to improve the robustness for
nonlinear interconnected systems in that effects of all
matched uncertainties and mismatched interconnec-
tions can be rejected by the designed decentralised
control regarding the reaching phase. Finally, numeri-
cal simulation results have been presented to show the
effectiveness of the proposed methods. In the future,
it is expected to extend the results developed in this
paper to time delay nonlinear interconnected systems
and use some strategies to reduce possible chattering
towards practical applications.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the National Natural Science
Foundation of China under Grant 61922042, 62020106003 and
Qing Lan Project; Fundamental Research Funds for the Central
Universities under Grant FRF-BD-20-10A; Research Fund of
State Key Laboratory of Mechanics and Control of Mechanical
Structures (Nanjing University of Aeronautics and astronau-
tics)[Grant No. MCMS-I-0521G05].

Data availability statement

The authors confirm that the data supporting the findings of
this study are available within the article.

Notes on contributors

Mr Nan Ji received his BEng degree in
Automation from Jiangnan university of
China in 2014. Besides that, he got the
Master’s Degree in Control science and
Engineering from Jiangnan University of
China in 2017. Currently, he is study-
ing for Doctor of Philosophy related to

Engineering in University of Kent in UK. His research interests
include advanced control theory and related applications.

Dr Xing-Gang Yan received the BSc
Degree from Shaanxi Normal University,
in 1985, the MSc Degree from Qufu Nor-
mal University in 1991, and the PhD
Degree of Engineering from Northeastern
University, China in 1997. Currently, he is
Senior Lecturer in Control Engineering at
the University of Kent, United Kingdom.

He received the Best Application Paper Award of ASian Con-
trol Conference (ASCC) in Fukuoka, Japan in 2019. He has
published three books, six invited book chapters and about 200
referred papers in the area of control engineering. He serves as
the Associate Editor for several engineering journals including
IET Control Theory & Applications, Energies, and Complex-
ity. His research interests include decentralised control, sliding
mode control, fault detection and isolation, time delay systems
and interconnected systems.

Professor Zehui Mao (M’10) received her
PhD degree in Control Theory and Con-
trol Engineering from Nanjing University
of Aeronautics and Astronautics, Nanjing,
China, in 2009. She is currently a professor
at the College of Automation Engineer-
ing in Nanjing University of Aeronautics
and Astronautics, China. She was a visit-

ing scholar in University of Virginia. She worked in the areas
of fault diagnosis, with particular interests in nonlinear con-
trol systems, sampled-data systems and networked control sys-
tems. Her current research interests include fault diagnosis and
fault-tolerant control of systems with disturbance and incipi-
ent faults, and high speed train and spacecraft flight control
applications.

Professor Dongya Zhao received BEng
from Shandong University, Jinan, China,
in 1998, MSc from Tianhua Institute
of Chemical Machinery & Automation,
Lanzhou, China, in 2002 and PhD from
Shanghai Jiao Tong University, Shanghai,
China, in 2009. Hewas a research fellow in
Nanyang Technological University during

July 2011 to July 2012. Since 2002, he has been with Depart-
ment of Chemical Equipment and Control Engineering, China
University of Petroleum (East China), where he is currently a
professor. His research interests include robot control, sliding
mode control, processmodelling and control, nonlinear system
control and analysis. Professor Zhao is a committee member
of Technical Committee on Process control, Chinese Associa-
tion of Automation, senior member of Chinese Association of
Automation and a member of IEEE.



INTERNATIONAL JOURNAL OF SYSTEMS SCIENCE 13

Bin Jiang received the PhD degree in
automatic control fromNortheasternUni-
versity, Shenyang, China, in 1995. He
is currently Chair Professor of Cheung
Kong Scholar Program with the Ministry
of Education and the Vice President of
Nanjing University of Aeronautics and
Astronautics, Nanjing, China. He has

authored eight books and over 200 referred international jour-
nal papers and conference papers.His current research interests
include intelligent fault diagnosis and fault tolerant control
and their applications to helicopters, satellites, and high-speed
trains.
Dr. Jiang currently serves as an Associate Editor or an Edito-
rial Board Member for a number of journals, such as the IEEE
Trans. On Cybernetics, Neurocomputing al, he is a Chair of
Control Systems Chapter in IEEE Nanjing Section, a member
of IFAC Technical Committee on Fault Detection, Supervision,
and Safety of Technical Processes.

References

Ark, D., Sumant, A., & Mrinal, K. S. (2020). Adaptive
super twisting sliding mode load frequency control for
an interconnected power network with nonlinear cou-
pling between control areas. IFAC-PapersOnLine, 53(1),
1350–1355. https://doi.org/10.1016/j.ifacol.2020.06.059

Azizi, S., Gordon, B., & Ramachandran, V. (2010). A decen-
tralized sliding control approach for distributed simulation
of differential-algebraic equation systems. European Journal
of Control, 16(4), 343–361. https://doi.org/10.3166/ejc.16.
343-361

Chiang, C. J., & Chen, Y. C. (2017). Neural network fuzzy
sliding mode control of pneumatic muscle actuators. Engi-
neering Applications of Artificial Intelligence, 65(10), 68–86.
https://doi.org/10.1016/j.engappai.2017.06.021

Dang, X., Zhao, X., Dang, C., Jiang, H., Wu, X., & Zha, L.
(2020). Incomplete differentiation-based improved adaptive
backstepping integral sliding mode control for position con-
trol of hydraulic system. ISA Transactions, 109(10), 199–217.
https://doi.org/10.1016/j.isatra.2020.10.027

Feng, Y., Zhou, M., Zheng, X., Han, F., & Yu, X. (2018). Full-
order terminal sliding-mode control of MIMO systems with
unmatched uncertainties. Journal of the Franklin Institute,
355(2), 653–674. https://doi.org/10.1016/j.jfranklin.2017.
10.034

Kang, W., & Fridman, E. (2016). Sliding mode control of
Schrödinger equation-ODE in the presence of unmatched
disturbances. Systems & Control Letters, 98(12), 65–73.
https://
doi.org/10.1016/j.sysconle.2016.10.009

Khalil, H. K. (2002). Nonlinear systems. Prentice Hall.
Khan, Q., Bhatti, A. I., & Ahmed, Q. (2011). Dynamic

integral sliding mode control of nonlinear SISO sys-
tems with states dependent matched and mismatched
uncertainties. IFAC Proceedings Volumes, 44(1), 3932–3937.
https://doi.org/10.3182/20110828-6-IT-1002.00068

Li, J., Niu, Y., & Song, J. (2020). Finite-time boundedness of
sliding mode control under periodic event-triggered strat-
egy. International Journal of Robust and Nonlinear Control,
31(2), 623–639. https://doi.org/10.1002/rnc.v31.2

Ma, H. J., & Xu, L. X. (2021). Decentralized adaptive
fault-tolerant control for a class of strong interconnected
nonlinear systems via graph theory. IEEE Transactions on
Automatic Control, 66(7), 3227–3234. https://doi.org/10.1109/
TAC.2020.3014292

Mahmoud, M. S., & Qureshi, A. (2012). Decentralized sliding-
mode output-feedback control of interconnected discrete-
delay systems. Automatica, 48(5), 808–814. https://doi.org/
10.1016/j.automatica.2012.02.008

Marino, P., & Tomei, R. (1995). Nonlinear control design. Pren-
tice Hall International.

Mirkin, B., Gutman, P. O., Shtessel, Y., & Edwards, C. (2011).
Continuous decentralizedMRACwith sliding mode of non-
linear delayed dynamic systems. IFAC Proceedings Volumes,
44(1), 3045–3050. https://doi.org/10.3182/20110828-6-IT-
1002.00501

Misgeld, B. J. E., Rschen, D., Schwandtner, S., Heinke, S., Wal-
ter, M., & Leonhardt, S. (2015). Robust decentralised con-
trol of a hydrodynamic human circulatory system simula-
tor. Biomedical Signal Processing & Control, 20(7), 35–44.
https://doi.org/10.1016/j.bspc.2015.04.004

Ning, Z., Yu, J., Xing, X., & Wang, H. (2016). Robust adap-
tive decentralized control for a class of noaffine stochas-
tic nonlinear interconnected systems. Neurocomputing,
171(1), 532–539. https://doi.org/10.1016/j.neucom.2015.
06.075

Niu, Y., Ho, D. W. C., & Wang, X. (2008). Robust H control
for nonlinear stochastic systems: A sliding-mode approach.
IEEE Transactions on Automatic Control, 53(7), 1695–1701.
https://doi.org/10.1109/TAC.2008.929376

Sombría, J. C., Moreno, J. S., Visioli, A., & Bencomo, S. D.
(2012). Decentralised control of a quadruple tank plant with
a decoupled event-based strategy. IFACProceedings Volumes,
45(3), 424–429. https://doi.org/10.3182/20120328-3-IT-
3014.00072

Song, J., Huang, L.-Y., Karimi, H. R., Niu, Y., & Zhou, J.
(2020). ADP-based security decentralized sliding mode
control for partially unknown large-scale systems under
injection attacks. IEEE Transactions on Circuits and Sys-
tems I, 67(12), 5290–5301. https://doi.org/10.1109/TCSI.
8919

Thien, R. T., & Kim, Y. (2018). Decentralized formation flight
via PID and integral sliding mode control. Aerospace Science
and Technology, 81(10), 322–332. https://doi.org/10.1016/
j.ast.2018.08.011

Xiang, Y., Lin, C., Chen, B., & Wang, Q. G. (2021).
Fuzzy filtering based on decentralized adaptive event-
triggered scheme for networked interconnected systems.
Journal of the Franklin Institute, 358(13), 6854–6877.
https://doi.org/10.1016/j.jfranklin.2021.06.019

Xu, R., & Özgüner, Ü. (2008). Sliding mode control of a
class of underactuated systems. Automatica, 44(1), 233–241.
https://doi.org/10.1016/j.automatica.2007.05.014

https://doi.org/10.3166/ejc.16.343-361
https://doi.org/10.1016/j.engappai.2017.06.021
https://doi.org/10.1016/j.isatra.2020.10.027
https://doi.org/10.1016/j.jfranklin.2017.10.034
https://doi.org/10.1016/j.sysconle.2016.10.009
https://doi.org/10.3182/20110828-6-IT-1002.00068
https://doi.org/10.1002/rnc.v31.2
https://doi.org/10.1109/TAC.2020.3014292
https://doi.org/10.1016/j.automatica.2012.02.008
https://doi.org/10.3182/20110828-6-IT-1002.00501
https://doi.org/10.1016/j.bspc.2015.04.004
https://doi.org/10.1016/j.neucom.2015.06.075
https://doi.org/10.1109/TAC.2008.929376
https://doi.org/10.3182/20120328-3-IT-3014.00072
https://doi.org/10.1109/TCSI.8919
https://doi.org/10.1016/j.ast.2018.08.011
https://doi.org/10.1016/j.jfranklin.2021.06.019
https://doi.org/10.1016/j.automatica.2007.05.014


14 N. JI ET AL.

Xu, Z., Gao, S., Han, X., & Yuan, J. (2020). Modeling and
feedback linearization based sliding mode control of diesel
engines for water jet propulsion vessels. Control Engineering
Practice, 105, 104647. https://doi.org/10.1016/j.conengprac.
2020.104647

Yan, X. G., & Edwards, C. (2008). Adaptive sliding-mode-
observer-based fault reconstruction for nonlinear systems
with parametric uncertainties. IEEE Transactions on Indus-
trial Electronics, 55(11), 4029–4036. https://doi.org/10.1109/
TIE.2008.2003367

Yan, X. G., Spurgeon, S. K., & Edwards, C. (2005). Dynamic
sliding mode control for a class of systems with mis-
matched uncertainty. European Journal of Control, 11(1),
1–10. https://doi.org/10.3166/ejc.11.1-10

Yan, X.G.., S. K. Spurgeon,&Edwards, C. (2013).Decentralised
stabilisation for nonlinear time delay interconnected systems
using static output feedback. Automatica, 49(2), 633–641.
https://doi.org/10.1016/j.automatica.2012.11.040

Yan, X. G., Spurgeon, S. K., & Edwards, C. (2014). Memory-
less static output feedback sliding mode control for nonlin-
ear systems with delayed disturbances. IEEE Transactions
on Automatic Control, 59(7), 1906–1912. https://doi.org/
10.1109/TAC.9

Yan, X. G., Spurgeon, S. K., & Edwards, C. (2017). Variable
structure control of complex systems. Springer.

Yang, X., & He, H. (2021). Decentralized event-triggered
control for a class of nonlinear-interconnected systems
using reinforcement learning. IEEE Transactions on Cyber-
netics, 51(2), 635–648. https://doi.org/10.1109/TCYB.622
1036

Yang, Y., & Niu, Y. (2020). Event-triggered adaptive neu-
ral backstepping control for nonstrict-feedback nonlinear
time-delay systems. Journal of the Franklin Institute, 357(8),
4624–4644. https://doi.org/10.1016/j.jfranklin.2020.02.003

Zhang, X. (2020). Robust integral sliding mode control for
uncertain switched systems under arbitrary switching rules.
Nonlinear Analysis: Hybrid Systems, 37(8). https://doi.org/
10.1016/j.nahs.2020.100900

Zhou, X. C., Wang, Y. C., Zhang, W. M., Yang, W. L.,
Zhang, Y. W., & Xu, D. Z. (2020). Actuator fault-tolerant
load frequency control for interconnected power sys-
tems with hybrid energy storage system. Energy Reports,
6(12), 1312–1317. https://doi.org/10.1016/j.egyr.2020.11.028

https://doi.org/10.1016/j.conengprac.2020.104647
https://doi.org/10.1109/TIE.2008.2003367
https://doi.org/10.3166/ejc.11.1-10
https://doi.org/10.1016/j.automatica.2012.11.040
https://doi.org/10.1109/TAC.9
https://doi.org/10.1109/TCYB.6221036
https://doi.org/10.1016/j.jfranklin.2020.02.003
https://doi.org/10.1016/j.nahs.2020.100900
https://doi.org/10.1016/j.egyr.2020.11.028

