
Design of Decentralized Adaptive
Sliding Mode Controller for the
Islanded AC Microgrid With Ring
Topology
He Jiang1,2*, Mofan Wei1,2, Yan Zhao1,2 and Ji Han1,2

1School of Renewable Energy, Shenyang Institute of Engineering, Shenyang, China, 2Key Laboratory of Regional Multi-energy
System Integration and Control of Liaoning Province, Shenyang, China

Sliding mode control can restrain the perturbations generated from the intermittence of the
renewable energy generation and the randomness of local loads when microgrids are
operating in islanded mode. However, the microgrid consists of several subsystems and
the interactions among them will cause the chattering problems under the overall sliding
mode control. In this paper, the chattering restraint issues for voltage control of the
islanded microgrid with a ring topology structure are investigated based on the
decentralized adaptive sliding mode control strategies. Firstly, we construct a tracking
error system with interconnections considering the power transmission among
subsystems and nominal values of system states. Secondly, we design linear matrix
inequalities (LMIs) according to the H∞ attenuation performance of the system external
disturbances. Then, the tracking error performance and the control precision are
guaranteed via the asymptotic stabilities of integral sliding mode surfaces. Adaptive
laws are utilized to address the chattering problems of the sliding mode control.
Finally, simulation results verify the effectiveness of the proposed decentralized control
methods.
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INTRODUCTION

Recently, there are abundant distributed generating devices permeating in the modern electric power
systems for achieving the environment protection and the effective and flexible control of grids. In order to
ensure the extensiveness and security of the power supply, microgrids have been the main form to transmit
electricity to local loads for remote regions, which can operate in islanded mode or grid-connected mode
(Mahmoud et al., 2014). Actually, an AC islanded microgrid consisting of distributed generation units
(DGus) and energy storage devices can supply power to local loads steadily in low voltage magnitude
(Kabalan et al., 2017). Because the microgrid contains numerous power electronic facilities, such as voltage
source converters (VSC) et al., it is lack of immense inertia provided by rotating devices comparing with
conventional grids (Zou et al., 2019). Furthermore, the renewable generation devices are usually affected by
weather conditions and the power generated from them is usually intermittent and uncertain, so it is more
complicated to realize the stable control of the multi-area microgrid voltage when it is in islanded mode
(Zhou et al., 2021). At present, there are different control strategies to solve the voltage control problems of
multi-area microgrids and optimize the control performance in islanded mode in order to improve the
reliability and effectiveness of the power supply (Divshali et al., 2012; Sahoo et al., 2018).
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The conventional control methods for multi-area microgrids
operating in islanded mode demonstrate several disadvantages.
The close-loop proportional-integral-derivative (PID) voltage
control strategy can not estimate the errors between state
variables and the nominal sinusoidal voltages accurately.
Additionally, this control strategy presents bad control
performance for restraining the inner parameter perturbations,
such as frequency fluctuations (Vandoorn et al., 2013; Chen et al.,
2015; Sefa et al., 2015). Zeb et al. (2019) combined the PID control
method with fuzzy principles and designed the proportional
resonant harmonic compensator as a current controller.
Moreover, a phase lock loop (PLL) was designed to promote
the speed of the system dynamic response. A comparison between
fuzzy sliding mode control (FSMC) and fuzzy PID control
illustrated that the dynamic response speed was lower and the
tracking error performance was less precise via the fuzzy PID
method. Considering that microgrids are sensitive about the
system parameter variations, so the droop control technology
is proposed to improve the robustness of microgrids via
simulating the droop relationships among different electrical
parameters (Avelar et al., 2012; Beerten and Belmans, 2013;
Eren et al., 2015; Wang et al., 2019; Wang et al., 2021). Mi
et al. (2019) modified traditional linear droop control strategies
and utilized nonlinear droop relationships to describe the
interactions between reactive power and voltages. The T-S
fuzzy theory was applied to approximate the nonlinear model
accurately and coordinate power among each DGu. Nevertheless,
there were also errors between stable values and nominal values of
voltages. Recently, sliding mode control (SMC) strategies are
extensively applied in the stability control of microgrids for the
superior asymptotic stability and robustness against parameter
uncertainties (Hu et al., 2010; Karimi et al., 2010; Liu et al., 2017).
An integration model of microgrids with complex meshed
topology structures and several DGus was constructed to
achieve the power sharing and voltage robust control
(Cucuzzella et al., 2017; Wang et al., 2020). But the integration
model could not represent actual interaction effects in different
subsystems and the chattering was serious. Mi et al. (2020)
proposed an adaptive sliding mode control strategy based on
the sliding mode observer for wind-diesel power systems. The
microgrid bus voltage showed remarkable stability via regulating
the reactive power in terms of this method. Contrarily, the
disturbance observer and adaptive algorithm brought in
numerous parameters and promoted the complexity of the
control system. To figure out the problem of harmonic
disturbance in microgrids, Esparza et al. (2017) proposed a
comprehensive control strategy to restrain the harmonic
currents generated from DGus in AC microgrids. As shown in
the simulation results, this strategy could cause the chattering
phenomenon inherently.

Motivated by the aforementioned discussions, for the multi-
area microgrid with a ring topology, the decentralized voltage
control model will represent more appropriate relationships
among the parameters in each local subsystem comparing with
the integrated one. In addition, the adaptive sliding mode control
(ASMC) strategy, which will be designed according to H∞
attenuation performance of each subsystem, can ensure the

robustness of the interconnected systems against mismatched
uncertainties and external perturbations.

The main contributions of this paper can be summarized as
follows:

1) The established multi-area microgrid model can depict the
interactions among subsystems appropriately;

2) The reliability of solutions and the attenuation performance of
external disturbances can be ensured based on the linear
matrix inequalities (LMIs);

3) The proposed decentralized ASMC can restrain the chattering
of the microgrid.

The rest of research includes four sections. Section Dynamical
Models of Multi-Area Interconnected Microgrids constructs state
functions with interconnections representing the topology
structure of microgrid systems and defines tracking error
models based on the nominal values of the state variables.
Section Proposed Decentralized Adaptive Sliding Mode Voltage
Controller introduces the designed decentralized voltage
controllers in terms of the proposed ASMC theory. Section
Simulation Results provides the simulation results and Section
Conclusion illustrates the conclusion.

DYNAMICAL MODELS OF MULTI-AREA
INTERCONNECTED MICROGRIDS

In order to explain the power transmission among the multi-area
microgrid, the electrical three-phase diagram of the ring topology
system composed four DGus is shown in Figure 1. The researched
microgrid consists of local loads, power transmission lines and
DGus. Because of various energy storage components in
renewable generation systems, the DGus could be represented as
DC voltage sources. The DGus connect with the points of common
coupling (PCC) via VSCs and filters and provide power to local
loads. PCCs can also link one of areas of the microgrids to another
and connect microgrids with main grids.

Considering the ring topology structure of the microgrid and
the power transmission orientations among different areas, the
voltage control model of subsystem i with interconnections in the
dq-coordinates in terms of Kirchhoff’s Curent Law (KCL) and
Kirchhoff’s Voltage Law (KVL) can be obtained as follows,

Cti
_Vdi � ωVqi + Itdi − Ildi − Idi + ∑

j∈N

j≠ i

ξ ijIdj (1)

Cti
_Vqi � −ωVdi + Itqi − Ilqi − Iqi + ∑

j∈N

j≠ i

ξijIqj (2)

Lti
_Itdi � −Vdi − RtiItdi + ωLtiItqi + Udi (3)

Lti _Itqi � −Vqi − RtiItqi − ωLtiItdi + Uqi (4)

Li
_Idi � Vdi − ∑

j∈N

j≠ i

ξijVdj − RiIdi + ωLiIqi (5)
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Li
_Iqi � Vqi − ∑

j∈N

j≠ i

ξijVqj − RiIqi − ωLiIdi (6)

y1i � Vdi (7)

y2i � Vqi (8)

where N is the number of DGus in microgrids, Lti, Cti and Rti

represent the inductance, capacitance and resistance of the
filter connected with the DGu in subsystem i, respectively.
The microgrid subsystems in various areas are integrated via
interconnecting lines. Li and Ri are the inductance and resistance
of the interconnecting line between subsystem i and the adjacent
subsystem. ξij is the orientation of the interconnecting line
current between subsystem i and subsystem j (i≠ j). ξij � 1
and ξij � −1 represent the current flows into and flows out the
subsystem i. However, ξij � 0 represents there is no power
exchange between subsystem i and subsystem j. Vdi and Vqi

are the direct and quadrature components of the PCC voltage in
subsystem i. Idi and Iqi are the direct and quadrature components
of interconnecting line i. Itdi, Itqi, Udi and Uqi are the direct and
quadrature components of the current and voltage generated
from DGu in subsystem i. Ildi and Ilqi are the direct and
quadrature components of local loads. The randomness of the
local loads and the power generation intermittence of DGus will
cause frequency fluctuation inmicrogrids. Therefore, we introduce

the parameter uncertainties and donate system frequency
ω � ω0 + Δω. The matrix form of the dynamic (1)–(8) can be
written as

⎧⎪⎪⎪⎨⎪⎪⎪⎩
_xi(t) � (Ai + ΔAi(t))xi(t) + Biui(t) + ∑

j∈N

j≠ i

Eijxj(t) + Fidi(t)

yi(t) � Cixi(t)
(9)

where

Ai �

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 ω0
1
Cti

0 − 1
Cti

0

−ω0 0 0
1
Cti

0 − 1
Cti

− 1
Lti

0 −Rti

Lti
ω0 0 0

0 − 1
Lti

−ω0 −Rti

Lti
0 0

1
Li

0 0 0 −Ri

Li
ω0

0
1
Li

0 0 −ω0 −Ri

Li

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

;

FIGURE 1 | The structure of interconnected microgrids with ring topology.
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ΔAi �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 Δω 0 0 0 0
−Δω 0 0 0 0 0
0 0 0 Δω 0 0
0 0 −Δω 0 0 0
0 0 0 0 0 Δω
0 0 0 0 −Δω 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
;

Eij �

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 0
ξ ij
Cti

0

0 0 0 0 0
ξij
Cti

0 0 0 0 0 0

0 0 0 0 0 0

−ξ ij
Li

0 0 0 0 0

0 −ξij
Li

0 0 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

;

Bi �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
0 0

1
Lti

0 0 0

0 0 0
1
Lti

0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
T

;

Fi �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
− 1
Cti

0 0 0 0 0

0 − 1
Cti

0 0 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
T

;

where xi � [VdiVqiItdiItqiIdiIqi ]
T ∈ R6 is the state variable vector, ui �

[UdiUqi]
T ∈ R2 is the control input vector, di(t) � [IldiIlqi]

T ∈ R2 is
the external disturbance vector and yi � [VdiVqi]

T ∈ R2 is the
output vector. Ai ∈ R6×6, Bi ∈ R6×2 and Fi ∈ R6×2 are the
system matrix, control input matrix and the external
disturbance matrix of the ith voltage control model of the
microgrid. ΔAi ∈ R6×6 is a time-varying matrix representing the
frequency fluctuation and Eij ∈ R6×6 is the interconnection gain
matrix consisting of ξij and the parameters of interconnecting line i.

Assume that the nominal vector of the state vector in
subsystem i is xpi � [Vp

diV
p
qiI

p
tdiI

p
tqiI

p
diI

p
qi]

T and _xpi � 0. We define
the error vector

ei(t) �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Vdi − Vp
di

Vqi − Vp
qi

Itdi − Iptdi
Itqi − Iptqi
Idi − Ipdi
Iqi − Ipqi

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
� xi(t) − xpi . (10)

In view of (9), the corresponding error dynamic model in
subsystem i can be expressed by

_ei(t) � (Ai + ΔAi(t))ei(t) + Biui(t) + ∑
j∈N

j≠ i

Eijej(t) + fi(t) (11)

where fi(t)bFidi(t) + (Ai + ΔAi(t))xpi + ∑
j∈N

j≠ i

Eijxpj represents the

integration term of exogenous disturbance and parameter

uncertainty based on nominal vector, which is Euclidean norm
bounded by

����fi(t)����≤ ρi, in which

����fi(t)���� �
������������������
Fidi(t) + (Ai + ΔAi(t))xpi + ∑

j∈N

j≠ i

Eijx
p
j

�������������������

≤
����Fi��������di(t)���� + ����Aix

p
i

���� + ����aixpi ���� +
�������������������
∑
j∈N

j≠ i

Eijx
p
j

�������������������
� ρi.

(12)

For the later proof proceedings, we introduce the following
lemmas, which can be needed to ensure the asymptotic stability of
the system.

Lemma 1: (Mnasri and Gasmi, 2011) Consider the following
unforced system:

{ _x � Ax + Hω
y � Cx

This system is regarded as quadratically stable and satisfies the
H∞ norm

����Tyω

����∞< c. If there exists a quadratic Lyapunov
function V(x) � xTPx, with P > 0, then, for all t > 0,

_V + yTy − c2ωTω< 0

Lemma 2: (Mnasri and Gasmi, 2011) Let x and y be any vectors
with appropriate dimensions. Then, for any scalar ϵ> 0, the
following inequality holds:

2xTy ≤ ∈xTx + ∈−1yT

Lemma 3: (Mnasri and Gasmi, 2011) Consider a partitioned
symmetric matrix

[A BT

B C
],

where A and C are square matrices with appropriate dimensions.
Then, this matrix is negative define if and only if the matrix A and
C − BA−1BT are negative define.

PROPOSED DECENTRALIZED ADAPTIVE
SLIDING MODE VOLTAGE CONTROLLER

The adaptive algorithm can optimize the parameters in controller and
the decentralized strategy can improve the control performance.
Design proceedings of sliding surface need to consider the
stabilizing, tracking and restraining performance of the system. The
sliding mode control law usually contains two parts, the switching
control law and the equivalent control law. The former one can force
the system state to approximate to the sliding surface when it deviates
from the surface and the latter one can ensure the system state to keep
on the sliding surface when it reaches on the surface.

In order to design decentralized adaptive sliding mode voltage
control laws for error dynamic model (11), the following
assumptions are introduced.
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Assumption 1: All the parameter uncertainty matrices caused
by frequency fluctuations are viewed as bounded. That means

‖ΔAi(t)‖≤ ai. (13)

Assumption 2: For each subsystem i,

∑N
j�1,j≠ i

ET
ji Eji > 0. (14)

For improving the dynamic response performance, we define the
following integral sliding mode surface as

si(t) � Hiei(t) − ∫
t

0

Hi[(Ai − BiKi)ei(τ)]dτ. (15)

where Hi ∈ R2×6 is a constant matrix satisfying HiBi is non-
singular and HiBi is positive for all i ∈ N . Ki ∈ R2×6 is the
feedback matrix to be obtained via solving LMIs.
Substituting Equation 11 into the derivative of sliding surface
(15) yields

_si(t) � Hi

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣(ΔAi(t) + BiKi)ei(t) + Biui(t) + ∑
j∈N

j≠ i

Eijej(t) + fi(t)
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦.

(16)
When the state trajectory of the tracking error system arrive and keep
on the sliding mode surface, it would satisfy the following equation.

si(t) � 0 and _si(t) � 0 (17)

Based on Equation 17, equivalent control law can be
represented as

uieq(t) � −Kiei(t) − (HiBi)−1Hi[ΔAi(t)ei(t) + ∑
j∈N

j≠ i

Eijej(t) + fi(t)].

(18)

Substituting Equation (18) into (11), the sliding mode dynamic
equation can further be expressed as

_ei(t) � (Ai − BiKi + B̃iΔAi(t))ei(t) + B̃i ∑
j∈N

j≠ i

Eijej(t) + B̃ifi(t)

(19)
where B̃i � I − Bi(HiBi)

−1Hi. Equation 19 shows amore complicated
tracking error system with parameter uncertainties and external
disturbances. In the following procedures, we utilize the Lyapunov
theory to analysis the system stability and the tracking performance to
the nominal values of currents and voltages in each subsystem.
Furthermore, we consider the H∞ disturbance attenuation
performance of interconnected system and design LMIs in terms of
an H∞ norm ci.

Theorem 1: Assume that the tracking error system (19)
satisfies Assumption 1 and Assumption 2. If there exists a

feasible solution Xi > 0, and Ri satisfies the following LMI (20),
then we consider uncertain system (19) matches the H∞
condition.

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ωi B̃iẼi B̃i XiC
T
i aibiXi Xi

p −I 0 0 0 0
p p −c2i I 0 0 0
p p p −I 0 0
p p p p −ε−11 I 0
p p p p −ω0 −E−1

i

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
< 0 (20)

where Ωi � XiAT
i + AiXi − BiRi − RT

i B
T
i + εiI and εi > 0 is a

positive scalar. We consider the sliding mode surface

si(t) � Hiei(t) − ∫
t

0

Hi[(Ai − BiRiX
−1
i )ei(τ)]dτ (21)

is asymptotic stable.
Proof: Select the following Lyapunov function for tracking error
system (19).

V1i(t) � eTi (t)Piei(t) (22)

Based on an H∞ performance bound for the closed-loop system
(19), one can obtain the following derivative.

Ji � _V1i(t) + yTi yi − c2i f
T
i (t)fi(t)

� 2_eTi (t) Piei(t) + +yTi yi − c2i f
T
i (t)fi(t)

� eTi (t)(AT
i Pi + Pi Ai − KT

i B
T
i Pi − PiBiKi)ei(t)

+2eTi (t)ΔAT
i (t)B̃T

i Piei(t) + 2 ∑
j∈N

j≠ i

eTj (t)ET
ij B̃

T
i Piei(t)

+2f Ti (t)B̃T
i Piei(t) + eTi (t)CT

i Ciei(t) − c2i f
T
i (t)fi(t)

(23)

If
����B̃i

����≤ bi and Assumption one is satisfied, using Lemma 1,
we get

2eTi (t)ΔAT
i (t)B̃T

i Piei(t)
≤ εieTi (t)P2

i ei(t) + ε−11 eTi (t)ΔAT
i (t)B̃T

i B̃iΔAi(t)ei(t)
≤ eTi (t)[εiP2

i + ε−11 a2i b
2
i I]ei(t).

(24)

Consider ζTi � [eTi , e
T
i1,/, eTiN , f

T
i ] without eTii . Equation 23 can

be rewritten as

Ji � _V1i(t) + yTi yi − c2i f
T
i (t)fi(t)

� ζTi

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
Λi PiB̃iEi1 / PiB̃iEiN PiB̃i

p −I 0 0 0
p p 1 0 0
p p p −I 0
p p p p −c2i I

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ζ i + ∑
j∈N

j≠ i

eTj ej − eTi Eiei,

(25)
where Λi � AT

i Pi + PiAi − KT
i B

T
i Pi − PiBiKi + εiP2

i + ε−11 a2i b
2
i I

+CT
i Ci + Ei, and Ei � ∑ ET

ij Eij .The system under the equivalent
control law is stable, if there is a feasible solution for the following LMI.

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
Λi PiB̃iEi1 / PiB̃iEiN PiB̃i

p −I 0 0 0
p p 1 0 0
p p p −I 0
p p p p −c2i I

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦< 0 (26)
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Define Ẽi � (Ei1,/, EiN), Xi � P−1
i , and Ri � KiXi. After pre-

multiplying and post-multiplying (26) by diag[Xi, I,/, I ],
Equation 26 can be rewritten as

⎡⎢⎢⎢⎢⎢⎢⎣ Ω̃i B̃iẼi B̃i

* −I 0
* * −c2i I

⎤⎥⎥⎥⎥⎥⎥⎦< 0, (27)

where Ω̃i � XiAT
i + AiXi − BiRi − RT

i B
T
i + εiI + ε−1i a2i b

2
i X

2
i +

XiCT
i CiXi + XiEiXi. Then, the LMI (20) is obtained with the

method of Lemma three and the proof is completed.In the
following section, we design the switching control in terms of
adaptive algorithm to restrain the state chattering.

Theorem 2: Design the following controller (28) for
closed-loop system (11) in terms of the feasible solution
obtained via (20) and the system dynamic is asymptotic stable
based on

ui(t) � −Kiei(t) − H̃iâi(t)ei(t) − H̃i ∑
j∈N

j≠ i

Eijej(t) − ρ̂i(t)H̃i
HT

i si(t)����sTi (t)Hi

����
(28)

where H̃i � (HiBi)
−1Hi and the adaptive laws are

_̂ai(t) � qi1s
T
i (t)Hiei(t) (29)

_̂ρi(t) � qi2
����sTi (t)Hi

���� (30)

where qi1 and qi2 are positive parameters.
Proof: Let us consider the following Lyapunov function:

V2i(t) � 1
2
sTi (t)si(t) +

1
2qi1

ã2i (t) +
1

2qi2
ρ̃2i (t) (31)

where ãi(t) � ai − âi(t), and ρ̃i(t) � ρi − ρ̂i(t). Based on (28), (29)
and (30), its derivative is given by

_V2i(t) � sTi (t)_si(t) +
1
qi1

ãi(t)( − _̂ai(t)) + 1
qi2

ρ̃i(t)( − _̂ρi(t))
� sTi (t)(Hi _ei(t) −Hi(Ai − BiKi)ei(t))
−ãi(t)sTi (t)Hiei(t) − ρ̃i(t)

����sTi (t)Hi

����
� sTi (t)HiΔAi(t)ei(t) − sTi (t)Hiâi(t)ei(t)

+sTi (t)Hifi(t) − ρi(t)sTi (t)Hi
HT

i si(t)����sTi (t)Hi

����
−ãi(t)sTi (t)Hiei(t) − ρ̃i(t)

����sTi (t)Hi

����
� sTi (t)HiΔAi(t)ei(t) − ais

T
i (t)Hiei(t)

+sTi (t)Hifi(t) − ρi
����sTi (t)Hi

����
≤ ‖ΔAi(t)‖sTi (t)Hiei(t) − ais

T
i (t)Hiei(t)

+����fi(t)��������sTi (t)Hi

���� − ρi
����sTi (t)Hi

����≤ 0

(32)

Obviously, the derivative of the Lyapunov function V2i(t)≤ 0 is
verified. That means the system states will reach the designed
sliding mode surface in finite time for arbitrary si(t)≠ 0. Then, the
proof is completed.

SIMULATION RESULTS

In this section, the proposed decentralized ASMC strategy is
applied in the voltage control of microgrid with ring topology.
The microgrid on study contains four DGus (N � 4) and the
nominal frequency is 60Hz, that means ω0 � 120πrad/s. The
electrical parameters of the subsystems and interconnecting lines
are concluded in Table 1 and Table 2, respectively.

The intermittence of the renewable generation and the
uncertaintiy of the local load in microgrid will influence the
power sharing among subsystems and cause frequency
fluctuation indirectly. In this case, we consider the frequency
fluctuation Δω � sin(1000πt), the current generated by DGu in
subsystem one is increased by 20% at t � 1s and recover to the
original state at t � 2s. Furthermore, the current generated by
DGu in subsystem three is reduced by 50% at t � 1s and recover
to the original state at t � 2s. On the contrary, the operation states
in subsystem two and four are constant. In order to ensure the
power sharing, the voltages of PCCs and currents of
interconnecting lines should also change. The reference values
of voltages and currents in each subsystem are expressed in
Table 3.

In the following simulation procedures, we analysis the
simulation results and verify the validity of the proposed
decentralized ASMC strategies under frequency disturbances
and local load uncertainties. Because the system uncertainties
are bounded, we can get ai ≥ 1, bi � 1.7321. The initial states are
e1(0) � [5 − 32 − 0.2 1.5 1.5]T , e2(0) � [4.5 − 3.1 4 − 0.1 1.5 2]T , e3(0) �
[4.4 − 3.2 1.7 − 0.1 2.5 1.7]T and e4(0) � [4.3 3.5 3.2 − 0.2 1.8 2.6]T .
According to Theroem 1, a couple of feasible solutions can be
obtained as follows,

H1 � [ 0.0095 0 0.0095 0 0.0095 0
0 0.0095 0 0.0095 0 0.0095

],
H2 � [ 0.0092 0 0.0092 0 0.0092 0

0 0.0092 0 0.0092 0 0.0092
],

H3 � [ 0.0087 0 0.0087 0 0.0087 0
0 0.0087 0 0.0087 0 0.0087

],
H4 � [ 0.0083 0 0.0083 0 0.0083 0

0 0.0083 0 0.0083 0 0.0083
],

K1 � [ 9214.5902 0 2416.5281 0 −6560.1562 0
0 9214.5902 0 2416.5281 0 −6560.1562 ],

K2 � [ 8795.6529 0 2451.4103 0 −8789.3652 0
0 8795.6529 0 2451.4103 0 −8789.3652 ],

K3 � [ 10225.614 0 2484.2629 0 −12448.709 0
0 10225.614 0 2484.2629 0 −12448.709 ],

K4 � [ 8079.6892 0 2208.2329 0 5562.70592 0
0 8079.6892 0 2208.2329 0 5562.70592

].

In order to restrain the mismatched uncertainties and external
disturbances, for tracking error system (11), the adaptive parameters
are selected as

q11 � 1.2, q21 � 0.9, q31 � 1.1, q41 � 1.5
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TABLE 1 | Electrical parameters of the microgrid.

Subsystems Filter parameters Capacitance

Rti (mΩ) Lti (mH) Cti (μF)

Subsystem 1 40.2 9.5 62.86
Subsystem 2 38.7 9.2 62.86
Subsystem 3 34.6 8.7 62.86
Subsystem 4 31.8 8.3 62.86

TABLE 2 | Electrical parameters of the interconnecting lines.

Line impedance Zi Ri (Ω) Li (mH)

Line 1 7.6 111.9
Line 2 8 140
Line 3 7.3 165
Line 4 7.8 190

TABLE 3 | The reference values of state variables in each subsystem.

Time(s) Subsystem1 Subsystem2

Voltages (V) Currents (A) Voltages (V) Currents (A)

Vp
d1 Vp

q1 Iptd1 Iptq1 Vp
d2 Vp

q2 Iptd2 Iptq2

0–1 390 −0.5 50.2 −10.6 370 −1 100.1 −6.8
1–2 385 −0.5 70.2 −10.6 370 −1 100.1 −6.8
2–3 390 −0.5 50.2 −10.6 370 −1 100.1 −6.8

Time(s) Subsystem3 Subsystem4

Voltages (V) Currents (A) Voltages (V) Currents (A)

Vp
d3 Vp

q3 Iptd3 Iptq3 Vp
d4 Vp

q4 Iptd4 Iptq4

0–1 360 −0.6 40.1 −1.8 350 −1 80.1 −10.4
1–2 365 −0.6 20.1 −1.8 350 −1 80.1 −10.4
2–3 360 −0.6 40.1 −1.8 350 −1 80.1 −10.4

FIGURE 2 | Time evolution of the d-component of currents generated from DGus.
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q12 � 1.0, q22 � 3.2, q32 � 3.7, q42 � 5.74

The voltages and currents of the islanded microgrid
demonstrate superior robustness and tracking error
performance under the proposed decentralized ASMC strategy.
The time evolutions of the dq-components of the currents

generated from each DGu are depicted in Figure 2 and
Figure 3 respectively in the case of load currents mutation.
Ild1 increases 20 A at t � 1s and Itd1 increases 20 A
synchronously, while Itq1 does not change significantly.
Similarly, the current generated from DGu3 varies with the
local load current in subsystem 3, and the current dynamic

FIGURE 3 | Time evolution of the q-component of currents generated from DGus.

FIGURE 4 | Time evolution of the d-component of voltages of PCCs.

Frontiers in Energy Research | www.frontiersin.org August 2021 | Volume 9 | Article 7329978

Jiang et al. Decentralized ASMC for Islanded Microgrid

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


curves illustrate excellent robustness when local load current
mutates.

The time evolutions of the dq-components of the PCC voltages
of each subsystem are shown in Figure 4 and Figure 5.
Considering the load current variations in the interconnected
microgrid system, Vd1 is decreased by 5 V and Vd3 is increased by

5 V. Meanwhile, Id1 provided by subsystem one is reduced and Id3
provided to subsystem four is improved. Then, the power sharing
among each subsystem can be ensured. As shown in Figure 4,
there exist deviations between initial voltage values and nominal
values, but the system voltages can also track to the nominal
values and maintain stable. When the d-components of the

FIGURE 5 | Time evolution of the q-component of voltages of PCCs.

FIGURE 6 | Time evolution of the d-component of currents of interconnecting lines.
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voltages change in small scales, the q-components of the voltages
fluctuate and remain stable in a short time.

The time evolutions of the dq-components of the currents of
interconnecting lines are represented in Figure 6 and Figure 7.
Under the influence of mutations of load currents and PCC

voltages, the currents of interconnecting lines are only influenced
by the voltages of PCCs and do not deviate from the reference
values appreciably, which illustrates the remarkable robustness of
proposed ASMC strategy against the external disturbances and
mismatched uncertainties. That also means the changes of local

FIGURE 7 | Time evolution of the q-component of currents of interconnecting lines.

FIGURE 8 | Three-phase waveforms of currents generated from DGu1 and DGu2.
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load currents will not influence the stability of the general microgrid.
Notably, the current orientation of line four is opposite compared with
the currents of other lines because the voltage of PCC four is lower than
that of PCC1.

Figure 8 and Figure 9 depict the three-phase waveforms of
currents generated from DGus. Figure 10 and Figure 11 depict the
three-phase waveforms of voltages of PCCs in subsystem one and
subsystem 3. In islanded mode, the decentralized controllers are

FIGURE 9 | Three-phase waveforms of currents generated from DGu3 and DGu4.

FIGURE 10 | Three-phase waveforms of PCC1 voltage.
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mainly designed to standardize the voltage and current waves and
improve the power quality of ACmicrogrid. In Figure 8 and Figure 9,
the amplitude of three-phase wave of the current generated from
DGu1 increases 20 A and that of DGu3 decreases 20 A at t � 1s,
which matches with the variations of load currents. In Figure 10 and
Figure 11, it is obvious that the three-phase waves of the voltages of
PCC1 and PCC3maintain in standardwaveform and the effectiveness
and reliability can be proved adequately.

CONCLUSION

In this paper, the chattering restraint issues for voltage
control of the islanded microgrid with a ring topology
structure have been solved via decentralized adaptive
sliding mode control strategies. The constructed tracking
error system with interconnections has depicted the
interaction among each subsystem appropriately. The
control matrices in sliding mode surfaces have been
obtained via solving the LMIs, which combine the H∞
attenuation performance of the system external
disturbances with the asymptotic stabilities of integral
sliding mode surfaces. The controller parameters have
been optimized by means of adaptive algorithms. The
simulation results have illustrated the effectiveness of the

proposed decentralized ASMC strategies. In future, further
research will be extended to the nonlinear and time-delay
system.
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FIGURE 11 | Three-phase waveforms of PCC3 voltage.
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