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Abstract: In this paper, an adaptive fuzzy sliding-mode control (AFSMC) system is investigated for
an islanded inverter to achieve a high-performance power supply. A sliding mode control (SMC)
law is designed initially to obtain both the voltage tracking error and the current tracking error of
the inverter involved, to realize both the output-voltage regulation and the current protection with
global stability. Moreover, to deal with uncertainties in the practical inverter system without the
chattering phenomenon, an adaptive fuzzy system embedded with a self-adjustive translation width
is developed to replace the switch term of the SMC. In addition, the adaptation laws, derived from the
Lyapunov stability theorem, adjust the AFSMC parameters online to guarantee optimal and robust
performance. Furthermore, the superior control performance of the proposed AFSMC is verified by a
numerical simulation in MATLAB, producing experimental results on the prototype in comparison
with the conventional SMC.

Keywords: islanded inverter; robustness control; adaptive fuzzy sliding-mode control (AFSMC)

1. Introduction

With the acceleration of the world’s energy transformation, and the increasing pro-
portion of distributed energy resources (DER) including photovoltaic, wind energy, and
fuel cell, etc., [1-4], the supporting micro-grid (MG) plays an increasingly important role in
the energy structure, especially in remote areas. To promote the local development and
utilization of DER, some small-scale distributed generation (DG) installations are built to
supply energy for local electrical appliances. In addition, different DGs can be paralleled
to the point of common coupling (PCC) to construct a large-capacity islanded MG sys-
tem [5-7]. Taking into account the diversity of the DER, high performance inverters are
essential to ensure the proper operation of local loads and efficient utilization of DG units,
which work as an electronic interface to translate direct current (DC) power from the DGs
to the same alternating current (AC) power as the utility grid in terms of frequency and
amplitude [8-10]. The inverters are known as islanded inverters and have the promising
advantages of being clean, low carbon, and an efficient use of DER.

The islanded inverter works as a voltage source converter (VSC) with system uncer-
tainties containing the DC voltage fluctuation in the front end, the external load disturbance
in the output terminal, the parameter variation and unmodeled dynamic in the inverter,
and the connection and disconnection of slave inverters in the master-slave MG [11,12]. A
robust control scheme is mandatory for the local controller design to enhance the perfor-
mance of the islanded inverter. The proportional-integral (PI) control framework is widely
adopted in direct-current-controlled inverters [13,14] due to the simple structure, low cost,
and ease of realization. Unfortunately, only in the direct current (DC) system can static
error be eliminated, therefore the coordinate transformation is required. Moreover, perfect
control performance cannot be guaranteed considering the nonlinear characteristics and
system uncertainties. A proportional resonant (PR) control scheme [15] can realize no static
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error tracking of sinusoidal command. However, it is sensitive to frequency deviation and
difficult to design and implement on digital processors.

As a typical discrete and nonlinear control scheme, finite control set-model predictive
control (FCS-MPC) has been extensively investigated and utilized in power electronics
inverters [16-27], which directly calculates all possible switching states based on the math-
ematical model of the inverters and determines the optimal switching state according
to a specified cost function without the requirement of the modulators. The FCS-MPC
strategy presents its excellent merits in its fast dynamic response, easy implementation,
and the ability to handle nonlinearity. However, considering that there is no pulse width
modulation (PWM) process in the FCS-MPC scheme, and only one optimal switching
state is selected in each control period, the variable switching frequency and scattered
harmonic spectrum in the output are inevitable, which is a challenge for the filter design.
Compared to three-phase and other multilevel inverters, the control performance will be
degenerated with higher total harmonic distortion (THD) in single-phase inverters due to
the less finite switching state [21]. Moreover, although the FCS-MPC allows taking multi-
control objectives into account via the cost function design, proper weight configuration
associated with the control performance is difficult and time-consuming. Furthermore,
the cost function generally does not conform to the definition of the Lyapunov function,
making it difficult to evaluate the control performance and analyze the stability of the
designed control system [26,27]. Furthermore, the control performance of the FCS-MPC
strategy heavily depends upon the accuracy of the model parameters. Therefore, extra
disturbance observers are needed to reduce the parameter mismatches in the prediction pro-
cess, especially the sliding mode-based observers [23-25,28], as these are the most widely
used to improve the robustness of the system. For example, sliding mode observers (SMO)
were designed for disturbance detection to enhance the robustness of the current controller
against parameter uncertainties in the Micro-grid with uncertain electric vehicle energy
storage systems [25]. The simulation results verify the effectiveness of the SMO-based
FCS-MPC controller. With a different approach from the compensation strategy, Zhang
et al. [29] applied the sliding mode control (SMC) to regulate the speed of the induction
motors and constructed an SMC-MPC to improve the robust performance on parameter
uncertainties and load disturbances, and the stability of the proposed SMC-MPTC was
analyzed using Lyapunov stability theory. The experimental results justified the superiority
in disturbance rejection ability and robustness against the variation of the motor parameters
and the change in the load torque.

The nonlinear sliding mode control (SMC) is a famous alternative methodology with
significant robustness characteristics against system uncertainty. Therefore, the SMC
scheme with constant switching frequency has been widely applied in the control of elec-
tronic power converters [30-32], and the superior control performance of the SMC scheme
for the islanded inverter has been verified by compared numerical simulations and exper-
imental results with PI control in [11]. However, the inevitable chattering phenomenon
enforced by the discontinuous sign function in the SMC law may result in poor dynamic
response and sometimes even loss of system stability. Some improved control methods for
the SMC have been proposed to alleviate the disadvantage of the conventional SMC [33-35].
Chang et al. [33] introduced an integral compensation for terminal sliding mode control
(TSMC) to overcome the problems of steady-state error under disturbance for the DC/AC
inverter; the effectiveness was verified in a laboratory prototype. However, the sign func-
tion was still contained, and the output voltages appeared to show obvious distortions with
nonlinear loads. Observers of parameter perturbation and switching gain were designed to
construct an adaptive sliding mode controller (ASMC) in [34], which significantly reduced
the chattering caused by a larger switch gain and improved the disturbance rejection of
the islanded parallel inverters. SMC-based controllers were applied to a hybrid AC/DC
micro-grid in which to track the active/reactive power command in [35], and the switching
law was replaced by a saturation function to avoid unexpected chattering and improve
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control performance under nonlinear and unbalanced loads. Unfortunately, the control
accuracy was susceptible to the chosen width of the boundary layer.

Fuzzy logic control is a popular intelligent control methodology that can mimic the
reasoning processes of a human being. Furthermore, as a rule-based control strategy, it
has excellent robustness because of its independence due to the precise mathematical
model for the controlled plant. Concerning the nonlinear characteristics and the frequent
changing of operation dynamics in the DER-based islanded inverter system, fuzzy logic
has been extensively studied to handle the system with unpredictable uncertainties, which
are difficult to obtain for practical applications [36-38]. Annapoorani et al. [37] proposed
the fuzzy Logic-based integral controller for an isolated micro-grid to improve frequency
control performance against varied operating conditions. The higher dynamic performance
was validated compared with the conventional integral controller by simulation results.
The fuzzy space vector pulse width modulation (FSV-PWM) technique was proposed
in [38] to enhance the power quality of the inverter in the micro-grid cluster by optimizing
the dq current commands using fuzzy logic theory. The simulated results adhering to all
key global standards showed the effectiveness of the proposed FSV-PWM. Jiang et al. [15]
presented an optimal nonlinear fuzzy controller that combines offline particle swarm
optimization algorithm to adjust the parameters of the PR voltage and current controllers
for the inverter in an islanded micro-grid, in which the error and the change of error were
selected as the input variable of the fuzzy controller. However, for a high-order system
with multiple input variables, it inevitably resulted in a complex and high computational
burden control system. On the other hand, the global stability of the whole system was not
proven by rigorous theoretical analysis in the aforementioned conventional fuzzy-based
control system.

Today, the combination of fuzzy logic and the SMC has attracted great attention,
particularly for nonlinear uncertain systems, to reduce fuzzy rules and guarantee stability
by Lyapunov synthesis [39-44]. A fuzzy system was designed as the observer for the bound
approximation and adjustment of the switch gain in the control system of the PV grid-
connected inverter in [42], but the sign function and the chattering were still in the control
effort, and the parameters of the fuzzy logic cannot be adaptive to uncertainties. Hou and
Fei [43] proposed an adaptive fuzzy system to replace the sign function term to remedy
the chattering. Moreover, another adaptive fuzzy system was adopted to approximate the
unknown dynamics of the model to eliminate the dependence on an accurate model of the
active power filter. Fang and Fei employed [44] an adaptive fuzzy system to compensate for
the estimation error of the designed fuzzy neural network (FNN) observer and replaced the
sign function in the backstepping law for the active power filter to remedy the chattering
and suppress the current harmonics. However, both the FNN and the fuzzy system are
involved, which leads to a more complex inference mechanism and control structure. For a
high-performance islanded inverter system which considers certainties and is motivated
by the opening literature, this study develops a simple-structure adaptive fuzzy system
embedded with a translation width with a self-learning ability to estimate the switching
control effort in the SMC law.

The main motivations of this study are as follows: (1) First, a total sliding mode
surface is designed taking both the voltage tracking error and the current tracking error
into account for the control law of a conventional SMC. Furthermore, the current command
is determined according to the mathematical model and is limited in the control system
to protect the power switch from damage by external faults. In addition, the inverter
system states remain in the sliding motion from the initial instant without the reaching
phase, ensuring global robustness by the designed SMC law. (2) In order to remedy the
chattering phenomenon introduced by the switching part in conventional SMC and further
enhance the robustness against the system uncertainties in inverter application, an adaptive
fuzzy system embedded with the self-adjustive translation width is developed to mimic
the switching law of an SMC. Moreover, the designed model-free fuzzy logic control law
can efficiently compensate for the baseline model law without detailed information on
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the system uncertainties. (3) The adaptation algorithm of the translation width and the
parameter of the membership function are derived from the Lyapunov stability theorem.
Moreover, the convergence of the sliding mode surface and the approximation errors of the
parameters in the fuzzy system are proved by rigorous mathematical reasoning to guarantee
the stability of the designed adaptive fuzzy sliding-mode control (AFSMC) system.

The rest of the organization of this study that follows the introduction is described
below. The dynamic model of the islanded inverter is established in Section 2. The detailed
design process of the proposed adaptive fuzzy sliding mode control (AFSMC) system for
the islanded inverter is given in Section 3. Section 4 presents the numerical simulations and
experimental verification of the designed AFSMC system compared to the conventional
SMC scheme. Finally, some conclusions are summarized.

2. Dynamic Model of Islanded Inverter

The schematic diagram of an islanded inverter is depicted in Figure 1. A full-bridge
inverter equipped with four power switches (Ta, Ta—, T+, Tp_) is adopted to convert the
direct current (DC) voltage V. from the DER to an alternating current (AC) voltage v4p,
which can supply a high-quality voltage v, for the load (Z;) through a low-pass LC filter,
in which C is the filter capacitor at the DC side, Lf and Cf is the inductor and capacitor of
the LC filter in the AC side, respectively. i, ic, and i, are the currents of the inductor (Lf),
capacitor (Cy), and load (Z)), respectively. v s and vy are the voltages of the inductor (Ly)
and capacitor (Cy), respectively.

Islanded inverter Low-pass filter
+
T, T,.
! J DA+ ' J DB+
Distributed + A
Energy _
Resource d |C 8

Figure 1. Schematic diagram of islanded inverter.

Generally, the interface inverters for distributed energy resources (DER) are connected
to the point of common coupling (PCC) in parallel operation to expand the capacity.
Figure 2 shows the structure of a parallel-inverter system in the islanded micro-grid with
master-slave organization, in which an islanded inverter plays the role of master inverter
to regulate the output voltage and provide the current distribution command for the slave
inverter through the current sharing bus. The main objective of this paper is to develop a
high-performance local voltage-mode controller for the master inverter. The local SMC-
based current-mode controller for slave inverters used in the following experimental section
is designed similarly to that in [11], and omitted in this paper.
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Figure 2. Structures of a parallel-inverter system in the islanded micro-grid with master-slave organization.

The average state-space method is employed to establish the average model of the
master inverter, which can be represented as

. K; 1
L= PLV},M Ucon — Evo

, )

0o = i — o
where v, is the control signal and is defined as the modulation signal in the unipolar PWM
switching, and Kpwwm = V. / V4, is the gain of the islanded inverter, in which Vy,; is the
amplitude of the selected triangular carrier signal. In practical applications, the parameters
of Ly, Cy, and Kpwy are not the designed nominal values, thus, these parameters cannot
be regarded as constants. In order to design a suitable controller to obtain a high-quality
voltage for the PCC under parameter variations and external disturbance, a current source
(i39) is modeled to emulate the load variations or unpredictable uncertainties.

Considering the variations of the filter parameter Ly and C;, the fluctuation of the DC
bus voltage, and the disturbance incurred by the variations in the load in the micro-grid,
the mathematics model of the master inverter in (1) can be modified as follows.

: _ Kpwmn +AKpwMm _ 1
'L = ""L;+aL;  Veon T T 3AL; Vo

2

. o s . 1 . 7
Yo = TLAAC; L T TAACs o T Tt acs

where AL;, ACs, and AKpwm = Ve / Viyi are the variations of Ly, Cr, and Kpwm = Vie/ Vi,
respectively.

The real state-space model for the inverter can be rearranged as two parts: (1) the
nominal model of the inverter with well-known system parameters and the external
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disturbance absenting; and (2) the system lumped uncertainties d; and dy, can be expressed
as follows:

. _ K 1
L = PLV;TY' Ucon — mvo +d,

: , , , ®)

Vo = C%%IL - C%%lo +dy
where Kpwmy, L, and Cp,, are the nominal values of Kpww, L and Cr. Moreover, d; and dy
are the system lumped uncertainties which can be expressed as

~__ ARpwmLsy —KpwmnALf ALg
di = L (L. tALp)  Ceon + Lin(Lyn tBLp) 20

, )

_ f A 1
do = CraCrutBCH 'L T oy rAcy o T Trtacy i

Defining the system state vector as x = [i], v,] T the state-space model for the inverter
can be represented in matrix form as

#() = Apux(t) + Bpnue(t) + Cpyz(t) + d(t), ®)

where u = vy is the control input vector, z = i,, and d(t) = [d; dU]T is defined as the
system lumped uncertainty, respectively; A,, = 0 —1/Ly ”} , By, = [KPWM"/ Ly ”} ,
1/C fn 0 0

—1/Cyy
c,,n_[ 0 f]

Assumption 1. The defined system lumped uncertainty in (5) is bounded, and we can assume that
the boundary value can be expressed as

[d(£)]ly < Dim, ®)

where ||-||; is the operation of the 1-norm, and Dy, is a constant with positive value.

3. AFSMC Design for an Islanded Inverter
3.1. SMC Design

The objective of the controller for the islanded inverter in this paper is to regulate
both the voltage of the PCC (v,) and the inductor current (i) with fast response and
high robustness even under the circumstance of uncertainties. First, the desired voltage
and current trace response is specified by the design of the baseline model based on the
nominal model shown in (1). Subsequently, a curbing controller is designed to deal with
unpredictable perturbation effects caused by load disturbance and parameter variations in
a practical micro-grid. Therefore, the specified performance of the baseline model design

can be guaranteed. For the above purpose, the voltage of the PCC (v,) and the inductor
f

current (i) are selected as the system state vector of x, and the setpoints of vy’ and irLef are
the reference vector of x'%.

The tracking error vector of the inductor current and the PCC voltage is defined as

T
e=lei e’ = [ir — irLef Vo — v,rff] =x—x, )

f

where the voltage command signal v, is an independent command. In contrast, the

; . . ef
inductor current command signal 1£ef can be determined as 12€f =Cy d?ft + i, based on (2).

In addition, a limiter is used as a current protection for the inverter against external faults.
The error dynamics of the control system can be expressed as

e(t) = Apne(t) + Bpnuy(t) +c(t), 8)
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i/ Crn) = 10/ Cpa) =03 | .

Based on the nominal model of the islanded inverter shown in (1), the baseline model
law was designed as follows:

where c(t) = { (Ugef/Lfn) - i,rLef(

up(t) = —kpe(t) — By e(t), )

where kj, = [ky; kp,] is a designed constant parameter vector; B,‘;} is the left pseudoinverse

. -1
of By (i-e, Byl = (ByyBpn)  Bpy):
Substituting (9) into (8), the error dynamic in (8) can be rewritten as

e(t) — (Apn — Bpnky)e(t) =0, (10)

The parameter vector kj, = [ky; kp,] is chosen to ensure that the characteristic polyno-
mial of the matrix (Apn — Bpnkb) is strictly Hurwitz, that is, all roots of the characteristic
polynomial lie strictly in the left plane, which implies that lim; ,e(t) = 0. Then, the
stability of the designed closed-loop system can be ensured.

Moreover, the curbing control design is an integral part of the SMC law to ensure
the control performance specified by the baseline model design in (9) and to guarantee
the stability of the controlled system, even with the existence of unpredictable parameter
variations and external disturbances. The detailed design procedure is outlined based on
the real state-space model of the inverter shown in (3).

A sling-mode surface is defined as

t
s:ﬂ@—f@g—/ggmm—Bwnym; (11)
0

where ey is the initial state of e. The function f is designed to satisfy the condition of
of /e’ = [k k).

As (11) implies, for all ¢ > 0, s(t) = 0 holds. There is no reaching phase because the
initial state is designed on the sliding surface to guarantee the global sliding motion of the
system. According to the model, taking the system lumped uncertainties into account, one
can further modify the system error dynamic as follows:

e(t) = Apne(t) + Bpuu(t) +c(t) +d(t), (12)
Theorem 1. If the islanded inverter considering system uncertainties modeled as (3) is controlled

by the SMC law shown in (13), then the stability of the SMC system for the voltage tracking and
the current requlating of the inverter can be ensured.

UsMc = Up + U, (13)
where uy, is given by (9), and u, is designed as
uc = —psgn(s) — ks, (14)

where sgn(-) expresses the sign operation, and k. are the designed positive control parameters.
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Proof of Theorem 1. By considering the positive definite Lyapunov candidate function
V; = s2/2, then, by differentiating (11) and substituting (9) and (14) into the derivative of
V1 with respect to time, it yields as follows:

V1 =35

S%[Apne + Bpu(up + uc) + ¢ +d — (Apn — Bpuky)e]

—(ksiKpwtn/ Ln)spsgn(s) — (ksiKpwan/ L )kes? + s(ksid; + keody), — (19)
*ksp‘5| — kskes® + (ksi|di‘ +ksv|dv|)‘s|

_[ksp - (ksi|di‘ +ksv|dv‘)”S| — kckssz

INIA

where ks = ks;Kpwm/ L. If the control gain p in (14) is chosen to satisfy the condition of
ksp > (ksi|di| + kso|do|), then, (15) can be rewritten as

Vy =5 < —kekgs? <0, (16)

From (16), it can be concluded that Viisa negative semidefinite function, which means
that s is a bounded function, and the designed total sliding mode surface shown in (11)
will converge to zero as t — co according to the Lyapunov stability theory and Barbalat’s
lemma [45]. Therefore, the sliding motion throughout the whole control process can be
ensured, and the designed SMC system possesses global stability even in the circumstance
of the system uncertainties. This finishes the proof of Theorem 1. [

3.2. Adaptive Fuzzy SMC (AFSMC) Design

In the SMC, the switching process generated by (14) will inevitably bring about the
chattering phenomenon, which will have detrimental impacts on the control performance.
To solve the above drawback of SMC and achieve a high-performance islanded inverter, in
this section an adaptive fuzzy compensated scheme will be designed to imitate the SMC
law shown in (13) to remedy the chattering phenomenon.

The total sliding mode surface (s) shown in (11) is chosen as the input variable of the
designed fuzzy system, and the output linguistic variable is utilized to imitate the SMC
law and generate the AFSMC law (1apspc)- Significantly, compared to the conventional
fuzzy control with the error state of the voltage and voltage working as the input variable
for the inverter system, the fuzzy combined with SMC adopted in this paper can refrain
from the huge number of fuzzy rules. Afterward, the design process of the control system
can be simplified and the computational burden can be lessened. The framework of the
proposed adaptive fuzzy sliding mode control (AFSMC) for an islanded inverter is shown
in Figure 3a.

3.2.1. Fuzzification and Membership Function

The associated antecedent fuzzy set {P, N, Z} is designed for the input linguistic
variable (s). The Gaussian membership function depicted in Figure 3b is adopted in the
AFSMC system and, considering the sinusoidal voltage signal, three equal parts are selected
for the antecedent fuzzy sets in this paper, which can be expressed as follows:

w;(s) = exp[—(—s —m;)*/ (¢;)’] (17)

i=1,2,3"

where m;|;—1 73 is the mean values and ¢;|;—1 23 is standard deviation values in the ith
Gaussian function for the input, respectively. And exp(-) represents an exponential opera.
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Figure 3. Proposed AFSMC system for islanded inverter: (a) Framework; (b) Membership function
for input fuzzy sets of the fuzzy system; (c) Output fuzzy sets of the fuzzy system.

3.2.2. Fuzzy Rules and Fuzzy Reasoning

In order to avoid the unnecessary switching process, a translation width (r) is intro-
duced to the fuzzy sliding mode (FSMC) system to imitate the curbing control effort, and
to realize the following regulating process: the curbing control should vanish if the system
state is near the sliding surface. While the system state takes away from the sliding surface,
the curbing control should be active to force the system state trajectories toward the sliding
surface rapidly and stay on it. Then, the consequent fuzzy set for the output linguistic

variable uapspvc is defined as:
{DE, BL, IN}, (18)

The fuzzy linguistic IF-THEN rules for the designed AFSMC system can be expressed
as follows:

Rule (1): If s is P, then uapsmc is DE;

Rule (2): If s is Z, then uapsmc is BL;

Rule (3): If s is N, then uapsmc is IN.

The membership function of the output linguistic variable (#apsmc) is demonstrated
in Figure 3¢, in which uy, — 7, uy, up + v are the centers of the membership functions DE, BL,
and IN, respectively.
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3.2.3. Defuzzification

By the center average defuzzification method, the designed adaptive fuzzy SMC
(AFSMC) can be obtained as
(%)

w w
ﬁ—lw(ub—mﬁ ot 5 >y + 1), (19)
i=1"1 i=1"1 i=1 Wi

UAFSMC =

3.3. Parameter Adaption Algorithm

Assumption 2. There are optimal mean values (m |;—1 5 3), standard deviation values (c|i—12,3),
and translation widths (r*) for a fuzzy controller () pepsc) to approximate the SMC law (ugyc) in
(13). Then, the SMC law (usyic) can be rewritten as

* * * *
usmc = prpsmc (1 |i=123, ¢ li=1,23.17) + &, (20)
where €5 is the minimum reconstructed error vector between u gy and Usyc.

The practical control law of the proposed AFSMC to approximate the SMC law (ugmc)
can be expressed as

A A,

w1 w3
3 A~ v3  »
Lisg @i i W
where 7 and @;|;—1 3 are the estimated values of r* and w}|;—1 5 3, respectively.
Subtract (21) from (20), the imitation error (is) is written as

) (21)

farsmc (t) = up — 7(

Uls = UsMC — AFSMC = Uapsmc + € — BAFSMC, (22)

For ease of stability analyses, the partially linearization of the imitation error (i) by
the Taylor series expansion can be represented as

i = [ pe (=) + hy] + 15 [T wpe (Wi = i) + hyi] + &5
= [7A r*r‘l'hr] ‘I'E [TI Wy=w;* Wi +hwz] + & . (23)
= —W, T — ”Zizl ( glwl) +h, + Zi:l hwi + €
= —w,7 — P17 (wgid;) + vy
where By = Y0 5 7 = 1" —F Wilic1ps = (0" — @)|ic103; wr = (D1 — D3) /s,
We1 = (W +2W3)/Ds?, wep = (W3 —1)/Ds? and wez = (=, — 2ay1)/Ds%; hy and

hwili=1,,3 are higher order terms in Taylor series of iis; v, = h, + 213:1 Nei + €.
Moreover, the linear form of w;|;—1 » 3 can be expressed as

N aw; - Juw;
i = (G = 0+ i) + (5

= (Pmifiti + peiCi + hgi)li=12,3

S

fl':Ci* 51 + hCl)] |i:1,2,3 (24)

7

_ . a ~ s A
where ;|;—123 = (m;* —1;)|i—103 and ¢ili—123 = (¢;* — ¢;)|iz1,23 are the parameter
approximation errors, in which #;|i—1 5, 3 and ¢j|j—1 3 are estimated values of m|;—13

(S*

andc |z 123/1’95PEC’51V91Y/ Pmi —zwz cz |1 12,37 Pei —ZA |1 12,37 m1|1 12,3 and
hcili=1,3 are higher order terms in Taylor series of W;|i—123; gl|l 123 = hi + N

Then, substituting (24) into (23), the imitation error (iis) can be expressed in a new form:

U = —w;T — fZ?zl wgi(pmiﬁi + peip + hgi) + vy

. _ i , (25)
= —W;r — 7’213:1 wgi(pmimi + pcicp) +v

where v = Z?_l hgi + vy
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Theorem 2. If the fuzzy parameters of the proposed AFSMC law designed as (21) self-adjust online
with the corresponding adaptation laws in (26), the convergence of the fuzzy parameters as well as
the global stability of the tracking error of the inverter system in (3) can be guaranteed.

? = nrswy
1ili=123 = NmiStWeiPmili=123 (26)
Cili=123 = McistWgiPeili=1,23

where 1y, Nmili=1.23, and 1¢|i=1 23 are positive learning rates.

Proof of Theorem 2. A Lyapunov function associated with s, 7, 11;|;—1 23 and ¢;|j—1 23 is
defined as:

i Z?:l ’7~1i2 Z?:l Ei2
21w 2W i 21

I - 1
Varsmc (8,7, Mili=123,Cili=123) = 552 + , (27)

By substituting (13) and (25) into (22), the practical control effort of the designed
AFSMC law is rewritten as

AFsMC = Usmc — Us
= [—kpe(t) — Bjic(t) — kes — p(t)b,isgn(s)] (28)
+w, T + 772?:1 wgi(Pmiﬁi + Pci&) +0

By substituting #1apspmc in (28), the sliding mode surface in (11), and the adaptation
laws for the fuzzy parameters in (26) into the derivative of (28), it produces the follow-
ing result.

. — ~ B Y3 mahy Y3 G
V arsmc (s, 7, Mili=123,Cili=123) = 85 — 7= — == — ==L
”V 17"11 17(:1

= s[—kspsgn(s) — kskes + (ksid; + ksody)]

+[—w, 7 — P Wi (pmitii + peiCi) + 0]}

_ﬁ _ ):,‘3:1 7711‘7;11‘ _ Z?:l CNlél ’ (29)
Mr Mmi Mci

= s[—kspsgn(s) — kskes + vf] + Vi + g Vini + T Vi

< —ks(p = [v])|s| — kskes®

< —kskes? <0

where V, = 5wr?_7’é/7’/rr Vi = Sf’wrrtipmiﬁﬁ' - ﬁimi/ﬂmi and V; = S?wcipcigi - Ez’éi/ﬂci
vt = v+ (kgid; + kspdy). One can conclude that if the condition p > |v¢|. holds, the result of

V arsmc(s,r,1,¢) < 0 can be ensured, i.e., Vsennismc (s(t), 7(£), i (t) [i=123, €i(t) [i=1,2,3)
< VSFNNISMC (S (0),7(0), ﬂN/ll(O) |i:1’2,3,2:1‘(0) |i:1,2,3 ), which implies that S, 7, ﬁii|i:1,2,3 and
Cili=1,,3 are bounded, moreover, they will tend to zero as f — co, according to Barbalat’s
Lemma [45]. Thus, both the convergence of the parameter adaptation for fuzzy logic and
the global stability of the proposed AFSMC system can be ensured. This finishes the proof
of Theorem 2. [J

4. Numerical Simulations and Experimental Examination

The superiority of the proposed adaptive fuzzy sliding mode control (AFSMC) system
for the islanded inverter is demonstrated by the comparative simulation and experimenta-
tion. The detailed parameters of the inverter circuit and the testing loads are described in
Table 1.



Energies 2022, 15, 9154

12 of 25

Table 1. Parameters of inverter circuit and testing loads.

Circuit Parameters of Islanded Inverter Value
DC bus voltage 400V

AC output voltage (RMS) 220V
Inductance of LC filter 2 mH
Capacitance of LC filter 20 uF
Fundamental Frequency 50 Hz
Switching Frequency 15 kHz

Linear resistance Load 50 ()

Nonlinear RCD Load 50 (2/1100 wF/KBPC3506P

To obtain the best transient control performance under the requirement of stability,
the value of k;, = [3.15 x 10* 1.2 x 10%] in (9) is selected to guarantee the designed control
system to be stable, making the eigenvalues of the matrix (Apn — Bpnkh) in (10) to be on
the left half plane under the nominal model. Furthermore, referring to the total sliding
mode surface in (11), the parameters k;; = 5.7 x 103 and ks, = 3.5 x 10% are decided to rate
the level of the function f(e). Additionally, the switch gain (o = 1.5) is determined by the
bound of system uncertainties, and the value of k. = 5.5 x 10% in (14) is selected to guarantee
the stability of the system even under the circumstance of the worst case circumstance
ksp < (ksildi| + kso|do])-

The sliding mode surface (s) designed as (11) is selected as the input variable of the
fuzzy system. For the lowest computation burden in practical application, three equal parts
fuzzy set are selected: P (positive, i = 1), Z (zero, i = 2), and N (negative, i = 3). Furthermore,
to achieve better transient performance, the initial mean and standard deviation values of
the Gaussian functions are often roughly chosen by heuristics or expert knowledge, which
can be set by diving equally as my =9, my =0, and m3 = —9; ¢1 = ¢ = c3 = 9. Furthermore,
the initial translation width is simply selected as r = 0. Parameters will be adjusted online
by the designed adaption algorithm according to the dynamic input to counter the adverse
effects of the inaccurate selection of initial values. Moreover, the learning rates of the
parameters are chosen as 17, = 0.531, #|i=123 = Yc|i=1,23 = 5.05.

The mean square error (MSE) value of the voltage tracking is defined as follows to
demonstrate the control performance:

1 T
MSE(ey) =) 1 e, (n), (30)
Vo T =1
where V,;, is the maximum value of the output voltage v,, T is the total sampling time.

4.1. Numerical Simulations

Based on the inverter in Figure 1 and the system parameters in Table 1, the numerical
simulation model is built with MATLAB software (Version 2020b). Simulations of the
inverter system with the SMC law in (13) are compared to the results of the proposed
AFSMC law in (21) with the adaption algorithm in (26) to evaluate the effectiveness of
the improvement in tracking accuracy and the elimination of the chattering phenomenon.
Moreover, the trained procedure for the parameter adaptations in the fuzzy controller is
presented to exhibit the self-learning ability of the proposed AFSMC system.

In order to verify the robustness of the voltage tracking control, the system uncer-
tainties appear at the worst case, e.g., the valley of the output voltage (¢ = 0.155) and four
simulated conditions are carried out in this section: (1) The islanded inverter operates with
(R =25Q, V4 =400V, Ly = 2 mH) at the beginning, and the external load disturbance
happens with the load R; changing from 25 () to 50 (3; (2) Considering the characteristics of
the distributed energy resources (DER), the DC voltage fluctuates from the nominal value
of 400 V to 380 V; (3) The filter inductance variation from the nominal value of 2 mH to
1.8 mH is designed; (4) A salve inverter connects to and disconnects from the islanded
inverter in a practical islanded MG application with the master-slave organization.
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The numerical simulations with the SMC law and the proposed AFSMC law under
the external load disturbance are depicted in Figure 4. As one can see from the results,
both control methods have robust voltage-tracking performance against external load
disturbance. However, it is obvious that the tracking performance will degenerate with a
larger tracking error when the load changes from the nominal value of 25 () to 50 (), seen
in Figure 4b, for the model-based control method of the SMC strategy. On the other hand, a
larger switching gain (p = 10.5) chosen in Figure 4c can effectively reduce the tracking error
with the MSE value reduced from 0.8774 to 0.5163. However, by observing the tracking
error in Figure 4b and the control effort in Figure 4d, the severe chattering phenomenon
follows, caused by the switching function in (13). Thus, the appropriate switch gain should
be designed carefully according to the bounds of possible system uncertainty to ensure
control accuracy and avoid increasing the chattering phenomenon. Unfortunately, it is
hard to accurately inform the bounds of the system uncertainty in practical applications.
On the contrary, the favorable tracking response with the MSE value of 0.2337 is obtained
under the occurrence of the external load disturbance without the chattering phenomenon
in the tracking error and the control effort of the proposed model-free AFSMC scheme due
to the ability of the fuzzy logic to deal with the unknown process and the self-learning
mechanism to adjust the control parameters online according to the instant input status.

~ 500 Nominal load ' i 'Load disturbance
?\f
= 0
&
<
;@
=500
UIZ
= . 0.155 0.1556 |
0.1 0.12 0.14 0.16 0.18 0.2
time(sec)
(a)
10
€, _smc
0 3 % A
02 f S )3
v—AFSMC
_-10f 0 ]
> -0.2 V-
\-;_20 0.042 0.0424
) . N
Nominal load Load disturbance
=307 MSE(e,)gmc=0.8774 i
40 MSE(e,)srsmc=0.2337 | . Ip=1.5
0 0.05 0.1 0.15 0.2 0.25 0.3
time(sec)
(b)
10 : . . : .
€, smc
0 == A ad \V"“V“_"-VT"-"" Aate og
05 S €,_AFSMC
10} o i
E H0.5 L Ar$Ma
&-20L 00995 01 01005 g
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=30 MSE(e,)qc=0.5613 1
20 MSE(e,)arsmc=0.2337 ‘ | ‘,0=10-5
0 0.05 0.1 0.15 0.2 0.25 0.3
time(sec)

©

Figure 4. Cont.
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Figure 4. Simulated result under load disturbance from 25 Q) to 50 Q2: (a) Output voltage (v,);
(b) voltage tracking error by SMC (p = 1.5) and proposed AFSMC; (c) voltage tracking error by SMC
(p =10.5) and proposed AFSMC; (d) control effort by SMC (p = 10.5) and proposed AFSMC.

Taking the load disturbance, for instance, the self-learning process of the parameters
in fuzzy logic associated with the load disturbance is depicted in Figure 5. Figure 5a,b
shows that the mean values and the standard deviation values of the Gaussian membership
functions can be adjusted online to cope with the system uncertainty. Moreover, one can
see from Figure 5c, the translation width (r) is zero in the steady state, which means that
the curbing control effort is not working. When the load disturbance occurs, the translation
width can be tuned adaptively to an optimal value which can force the system state to
hit the sliding-mode surface rapidly, and the chattering phenomenon are remedied in the
control efforts at the same time. Therefore, the drawback of the conservative selection of
the fixed translation width can be overcome and the satisfactory tracking performance can
be obtained even under the occurrence of load disturbance, which can demonstrate that
the proposed AFSMC strategy has good self-adaptability and robustness.
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Figure 5. Cont.
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Figure 5. Self-learning process under load disturbance: (a) Mean adaption (; |,-:1,2,3 ); (b) Standard
adaption (c; ],-:1,2,3 ); (¢) translation width adaption (r); (d) Control efforts (1, iy, uAFsMC)-

In order to further evaluate the robustness against the system uncertainties and the
effectiveness of remedying the chattering phenomenon of the proposed AFSMC scheme,
the simulation of the inverter under the system uncertainties caused by the DC voltage
fluctuates from the nominal value of 400 V to 380 V, and the filter-inductance varies from
the nominal value of 2 mH to 1.8 mH. The associated simulation results are exhibited in
Figures 6 and 7, respectively. As demonstrated by Figures 6 and 7, there are 86.4% and
68.4% improvements with the proposed AFSMC in the MSE values under the occurrence of
the fluctuation DC voltage and the variation of the filter-inductance at ¢ = 0.155 (the effects
of the system uncertainties are worst at this peak and trough point), respectively. Moreover,
compared to the voltage tracking error, the chattering phenomenon are effectively remedied
by the online adaptation of the parameters. The control error introduced by the system
uncertainties in the model-based u;, can be compensated appropriately by the model-free
fuzzy controller r which takes the place of the sing function in the curbing control in (12).
This demonstrates that the proposed AFSMC scheme has a superior robustness to that of
the SMC scheme without chattering phenomenon. It is worth noticing that the self-learning
process of the parameters under those system uncertainties is similar to the process shown
in Figure 5. The associated simulated results are omitted here.
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Figure 6. Simulated result of voltage tracking errors under DC voltage fluctuation from 400 V to
380 V.
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Figure 7. Simulated result of voltage tracking errors under filter-inductance variation from the
nominal value of 2 mH to 1.8 mH.

In this section, the control performance of the islanded inverter as the master inverter
with a slave inverter is investigated. The master inverter is responsible for the PCC voltage
regulated by the SMC and the proposed AFSMC system. The slave inverter performs the
current mode SMC designed in [11] to realize the current sharing with the islanded inverter.
The simulations of the parallel system under the connection and disconnection of the slave
inverter are shown in Figure 8. The output voltage and the voltage tracking errors are
shown in Figure 8a—c; the associated currents of the master and inverter are shown in
Figure 8 d,e.

As seen from the simulated results of Figure 8b,c, the parallel inverter system can
maintain its stability and offer voltage sustaining when the salve inverter is connected to or
disconnected from the PCC at t = 1.55 s, controlled both by the voltage controller of the
SMC and the proposed AFSMC. However, the voltage track performance is significantly
improved with lower MSE values (0.2835 and 0.4563) with the proposed AFSMC compared
to the values (0.3787 and 0.7872) with the SMC. Moreover, the chattering phenomenon in the
SMC tracking errors are remedied by the proposed AFSMC. In addition, by observing the
simulated results of Figure 8d,e, the current is supplied by the master inverter when only
the master inverter operates, and the current sharing is realized between the master and
the slave inverter without any chattering by the proposed AFSMC under the connection of
the slave inverter. The superior robustness of the proposed AFSMC with higher tracking
accuracy without chattering phenomenon can also be demonstrated by the simulated
results of the structure uncertainties of the islanded inverter.
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Figure 8. Simulated results of islanded inverter under connection and disconnection of slave inverter:
(a) output voltage (v,); (b) voltage tracking error under connection; (c) voltage tracking error under
disconnection; (d) Inductor currents (i; and i;5) under connection; (e) Inductor currents (i;, and i)
under disconnection.

The comparison simulation and numerical records between the conventional SMC
and the proposed AFSMC scheme under the designed four simulation conditions are
implemented in this section, the associated results are shown in Figures 4 and 6-8. One can
conclude from the comparisons that the proposed AFSMC scheme significantly improves
both the steady state and transient control performance without the chattering phenomenon.
Moreover, compared to the increased steady-state errors under the system uncertainties by
the SMC framework, the voltage tracking errors can be similar to the errors in the nominal
condition by the proposed AFSMC, which demonstrates the effectiveness of the adaptive
fuzzy logic system in coping with the system uncertainties and the independence of the
accurate mathematical model.

4.2. Experimental Verification

An experimental prototype of the islanded inverter shown in Figure 9 is built up
to implement the proposed AFSMC and conventional SMC scheme. In which, the block
diagram of the hardware for the prototype and the photograph are depicted in Figure 9a,b,
respectively. The corresponding components and the nominal values of the parameters in
the designed circuit are described in Table 1.



Energies 2022, 15, 9154

19 of 25

FMS320F28335 Personal
] — Computer

Mem ory 12- Bit
AD S EE—

Converter
F28335 |

CPU EPWM Sampling
Circuit

ALt

Driving Circuit Vlotage

R

Islanded
Inverter

-

n

-~
b

-;/ Slave Inverter

o 5

‘ B - . W WL W
Voltage Probe £
R

R \aster [nverter

10, 4 p amplilg Circuit
Point of Common Coupling (PCC /
————————————

SE——
3 2

(b)
Figure 9. Prototype of islanded inverter: (a) Block diagram of hardware; (b) Photograph.

The Hall voltage sensors (LV 25-P) and current sensors (LA 55-P) are utilized to
measure the output voltage and current signals, respectively. The control systems are
carried out on the digital signal processor (DSP) to generate the pulse width modulation
(PWM) signals with a sampling frequency of 15 kHz. Then the PWM signals are converted
to the gate drive signals of the power switches by the driving circuit based on the TLP250
series IC. The practical experiment is investigated with only a single islanded inverter at
the beginning, setting the voltage command as commercial power (220 V@50 Hz), and the
current command is generated based (3). Then, the experiment is also implemented under
the condition of the slave inverter in current mode connected to the islanded inverter in
voltage mode to construct an islanded MG with the master-slave organization to further
verify the effectiveness of the proposed AFSMC. Finally, the voltage and current waveforms
are displayed on a digital oscilloscope (Agilent DSO-X 3034A).

Figure 10 depicts the experimental results of the single islanded inverter under resistive
load by SMC and the proposed AFSMC. One can see that the MSE value of the voltage
tracking error is recorded as 0.327 and 0.215, and the total harmonic distortion (THD)
valued of the output voltage is 1.83% and 1.15% by the SMC and the proposed FSMC
scheme, respectively, which demonstrates that both the two control strategies have good
control performance with low MSE and THD in the steady state for the linear resistive load.
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Figure 10. Experimental results under resistive load: (a) SMC; (b) the proposed AFSMC.

Moreover, the experimental results of the islanded inverter under nonlinear load by
the SMC and the proposed AFSMC are shown in Figure 11. The THD and MSE values
(2.53% and 0.513) of the SMC in Figure 11a is reduced to 1.45% and 0.305 by the proposed
AFSMC in Figure 11b. As can be seen, the islanded inverter system with the proposed
AFSMC can supply a higher quality of voltage with lower MSE and THD compared with
the inverter with SMC, outputting a slight distortion voltage under the nonlinear rectifier
load. This means that the proposed AFSMC scheme has a superior ability to deal with the
nonlinear system.
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Figure 11. Experimental results under nonlinear load: (a) SMC; (b) AFSMC.

The experimental results of the islanded inverter under load disturbance with SMC
and the proposed AFSMC are shown in Figure 12. As seen in Figure 12, the proposed
AFSMC system can significantly reduce the MSE value of voltage tracking error from 0.564
to 0.316 and presents superior robustness against the certainty of load disturbance.
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Figure 12. Experimental results under load disturbance: (a) SMC; (b) proposed AFSMC.

For a practical islanded MG application with the master-slave organization, the inter-
face inverters for DEs are integrated into the point of common coupling (PCC), in which the
master inverter works in the voltage mode to supply the stable voltage with its local con-
troller for the MG, and provides the current distribution command for the slave inverters
working in the current mode to realize the current/power-sharing with the local current
controller. In addition, the slave inverters may be connected to or disconnected from the
PCC frequency for troubleshooting. Therefore, the connection and disconnection of the
salve inverter is one kind of structure uncertainty for the master inverter in MG.

The experimental results of the islanded inverter under connection and disconnec-
tion of the slave inverter are depicted in Figures 13 and 14, respectively. As seen in
Figures 13a and 14a, the current of the master inverter is reduced by half due to the current
sharing of the connected salve inverter. And the current of the slave inverter is zero after
disconnection from the PCC, seen in Figures 13b and 14b, and the remaining master inverter
supports the voltage and current to the load standalone. Moreover, there is a chattering
phenomenon during the dynamic process in the output voltage under the SMC. Fortunately,
the output voltage is less influenced under the model free AFSMC, which significantly
ensures the reliability and scalability of the islanded MG.

By comparing the experimental results shown in Figures 10-14, it can be seen that the
islanded inverter indeed achieves higher performance by the proposed AFSMC strategy,
under the linear resistive or nonlinear load, and even under the occurrence of system
uncertainties. The performance comparisons of the SMC and the proposed AFSMC strategy
are summarized in Table 2. According to the quantitative analysis, the THD values of
the output voltage of the islanded inverter were both constricted inside 1.5% under linear
resistive and nonlinear loads by the proposed AFSMC strategy. The proposed AFSMC
strategy has improvements in THD of 37.16% and 42.69% and improvements in voltage-
tracking MSE values of 34.25% and 40.55% in comparison with conventional SMC under
linear resistive and nonlinear loads, respectively. Furthermore, the superior robust voltage
tracking performance can be guaranteed even under load disturbance by the proposed
AFSMC strategy with 42.12% MSE improvements compared with the conventional SMC
scheme. In addition, the proposed AFSMC strategy opposes the ability of parameter self-
learning to deal with load disturbance, connection, and disconnection of the slave inverter
in micro-grid application without the requirement of a detailed system dynamic. Therefore,
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the chattering phenomenon caused by the sign function in the conventional SMC can
be remedied effectively, and the control performance and the reliability of the islanded
inverter are significantly improved by the proposed AFSMC strategy despite the existence
of system uncertainties.
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Figure 13. Experimental results under slave inverter connection and disconnection by SMC: (a) slave
inverter connection; (b) slave inverter.
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Figure 14. Experimental results under slave inverter connection and disconnection by the proposed
AFSMC: (a) slave inverter connection; (b) slave inverter disconnection.
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Table 2. Performance comparisons of SMC and proposed AFSMC.

Proposed Improvement
Performance SMC AFSMC Rate
Li stive load THD (v,) 1.83% 1.15% 37.16%
inear resistive loa MSE (e,) 0.327 0215 34.25%
Nonli load THD (v,) 2.53% 1.45% 42.69%
onlinear foa MSE (ey) 0.513 0.305 40.55%
. MSE (e,) 0.564 0.316 42.12%
Load disturbance Chattering Low None /
Connection of slave inverter Chattering Low None /
Disconnection of slave inverter Chattering Low None /
. .. On-line
Learning ability None learning /
Robustness Good Favorable /

5. Conclusions

In order to obtain a high-performance power supply for the islanded inverter, an
adaptive fuzzy sliding mode control (AFSMC) strategy is proposed in this paper. The
designed total sliding mode surface is adopted as the unique input variable of the fuzzy
system, which significantly reduces the number of ruler base. Moreover, in order to remedy
the chattering phenomenon, a self-adjustive translation width is introduced to the fuzzy
logic system to compensate for the adverse effect of system uncertainties instead of the
sign function in conventional SMC law. In addition, to further improve the robustness
against the system uncertainties in the islanded inverter, the adaptation algorithm for the
translation width and the parameters of the Gaussian membership function are designed by
the Lyapunov stability theorem. Thus, both the convergence of the parameters in the fuzzy
system and the stability of the proposed AFSMC system can be obtained. Furthermore, the
proposed AFSMC and the conventional SMC are implemented in the MATLAB as well as
in an experimental prototype. Compared with the conventional SMC, the superior control
performance of the proposed AFSMC is demonstrated by the numerical simulation and the
experimental results, in which the chattering phenomenon is efficiently eliminated in the
output voltage with a low total harmonic distortion (THD) value under various external
conditions. Moreover, the proposed model-free AFSMC system has superior robustness
with the lower MSE value of the tracking error. In addition, the inverter system with the
proposed AFSMC has the flexible scalability of allowing the slave inverters to connect or
disconnect without powering off in the islanded MG with the master-slave organization.

The investigation of the proposed AFSMC scheme with satisfactory robust perfor-
mance for the islanded inverter in this study has great value for guaranteeing stability and
providing strong support to the islanded MG with the master-slave organization. Moreover,
the proposed AFSMC, as a model-free alternative methodology, has a general use. It can
manifest the giant value to handle system uncertainty and nonlinearity, and can release
the dependence on accurate dynamic models of the control plant. Therefore, except for
the islanded inverter, the proposed AFSMC with a simple control structure and inference
mechanism has great potential to be extended to power electronic converter control, motor
control, manipulator control, and other various practical applications.
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