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ABSTRACT Microgrid as the main building block for future smart grids is prone to instability origi-
nated from converter-based distributed generations (DG). Herein, we first analyze the small-signal sta-
bility of an inverter-interfaced microgrid. Afterwards, a novel adaptive network fuzzy inference system
(ANFIS)-based optimization method is introduced which aims at online tuning of virtual inductances (VI)
in the islanded microgrids. The data for ANFIS training is drawn by particle swarm optimization (PSO)
algorithm and the proposed objective function. A total of 140 load scenarios are considered to provide
optimal VI in each load condition and generate optimal data for ANFIS training. This process minimizes
reactive power mismatches and improves microgrid stability in different load levels. The simultaneous
application of PSO algorithm and ANFIS training facilitates the objectives pursued by current study.
Finally, the trained ANFIS networks are installed in the converter control. The adaptive performance of
ANFIS controllers makes the converters responses independent from load change location and value. The
effectiveness of the proposed control methodology is verified using simulations studies.

INDEX TERMS Adaptive network fuzzy inference system (ANFIS), microgrid, particle swarm optimization
(PSO), small-signal stability, virtual inductance (VI).

NOMENCLATURE VARIABLES
ABBREVIATIONS Vodg ~ Converter’s output voltage components in
dq frame

ANFIS Adaptive network fuzzy inference system .
vepo  Bus voltage components in common dq frame

DG Distributed generation . .
£ lodg Converter’s output current components in
ESS Energy storage system dg frame
FIS Fuzzy inference systems . . .
y . y Lldg Converter’s terminal current components in
LPF Low-pass filter dg frame
MFs Membership functions . .
. . P D, q Instantaneous active and reactive powers of
Nadir  Point of minimum frequency converter

PBDG  Power electronic-based distributed generation

PLL Phase-locked loop P, QO Active and reactive powers of Converter

wprr, Angular frequency measured by PLL

PSO Particle swarm optimization . . . .
. . p oprr,  Ancillary state variable used in PLL modeling
PI Proportional integral 5 Anole bet d-axis of i and 1%
. . i ngie between d-axis o 1 an
VI Virtual inductances ! &
PARAMETERS
The associate editor coordinating the review of this manuscript and z Damping ratio of an eigenvalue

approving it for publication was Guangdeng Zong . w. Cut-off frequency of low-pass filter
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wn Nominal angular frequency of MG

wc.prr, Cut-off frequency of low-pass filter in PLL
n Reactive power droop coefficient

L, Virtual inductance

MaxIt  Number of iterations in PSO

nPop Population size (swarm size) in PSO
1) Inertia weight in PSO

cl Personal learning coefficient in PSO
2 Global learning coefficient in PSO
Lvpin Lower bound of virtual inductance
Lvyae  Upper bound of virtual inductance
fw PWM switching frequency

I. INTRODUCTION

The global energy revolution aims at utilizing green
energy resources and highlights the potential challenges
of future converter-interfaced microgrids. A microgrid is
basically a non-linear dynamic system including power
electronic-based distributed generations (PBDG), energy
storage systems (ESS) and static/dynamic loads. A microgrid
can be either a part of a host power system or can be an
autonomous energy supplier for a remote load. The stability
of a microgrid is defined as the ability of a microgrid to attain
new steady-state values for the state variables after being
subjected to a small-signal disturbance [1]. The first step to
study the microgrid stability is to model the microgrid as a
non-linear control system based on the modeling of different
elements and then to linearize the dynamic equations around
the operating point [2].

Multiple converters in microgrid can be controlled on a
common synchronous reference frame (dq) based on droop
control [3]. The boundary of stability region of a distributed
generation (DG) is estimated by Kernel Ridge Regression
method [4]. In [5], a trade-off exists between load-sharing
and microgrid stability and a power system stabilizer (PSS)
is proposed to damp the low-frequency oscillations at higher
droop values [5]. The performance of a microgrid under har-
monic conditions originated from nonlinear loads is upgraded
by a novel virtual impedance control methodology [6].
A detailed modeling of the microgrid is a necessity for a
precise small-signal stability analysis and the dynamics of
different elements such as phased-lock loop (PLL) should be
considered [7].

From stability point of view, the dynamic performance of
model-based voltage and current controller is much more
better than the conventional proportional-integral (PI) con-
trollers but this method does not deal with the reactive power
sharing problem in microgrid [8]. Microgrid stability anal-
ysis under distributed control is performed by a theoretical
framework in [9]; however, the communication latency and
microgrid topology affect the performance of this method.

The small-signal modeling of microgrid clusters, the par-
ticipation factors analysis for lower-damped modes, and
the sensitivity analysis for control parameters are accom-
plished in [10]; nonetheless, the communication requirements
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between converters has been a drawback for this study. The
dynamic droop control method proposed in [11] has improved
the transient response and the stability of the microgrid.
On the other hand, this method has tuned the controllers
off-line and its performance might not be optimal in all oper-
ating points. The inverters stability prediction is proposed
in [12] based on a new terminal characteristic modeling
for parallel droop-controlled inverters. However, this method
does not deal with reactive power mismatches issue. The
permissible intervals for microgrid parameters in presence of
current state feedback can be determined using small-signal
stability analysis in [13].

The dynamic responses of single-loop and multi-loop
droop control methods are analyzed and compared in [14] by
microgrid small-signal stability analysis, but it does not deal
with reactive power sharing problem. The bifurcation theory
is used in [15] to analyze the parameters stability region in
an islanded microgrid supplying static and dynamic loads.
However, the model of microgrid does not include PLL and
the fair reactive power sharing could not be ensured. The
internal model control (IMC) optimization has enhanced the
dynamic performances of DGs, but still the reactive power
sharing has not been resolved in [16].

On the other hand, the reactive power sharing among sev-
eral converters and the power coupling problems highlight the
virtual impedance concept in a MG. The microgrid stability,
transient sharing of current and power between inverters, and
voltage and current harmonics can be enhanced by virtual
impedances. However, the inappropriate tuning of virtual
impedances can lead to micogrid instability and unfavorable
voltage drops. A robust virtual impedance method is pro-
posed in [17] to decrease the voltage distortion caused by
harmonic loads. This method has facilitated the power control
during the faults. Though, the proposed converter model is
a simplified model and lacks the essential components such
as voltage control, current control, and PLL. A systematic
method to draw feasible ranges of virtual impedances is
introduced in [18] to enhance power decoupling, microgrid
damping, and voltage profile, simultaneously. This off-line
optimization method does not ensure a fair reactive power
sharing in all operating points.

The virtual impedance optimization in [19] has min-
imized the reactive power mismatches among converters
and enhanced the microgrid small-signal stability by an
off-line PSO algorithm. Following the analysis of micro-
grid stability domain in [20], it has been suggested that the
proportional-derivative reactive power controller enhances
the microgrid stability margin. The proposed converter model
has lacked any mechanism to deal with reactive power sharing
issue.

A power oscillation damper based on artificial intelligent is
suggested in [21] for grid-forming converters to mitigate the
electromechanical power oscillation. The learning capability
of adaptive network-based fuzzy inference system (ANFIS)
constructs a mapping between inputs and outputs in the
form of fuzzy if-then rules [22]. The double artificial neural
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network (ANN) based strategy is proposed in [23] to enhance
the stability and reliability of virtual synchronous generators
(VSGs).

Another application of ANFIS is proposed in [24] to
control voltage and frequency of microgrid in different load
levels, simultaneously. The islanding detection for PBDG is
proposed in [25] by utilizing the pattern recognition capa-
bility of ANFIS. Moreover, ANFIS-based controllers are
devised in [26] to cope with the voltage compensation in
a low-voltage microgrid including several voltage source
converters and unbalanced loads. Considering the previous
literature review, the following research gaps are observed:

o The permissible range and optimal values for virtual
impedance are affected by the microgrid load levels, this
concept has not been considered in the recent researches
such as [18] and [19].

o The application of ANFIS in online tuning of VI to
enhance the microgrid small-signal stability has not been
covered.

« The adaptive tuning of virtual impedances considering
the microgrid stability and reactive power sharing in
different load levels has not been well-focused.

Consequently, the following contribution are introduced
for this research work:

e The online ANFIS-based optimization of VI is pro-
posed and devised resulting in minimum reactive power
mismatches in all load scenarios, enhanced microgrid
small-signal stability and negligible voltage drops.

o The optimal VI values are calculated for 140 differ-
ent load levels and this optimal values are applied as
the training data for ANFIS controllers. The suggested
ANFIS controller is independent of microgrid configu-
ration and load change.

The next sections of this paper are presented as follows;
the microgrid modeling is introduced in section II. The
small-signal stability analysis of the microgrid under study
is elaborated in section III. The proposed ANFIS-based opti-
mization algorithm is introduced in section I'V. The simula-
tion results and conclusions are brought in sections V and VI,
respectively.

Il. MICROGRID MODELING

The control block diagram of a PBDG supplying a static load
is depicted in Fig. 1. It is assumed that several PBDG units
are sharing the power based on traditional droop control in an
islanded MG. The control methodology is implemented on a
global dq frame [2]. The global reference frame could either
be synchronized with one of the local PBDGs or an external
angle reference. Different blocks such as power calculator,
droop controller, voltage controller, current controller, and
PLL seen in Fig. 1 are explained as follows.

A. POWER CALCULATOR

Two instantaneous power components (p, g) are calculated
in dg-reference frame and then pass through a low-pass
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FIGURE 1. The control block diagram of an interface converter in islanded
microgrid.

filter (LPF) with the cut-off frequency of w, and the active
and reactive power are calculated afterwards [2].

p— 3 We . . 1
= (E)(s n wc)- (Vod -Tod + Vog-log) (D
p
_ 3 Wc . . )
0= (E)(S +wc)~(Voq~lod — Vod-log) (2)
q

B. DROOP CONTROL

Droop equations for the frequency and voltage control are
applied in dq reference frame to assign the frequency and
voltage references. The reference frequency is calculated by
droop equation (3), in which w,, and m are nominal frequency
of microgrid and active power droop coefficient, respectively.
The dg-axis voltage components are calculated by (4). The
voltage reference is obviously affected by the value of virtual
reactance (L,) which are later calculated online by ANFIS
controller.

o* = w, —m.P 3)
vjq = vgn — 1.0 — (wp.Ly.log)

where v,y, n, and L, are nominal g-axis voltage, reactive
power droop coefficient, and virtual inductance, respectively.

C. VOLTAGE CONTROLLER
The voltage controller unit assigns the current references in

terms of instantaneous voltage and frequency values. Two
first order dynamic equations calculate the dq current refer-
ences as follows [7]:
ify = kiv.9q + kpy. (wprLL — ©)
—_——
®d
i;kq = kiv.¢q + kpy- (V;,kq — Vogq) ©)
—_———
q
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where kj, and k;, are proportional and integral coefficients of
proportional-integral (PI) controller utilized in voltage con-
troller. Moreover, wprr, v} o and w* are the angular frequency
measured by PLL, g-axis voltage reference, and reference
angular frequency, respectively.

D. CURRENT CONTROLLER

The current controller compares instantaneous current com-
ponents with current references and generates reference volt-
age components for PWM block accordingly.

Vi = —wuLy g + kic-Va + kpe. iy — i1a) ©6)
——
Yd
V;-kq = wn.Ly.ijg + kic.Yg + kpc. (i}kq — iig) 7
—
Yq

where k. and k;. are the proportional and integral coefficient
of PI controller and y is an auxiliary variable to simplify the
formulation.

E. PLL MODEL

The phase-locked loop (PLL) measures the phase shift of
fundamental component of voltage. A PLL model has been
introduced in [7] which utilizes two PI controllers with the
coefficients of k, pr; and k; prz in dq reference frame. The
PLL model in current study determines the phase angle so
as Vyq 1s zero in steady-state. The PLL model in some other
studies such as [2] and [8], forces v, to become zero. There
is not any difference, neither in the concept nor in the per-
formance. The intention to apply PLL model in [7] has been
its simplicity and these similar PLL models facilitate the
comparison of research results with this reference, e.g. vyq
in this study is compared with v,4 in [7], similar idea holds
for voq.

Vod f = @¢,PLL-Vod — @e,PLL-Vod.f (8
PPLL = —Vod.f )
SprL = wpLL (10)
wpLL, = Wp — kp PLL-Vod f + ki, PLL-9PLL (11)

IIl. SMALL-SIGNAL STABILITY ANALYSIS

A. STATE-SPACE REPRESENTATION OF THE MICROGRID
The following state variables are considered in this study
for the 3-bus test microgrid (Fig.2) and the corresponding
state-space equations are drawn afterwards. It should be noted
that the reference frame of converter 1 is chosen as global dq
frame.

x = [81, P1, Q1, da1, Pq1s Vd1, Vql» ld1s ligls Vod1s Vogl s
lod1s logl» PPLL1> Vod f15 02, P2, Q2, a2, bg2, Va2s Vg2,
i1d2, 112> Vod2s Vog2» tod2» Tog2, PPLL2, Vod 2 63, P3,
03, a3, Pg3, Ya3: Vg3, Ud3» Ug3s Vod3s Vog3s tod3» log3
®PLL3s Vod 3 HoadD1 s HoadQ1s HoadD2s toadQ2» toadD3»
iloadQ3» UineD1» klineQ1 HineD2 Line2] (12)

81 = wpLr1 — opL1 =0 (13)
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FIGURE 2. The 3-bus test MG.

where wpy 1 is the angular frequency (rad/s) measured by the
PLL at bus 1.

The state equations for active and reactive power injected by
converter 1 are written as (14) and (15), respectively.

Pl = 1.5wc(Vod1-iod1 +V0ql~ioq1) — wc.Py (14)

01 = —1.5wc(voq1 dogl — Vogl Jdod1) — @c.Q1 (15)

The state equation (16) and (17) aim at auxiliary variables
(941 and ¢41) which are used to simplify the formulations

and oy is the frequency reference of converter 1, which is
calculated by droop control (3).

ba1 = wprL1 — o} (16)
¢ql = V:ql — Vogl = VgN — n.01 — Xy1.iod1 a7

where V’O‘ 1> VaN» s and X, are g-axis voltage reference,
g-axis nominal voltage, reactive power droop coefficient, and
virtual reactance, respectively.

The auxiliary variables y;1 and y, are explained by state-

equations (18) and (19), respectively.
Va1 = iy — i1 = kiv.9a1 + kpy(wprr1 — o)) — iq1 (18)
J}ql = i}kql - ilql = kiv-¢q1 + kpv-(V:ql - Voql) - ilql (19)
The state equations (20) and (21) aim at calculating termi-
nal current components for the converter 1 (ij41, ij41) while ry,
v, and V;'kql are output resistance of converter, d and g-axis
voltage references dictated to the PWM unit. It is assumed

that the converter is lossless and the PWM voltage command
appears exactly at terminal of the converter.

. 1 , )
llq1 = L—f(—iff-lzau + Vi — Vod1) + wprrt-iigr (20)

*

. 1 , )
iigt = = (=rf.digl + Vg1 — Voq1) — wprri-liar  (21)
Ly

The dq voltage components of the converter 1 (Vog1, Vog1)
are provided in (22) and (23) while Cr and R, are filtering
capacitance and damping resistance, respectively [7].

. 1 . ; ;

Vodl = C—f(lldl —lod1) + WPLL1-Voql + Ra.(i1d1 — iod1)

(22)

. 1 . . S S

Vogl = C_f(llql —log1) — @pLL1-Vod1 + Ra (g1 — iog1)

(23)
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The output dg-current components of the converter 1
(iod1» log1) are explained by (24) and (25), respectively.

. 1 . .
lodl = L_(_Vc~lod1 + Vod1 — Vbd1) + @pLL1-Tog1  (24)
c

: 1 . .
logl = L_(_rc-loql + Vogl — Vbgl) — @pLL1-ipa1  (25)
C

where r. and L. are resistance and inductance of output
branch of LCL filter as seen in Fig.1 and vpg1 and vy, are
the dq components of voltage at bus 1, which are calcu-
lated by (26) using the virtual resistor method [2]. It should
be noted that all variables with DQ indices (e.g. ijpadp1,
irinep1) are presented in global reference frame. The reference
frame of converter 1 is chosen as global reference frame
and the transformation between local and global frames are
explained in [7].

Vbd1 = Tnlodl — toadD1 — iineD1)
Vbgl = Tuliogl — TloadQ1 — ilineQ1) (26)

The state equation for ¢prr; is (27) in which the PLL
model tends to force the d-axis voltage to zero.

QPLL1 = —Vod f1 27

The last state equation describing converter 1 is (28) which
aims at d-axis voltage of PLL after LPF (voq s1) and wc prr
is the cut-off frequency of LPF.

Vod f1 = @c,pLL-(Vod1 — Vod f1) (28)

The state-equations for static loads can be drawn by a
similar method as described in [3]. Here, the state equations
for load 1 at bus 1 are written as (29) and (30) and the same
equations for load 2 and load 3 are drawn straightforwardly
by similar calculations.

. 1 . .
loadDl = (—=Rioad1-tloadD1 + Vbd1) + @WPLL1-ll0adQ1
load 1
(29)
. 1 . .
lloadQl = Lo (—=Rioad1-lload01 + Vbgl) — WPLL1 -lloadD1
od

(30)

where Rj,qq41 and Lj,441 have been resistance and inductance
of static load 1. The state equations for line 1 which is
between bus 1 and bus 2 are written as (31) and (32). For
line 2, the state equations can be drawn similarly.

. 1 .
ilineD1 = L (=Riine1 -itineD1 + Vbd1 — VbD2)
inel
+wpLL1-lineg1 (31)
y 1 .
ilineQl = L l(_Rlinel-llinte + Vbgl — Vb2)
e

—wpLL1 dinep1  (32)

where Rjne1 and Ljj,.1 are the resistance and the induc-
tance of line 1, and vppy and vppy are the bus 2 voltage
in global reference frame. The calculation of bus voltages
in global reference frame can be found in similar research

VOLUME 9, 2021

such as [7] and [2]. Once the state-space equations for all
converters, lines, and loads are written, the corresponding
set of non-linear differential equations are linearized around
an stable operating point and then a state matrix including
numeric coefficients (A) is drawn.

Ax = A Ax (33)

Then the following MATLAB command is used to draw
the eigenvalues of microgrid.

A = eig(A) (34)

B. EIGENVALUES ANALYSIS

Since the microgrids are of high order and have several modes
with different damping ratios, their transfer functions are too
complicated. However, the major eigenvalues analysis is a
well-known method to examine the small-signal stability of
microgrids. The dominant eigenvalues of 3-bus test microgrid
either drawn by the proposed ANFIS-based controller or
applying the control method in [7] for an stable operating
point (Rjpaq1=Rioad2=Ri0aa3=50S2) are demonstrated in Fig.3.
The specifications of the converters are listed in Table 1. The
minimum real parts of microgrid eigenvalues are -7.24 and
-1.41 while applying the ANFIS-based proposed controller
and the controller in [7], respectively. Therefore, the real
part of dominant eigenvalues is enhanced by the proposed
control method. On the other hand, the minimum damping
ratio corresponding to the worst eigenvalue in Fig.3 are
increased from 14.84 % to 33.94 % using the proposed
control method. Consequently, the small-signal stability of
microgrid is enhanced prominently by the proposed control
method.

30 T T
¥  Proposed method ~
20| % Methodin[7] ’* 4
| K//\
I LR
s R
=~ |- I
% 0 * L e
£ ™)
=-10F I g
W
20 % B
¥
I I I I I I I I
-80 -70 -60 -50 -40 -30 -20 -10 0

Real

FIGURE 3. The 3-bus microgrid dominant eigenvalues while applying the
proposed ANFIS-based method and the control method in [7].

C. ANALYSIS OF VIRTUAL INDUCTANCES EFFECTS ON
MICROGRID SMALL-SIGNAL STABILITY

The virtual inductances in (4) facilitate the fair reactive
power sharing among multiple converters by regulating the
bus voltages. On the other hand, inappropriate choice of
virtual inductances can jeopardize the microgrid small signal
stability by propelling microgrid eigenvalues towards right
half-plain. As the eigenvalues participation analysis in [7]
reveals, the weakest eigenvalues with minimum damping
ratios are mostly affected by bus voltages. Therefore it is
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TABLE 1. Converters parameters.

Parameter ‘ Value ‘ Parameter ‘ Value
Ly, Cy 1.35 mH, 50 uF Tf T 0.1, 1000 ©
Uge 650 V/ fsw 6 kHz
Te, We 0.032, 70 rad/s Le, wn 0.35 mH, 314 rad/s
We,PLL 7853.98 rad/s m,n 0.000094, 0.0013
VogN» wWn 380V, 314 rad/s Ry 5Q
Rpert 25 Q Lpert 0.1mH
Riine1 0.23 Q2 Xiinel 0.1Q
Riine2 0.35 €2 KXiine2 0.58 ©2
kp,PLL 0.25 ki, PLL 2
kpu, kiv 1,45 kpe, kic 10.5, 1600

expected that virtual inductances which are directly chang-
ing the bus voltages seriously affect the small-signal sta-
bility of microgrid. However, the virtual inductances also
affect the reactive power sharing among converters and the
role of reactive powers on microgrid small-signal stability
have been verified in [2], [8]. Consequently, both the reac-
tive power sharing and microgrid small-signal stability are
considered while tuning the virtual inductances. In order
to clarify the role of virtual inductances on small-signal
stability of the 3-bus test microgrid (Fig.2). It is assumed
that an equal resistive load (50 €2) is installed at all three
buses.

The virtual inductances are changed from O to 0.05 H and
three dominant clusters of eigenvalues are depicted in Fig.4.
Asitis seen in Fig.4a, by increasing L,| a complex eigenvalue
ismoved from —1.41 £ j9.39 to —0.15 £j10.18 and the other
eigenvalue is displaced from —0.05 to —0.7 (cluster 1). Con-
sequently, increasing L,; worsens the small-signal stability
of 3-bus test microgrid. Fig.4b demonstrates the dominant
eigenvalues of the 3-bus test microgrid while changing L,»
from O to 0.05 H. A pair of complex eigenvalues are moved
from —1.41 4 9.39 to —25.52 4 29.46 (cluster 1). Therefore,
by increasing L,;, the small-signal stability of microgrid is
enhanced. By increasing L,3 in Fig.4c, the dominant eigen-
value is displaced from —0.05 to —0.6 (cluster 1). Accord-
ingly, the increase in L,3 enhances the small-signal stability
of 3-bus test microgrid.

IV. THE PROPOSED ANFIS-BASED OPTIMIZATION
ALGORITHM

The application of ANFIS to train a generalized controller can
be found in several researches such as [24]- [26]. The idea is
that the ANFIS network is trained to perform optimally in all
operating conditions. The training data is produced by PSO
optimization in different load changing scenarios [19]. When
the training data is collected, ANFIS networks are trained
for all converters in microgrid. The subsequent subsections
explain the operational steps.

A. THE PROPOSED OBJECTIVE FUNCTION

The PSO algorithm is applied to minimize an objective func-
tion (O.F.). First of all, this objective function should be
introduced. The damping ratio of an eigenvalue is defined

104920
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FIGURE 4. The dominant eigenvalues of 3-bus test microgrid while
changing virtual inductances.

by (35) in terms of its real and imaginary parts [3].
| Re |
v (Re? + Im?)

The number of microgrid eigenvalues is assumed to be m
and the number of operating points are p. The worst damping
ratio of microgrid is the minimum damping ratio among all
operating points defined by (36).

C(Z =Re+j.Im) = 35)

s omin) (36)

Another concern of this research is to deal with reactive
power mismatches which are calculated by (37).

Sworst = minimum{¢,,;,., &pins - - -

AQ = "Xf | 1.0j — njt1.0j+1 | 37)
= On
where n;, n, Q;, and Qy are reactive power droop coeffi-
cient of j converter, the number of converters in microgrid,
the reactive power of j’h converter, and the base reactive
power, respectively. The proposed objective function (38)
aims at minimizing the reactive power mismatches and
enhancing the small-signal stability of microgrid. Since the
least-damped eigenvalues are mostly affected by voltage
components (Voq, Voq) and at the same time the VI are used
in voltage loop to fairly share the reactive power, the idea
is to consider microgrid stability and reactive power sharing
in the proposed multi-objective function (38). The arbitrary
weighting coefficient («) is considered to determine the share
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of any agent in (38).

OF =a.AQ+ (1 —a)(1 = &worsr) 0<a <1 (38)

B. THE PROPOSED FLOWCHART FOR ANFIS NETWORKS
TRAINING

In order to train ANFIS networks which are seen in control
block diagram in Fig.1, the flowchart of Fig.5 is proposed.
This flowchart is explained in nine successive steps. The PSO
algorithm has been well-explained in several researches such
as [26], [27].

Start
4]
m v Microgrid load
Data flow
3l v EIR
» | Running PSO [ Eigenvalues
O.F.=Eq. (38) analysis
N 6| 8
N [P1, Qi, Lvi]
: rb ANFIS training
[Pn, Qu. Lvi]
Yes
v

— Decision —— Stop

FIGURE 5. The proposed method for training ANFIS networks.

e Step 1: The PSO algorithm is initiated by entering the
number of iterations (/fer), the inertia weight (w), num-
ber of population (nPop), number of variables (nVar),
positive constants (cy, cz), weighting coefficient («),
and permissible intervals for variables [27]. The PSO
algorithm specifications are listed in Table 2.

TABLE 2. PSO algorithm parameters.

Parameter ‘ Value Parameter Value
Iter, w 100, 0.7298 | nPop, nVar 10,3
c1, Cc2 0.1, 1.4962 a 0.5
Lvl,min 0H Lvl,maz 0.05H
Lv?,nw'n 0H Lv2,ma1‘ 0.05 H
LUB,min 0H LvS,maw 0.05 H

e Step 2: The microgrid data including load scenarios and
controller parameters are entered based on the specifica-
tions listed in Table. 1.

o Step 3: The PSO algorithm is run, while the objective
function (38) is applied. The optimization variables are
playing the roles of particles in PSO, as it is seen in (39).

y = [LVlv R Lvn] (39)
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The PSO particles in any iteration are updated by (40)
where the velocity of this transition is calculated
by (41) [27].

y§k+1) _ yz('k) i Vi(k+1) (40)
where y§k+1), ygk), and Vi(kH) are the particle location in
iteration k + 1, the particle location in iteration k, and
the velocity of i’ particle in iteration k + 1, respectively.

k+1 k k k
VI =0V 4P -y
k
+ Pl =y @

where ng) is the value of objective function for
i particle in k™ iteration which is calculated by (38) and
Pl,j os; 18 the minimum value of objective function among
all population in k™ iteration. The particles locations
are limited by minimum (y; ;i) and maximum (y; nax)
permissible values. This condition can be written as

follows (42).

k . k
yl(. ) — mm{max(yg ), yi,min)a yi,max)} (42)

Step 4: The microgrid load-flow is run and depending
on the time-step, several operating points are drawn for
the microgrid.

Step 5: The eigenvalues analysis for all operating points
is accomplished and the eigenvalue with minimum
damping ratio is determined. If any of the eigenvalues
has a positive real part, that PSO solution is not feasible
and therefore is removed.

Step 6: The optimal data set for any converter in the
microgrid includes its active power, reactive power, and
optimal virtual inductance. A three bus test microgrid
which is shown in Fig.2 is considered. All optimal data
sets are saved for all load scenarios of Fig.6 as a matrix
[D]140x9-

Pl O Ly . Py Q3 L

D= (43)

P%40 Q}4O L\}i‘o . P§40 Q:I;4O L\};O
Step 7: The load scenarios which are seen in Fig.6 are
run and 140 set of optimal data-sets are prepared. For
instance, in scenario 1 the load at bus 1is 1 p.u. ( Rpe=
50 2 and Ly,,= 50 mH ) and the loads at bus 2 and 3 are
0 kW. Subsequently, in scenario 2 the load at bus 1 is
Rperr= % Q and Lyer= % H and the loads at buses
2 and 3 are 0 kW and 0 kVAR. The values of R).,; and
Lpers in other scenarios can be drawn similarly by Fig.6
which change by 0.05 in any step. If all 140 data sets are
prepared, the data matrix (D) is ready and the algorithm
can succeed to step 8, otherwise the next load scenario
is run by starting from step 3.

Step 8: Training capability of artificial neural net-
works and the fuzzy logic are gathered in ANFIS.
The input/output mapping with membership functions
(MFs) is performed based on fuzzy rules to generate
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FIGURE 6. The load change scenarios used for ANFIS networks training.

I/O pairs [24]. The ANFIS training requires a set of
training data. The command anfisedit in MATLAB envi-
ronment calls the MATLAB neuro-fuzzy designer as
a straightforward tool to train ANFIS controllers. The
inputs and outputs values should be written in the same
matrix. For instance, in order to train an ANFIS network
for L,;, columns 1-3 matrix [D]j40x9 are used as the
training data. Moreover, columns 4-6 and 7-9 of matrix
[D]140x9 are used to train L, and L,3, respectively. Full
specifications of ANFIS networks are listed in Table.3.

o Step 9: The trained ANFIS networks are installed in
converter control block-diagram of Fig.1.

V. SIMULATION RESULTS

A 3-bus test microgrid is implemented as seen in Fig.2.
Details of the MG are found in Table. 1. Firstly, the sen-
sitivity of reactive power mismatches and the damping of
worst eigenvalue with respect to « are scrutinized. Then the
ANFIS networks are trained by the proposed algorithm. The
ANFIS toolbox in MATLAB is used and the ANFIS networks
specifications are listed in Table.3. Finally the load change
scenario is implemented and the dynamic characteristics of
microgrid are verified.

TABLE 3. ANFIS networks parameters.

Parameter | Value or Type | Parameter | Value or Type
Number of MFs 3,3 MF type trimf, constant
Epochs 50 Error tel. 0.0001

FIS training Grid partition | Optim. Method hybrid

A. SENSITIVITY ANALYSIS

The loads at buses 1 and 3 are Rp.; = 25 Q2 and there
is no load at bus 2. The weighting coefficient («) in the
objective function (38) affects the share of any participant.
The value of « is changed from 0 to 1 and the optimal values
of optimal virtual inductances are determined by steps 1-7 of
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the proposed algorithm (Fig.5). The bigger values of o lead
to lower reactive power mismatches and lower values of «
enhance the stability of microgrid by enhancing the damping
of worst eigenvalue. As Fig.7a demonstrates, the maximum
reactive power mismatch is seen at@ = 0. By increasing « the
reactive power mismatches decreases. It should be noted that
for the o > 0.5 the rate of drop in reactive power mismatch is
negligible.

The damping ratio percentage of the worst eigenvalue is
shown in Fig.7b for different values of «. It is seen that for
o = 0 the damping ratio of worse eigenvalue is 37.62%
which is the maximum possible value. By increasing o
the damping ratio of worst eigenvalue decreases gradually.
The rate of reducing the damping ratio for « > 0.5 is
negligible.

Consequently, choosing « = 0.5 is a good compromise
for the multi objective equation (38) to have a relatively
low reactive power mismatch and a high minimum damping
ratio.

@

S

S
|

AQ (VAR)
5

0 0.1 02 03 04 05 06 07 08 09 1

0 0.1 02 03 04 05 06 07 08 09 1

a
(b)
FIGURE 7. The sensitivity analysis for reactive power mismatches and the

damping of worst eigenvalue of microgrid with respect to weighting
factor ().

B. TRAINING ANFIS NETWORKS

There are three converters in the 3-bus test microgrid and
three ANFIS networks are required in the control block-
diagram. A two-input one-output ANFIS network is trained
for any converter by MATLAB. The MATLAB command
anfisedit loads the ANFIS training toolbox. The full speci-
fications of ANFIS networks are listed in Table.3. The active
power and the reactive powers are inputs and virtual induc-
tance is the output which are placed in first, second, and
third column of a matrix, respectively. The data sets include
140 load scenarios. The ANFIS network for L,;, L3, L,3 are
depicted in Fig.8. The virtual inductance L, in Fig.8a shows
two opposite trends around P; = 4583.1 W, before and after
this point the virtual inductance value shows a drop and a
growth by a rise in active power, respectively.

The ANFIS network for L, in Fig.8b demonstrates
roughly a direct relationship between the value of P and the
value of L,». However, the plain slope in Qp — L, axis has
a breaking point (Q> = 975.36 VAR). Before and after this
point the slopes have positive and negative values.
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FIGURE 8. The trained ANFIS networks for calculating optimal Vis
a)Lyy, b) Lyz, ©) Ly3.

The ANFIS network of converter 3 is also depicted
in Fig.8c. The maximum values of L,3 are corresponding with
the minimum active and reactive power injections. There is a
breaking point in P3 — L3 axis so as the rate of change of P3
before and after P3 = 4561.45 W are total different. In active
powers lower than this value, the change of virtual inertia
is independent from change in active power of converter 3.
However, the points over this value present a dramatic change
in L,3 by changing Ps3.

C. LOAD CHANGES SCENARIO

A static load (Rpeyr + j-Xpers) is connected tobus 1 att=0.5s,
then the same load is switched in bus 2 att = 1.5 s, and finally
a similar load is connected to bus 3 at t = 2.5 s. Different
dynamic characteristics are drawn by MATLAB simulation
and demonstrated, subsequently. The results obtained by the
proposed method are compared with the results achieved by
applying the control method in another study [7].

1) FREQUENCY OF THE MICROGRID

The frequency of the microgrid in different buses is shown
in Fig.9 using the proposed control method and also the
control method in [7]. The frequency fluctuations while
applying the proposed control method are negligible in
comparison with applying the control method in [7]. The
microgrid frequency nadir values are shown in Fig.9 at
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maximum deviation points. The frequency nadir while apply-
ing ANFIS-based control method is 49.9529 Hz while the
corresponding value while applying the control method in [7]
is 49.9435 Hz. Accordingly, the proposed ANFIS-based con-
trol method enhances the frequency nadir.

T
f, ANFIS-based
J— ]

T T
f, ANFIS-based
—mefyin[7]

T T
——— I, ANFIS-based
— Yl

,,,,,,,
.....

Frequency (Hz)
- - -
=
o
=
!.

\

\

\
\
i
!

Time (s)

FIGURE 9. The microgrid frequency in load change scenario while
applying the proposed ANFIS controller and the control method in [7].

2) VOLTAGE COMPONENTS OF THE MICROGRID

The dg-axis voltage components are demonstrated in Fig.10
while applying the proposed ANFIS-based control method
and the control method in [7]. The d-axis voltage compo-
nents are changing around zero in Fig.10a, either using the
ANFIS-based control method or applying the control method
in [7] since both methods keep the d-axis voltage at zero.
The g-axis voltage components are shown in Fig.10b. As it
is seen, the minimum instantaneous voltage while apply-
ing the proposed ANFIS-based control method is 370.98 V
which is roughly equal to the minimum g-axis voltage while
applying [7] (370.22 V). The minimum steady state voltages
while applying the proposed control method or the control
method in [7] are 380.44 V and 381.02 V, respectively.
Consequently, the voltage drops while applying both control
methods are roughly identical. Therefore, from the voltage
point of view both control methods demonstrate a satisfactory
performance.

3) THE MICROGRID OUTPUT CURRENT COMPONENTS

The current components injected by converters 1, 2, and 3 are
demonstrated in Fig.11. The d-axis currents in Fig.11a by
ANFIS-based control method show lower mismatches and
fluctuations than d-axis currents drawn by [7]. The max-
imum current mismatches in Fig.11a using the proposed
ANFIS-based control and using the control method in [7] are
0.37 A and 2.37 A, respectively. Therefore, the ANFIS-based
method excelled the control method in [7] in minimizing the
d-axis current mismatch. The steady-state values of g-axis
current components in Fig.11b are identical, but the current
overshoot and fluctuations while applying the ANFIS-based
control method are lower than the corresponding values
while applying the control method in [7] (3.2381 A and
3.2595 A, respectively). Consequently, the performance of
the ANFIS-based control method exceeds the performance
of the control method in [7] from the current point of view.

104923



IEEE Access

B. Pournazarian et al.: Enhancing Microgrid Small-Signal Stability and Reactive Power Sharing

T
\\ vod, ANFIS-based
\ vod, ANFIS-based
vnd3 ANFIS-based
—-—-vod, in[7]

od, in [7] il

—-—-vod,in 7]

Vod W)
3
n

Time (s)
(a)

390 T T T T

04, ANFIS-based mmmmmm V0, ANFIS-based e v0q , ANFIS-based

=== voq, in [7] == voq, in[7]

=== voqin[7]

385

380

(\2)

g
>° 375}

370 |

365 ‘ s ‘ ‘ ‘ i ‘

Time (s)
(W)
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FIGURE 11. The microgrid current components for converters 1, 2, 3 in
load change scenario while applying the proposed ANFIS controllers and
the controllers in [7].

4) THE CONVERTERS ACTIVE AND REACTIVE POWERS

The active powers injected by converters 1, 2, and 3 are shown
in Fig.12a. The steady-state active power values using both
methods are 1.74 kW, 3.18 kW, and 4.57 kW at t = 1.5,
2.5, and 3.5 s, respectively. The maximum overshoot in active
power curves by the proposed ANFIS-based controller is
0.96 kW and the corresponding value by the control method
in [7] is 1.36 kW in Fig.12a. Consequently, the active power
overshoot is decreased by the proposed ANFIS-based control
method which is a prominent advantage. The reactive powers
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injected by converters 1, 2, and 3 are shown in Fig.12b.
The maximum reactive power mismatches while applying
the ANFIS-based controller and the control method in [7]
are 0.277 kVAR and 2.74 kVAR, respectively. Therefore the
reactive power mismatches are decreased substantially which
is a major contribution of the proposed ANFIS-based con-
troller. It should be noted that the ANFIS-based controllers
are independent of the load-change location in the microgrid
and they can successfully cope with the load changes in three
different buses att =0.5s,t=1.5s,andt=2.5s.
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FIGURE 12. The converters active and reactive powers in load change
scenario applying the proposed optimal parameters and the
corresponding voltage components in [7], a) active power (P), b) reactive
power (Q).

VI. CONCLUSION

Herein, the dynamic modeling of a converter-interfaced
microgrid including static loads, lines and PLL devices has
been performed as the first step. An objective function has
been defined based on microgrid small-signal stability anal-
ysis and reactive power mismatches in the microgrid. The
next step has been to define an algorithm to train ANFIS
networks which have been new elements applied in the pro-
posed control method. These elements determine the VI val-
ues with respect to instantaneous active and reactive powers
in the proposed control block diagram. The ANFIS-based
method applied PSO algorithm to draw optimal training
data in all load scenarios. Finally, the training-data has been
completed and this data has been delivered to the ANFIS
training step. Trained networks have been installed in the
converter controller and a simulation scenario including
three successive load changes in the microgrid have been
implemented. According to the simulation results, the pro-
posed control method could favorably minimize the reactive
power mismatches among converters independent of the load
change location. The dynamic responses including the cur-
rent responses have been enhanced by the proposed control
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method. Moreover, the eigenvalues analysis has clarified a
prominent advancement in microgrid small-signal stability by
applying the proposed control method. The simulation studies
validate the applicability and effectiveness of the proposed
ANFIS-based control method.
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