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Abstract—A droop controlled microgrid composed of a bat-
tery energy storage system and a photovoltaic-based distribution
static compensator (PV-DSTATCOM) is developed in this article
to improve the power quality of a microgrid. Owing to the high
penetration rate of the renewable energy source-based distributed
generators, the extensive usage of inductive loads and unexpected
load change, the power quality issues, including unbalanced cur-
rents, current harmonics, and lagging power factor (PF), have
become severe challenges in the microgrid. Consequently, a novel
control scheme of PV-DSTATCOM is developed to overcome the
power quality issues in the droop controlled microgrid. The de-
veloped PV-DSTATCOM combines the power generated from PV
system with the reactive power compensation of a DSTATCOM
to enhance power quality and grid reliability. In other words,
the developed PV-DSTATCOM owns the angular frequency/active
power w— P droop characteristic and the ability to reduce the total
harmonic distortion of the current, correct PF, compensate the
reactive power for voltage support, and mitigate the three-phase
unbalanced system currents of the microgrid. Furthermore, to
effectively improve the transient response of the reactive power
compensation and the performance of the PV-DSTATCOM dur-
ing load variations, an intelligent online trained Petri Legendre
fuzzy neural network (PLFNN) controller is proposed to replace
the conventional proportional-integral controller. Furthermore,
the network structure and the online learning algorithm of the
proposed PLFNN are derived in detail. Finally, the effectiveness of
the proposed PLFNN-based PV-DSTATCOM to improve the power
quality of the microgrid is verified by the experimentation.

Index Terms—Battery energy storage system (BESS), intelli-
gent control, Legendre fuzzy neural network (PLFNN), micro-
grid, photovoltaic-based distribution static compensator
(PV-DSTATCOM), total harmonic distortion (THD).

NOMENCLATURE

Vsas Ushs Usc Three-phase voltages of BESS.

Ws Actual angular frequency of microgrid.
0 Electric angle.
Tsay lshy Lse Three-phase currents of BESS.
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dg-axis voltages of BESS.

dg-axis currents of BESS.

Peak value of phase voltage of micro-
grid.

Active power output of BESS.
Reactive power output of BESS.
Angular frequency command of BESS.
Amplitude command of phase voltage.
Reference angular frequency of BESS
at no load.

Reference amplitude of phase voltage.
Droop coefficient of P—w droop char-
acteristic in BESS.

Droop coefficient of Q-V droop charac-
teristic in BESS.

Reference active power.

Reference reactive power.

Electric angle for coordinate transfor-
mation.

dg-axis current commands of BESS.
Three-phase reference commands of
BESS.

Three-phase  voltages of  PV-
DSTATCOM.
Three-phase  currents of  PV-
DSTATCOM.
Active power output of PV-
DSTATCOM.

Three-phase load currents.

dg-axis load currents.

dg-axis ac current components of load.
dg-axis dc current components of load.
d-axis reactive power command.
Reference active power.

Active power command.

Droop coefficient of w— P droop char-
acteristic in PV-DSTATCOM.
Reference angular frequency.

dg-axis current commands of PV-
DSTATCOM.

Three-phase reference commands of
PV-DSTATCOM.

Inputs of PLFNN.

Standard deviation of Gaussian func-
tion.

Mean of Gaussian function.


https://orcid.org/0000-0003-4717-1993
https://orcid.org/0000-0002-0381-5067
mailto:linfj@ee.ncu.edu.tw
mailto:111521098@cc.ncu.edu.tw
mailto:112521137@cc.ncu.edu.tw
mailto:112521137@cc.ncu.edu.tw
mailto:tankh@ccit.ndu.edu.tw
https://doi.org/10.1109/TPEL.2025.3571917

LIN et al.: DROOP CONTROLLED MICROGRID WITH INTELLIGENT PV-DSTATCOM FOR POWER QUALITY IMPROVEMENT

v, Outputs of membership layer.

A3 Output of Legendre expansion.

A Vector output of Legendre expansion.
L, Legendre polynomials.

v} Ith node output of Legendre layer.

w} Connected weights of Legendre layer.
tg, Transition of Petri layer.

diyp Dynamic threshold value.

a, B Positive constants.

y?p Output of Petri layer.

Yy rth node output of rule layer.

wh Connective weight between the output
layer and rule layer.

yS Output of proposed PLFNN controller.

E Energy function.

Aw’ Update of connected weight.

N, Learning rate.

Aw} Update of connected weight.

un Learning rate.

Ac?, Update of standard deviation.

Update of mean.
Ny Learning rate.
Learning rate.

1. INTRODUCTION

N THE past decades, a novel conceptual small-scale power
I system denominated microgrid had been proposed to
integrate the renewable energy resource-based distributed gen-
erators (DGs), such as photovoltaic (PV) system, wind turbine
generator, and battery energy storage system (BESS), into the lo-
cal power distribution systems due to the increasing concerns re-
garding the energy crisis, greenhouse gas emission reduction and
environmental protection [1], [2], [3]. The microgrid possesses
the capability of operating in islanded mode or grid-connected
mode to enhance the power supply reliability [4], [S]. Moreover,
in the light of control strategy, the droop control method is a
popular control algorithm for the microgrid owing to the merits,
such as high flexibility and reliability [6], [7]. The droop control
method is to regulate the system voltage and frequency to share
the reactive and active powers among the DGs in accordance
with the power demand of the loads without communication re-
quirement [7], [8]. Hence, the characteristics of the droop control
method are similar to the synchronous generators [2]. Neverthe-
less, on account of the stochastic and intermittent characteristics
of the renewable energy resources, the power quality of the
microgrid gets severe challenges compared with the traditional
power system [9], [10]. Furthermore, with the extensive usage of
the inductive, nonlinear, and unbalanced loads at the customer’s
side, the lagging power factor (PF), harmonic pollution, and
unbalanced system currents also deteriorate the power quality
and grid reliability [11], [12], [13]. In other words, the inordinate
reactive power demand from the inductive load reduces the
active power transfer capability and increases the feeder losses.
The nonlinear load in power system also causes low operating
efficiency. In addition, the safe operation of the generators and
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transformers will be threatened by the unbalanced currents [11],
[12]. Accordingly, how to solve the power quality problems
resulted from the renewable energy resources and the dirty
loads in the droop controlled microgrid is a significant issue.

The distributed static compensator (DSTATCOM) is an
effective method to overcome the power quality problems and
is widely adopted to mitigate the current-based power quality
problems [13], [14], [15]. The main purpose of the DSTATCOM
is to inject the controlled currents of particular magnitudes and
phase angles into the grid for the grid current to be sinusoidal
and in phase with the grid voltage [16]. Moreover, the common
control algorithms of the DSTATCOM are the instantaneous
reactive power (IRP) theory and the synchronous reference
frame (SRF) method [10], [17]. The principle of the IRP theory
is to compute the instantaneous active and reactive powers of the
loads to achieve the objective of the power quality improvement
[10]. Though the IRP is easy to implement in the DSTATCOM
due to the operation in o3 stationary reference frame without
using the phase-locked loop (PLL), the accurate calculation of
the instantaneous power is difficult to achieve in the three-
phase unbalanced system [18]. On the other hand, the SRF
method is mainly implemented in dg synchronously rotating
reference frame to dispatch the controlled currents for solving
the power quality problems. Because the control accuracy of the
dq synchronously rotating reference frame-based technique is
higher than the af stationary reference frame-based technique,
the SRF method is more suitable than the IRP theory for the
DSTATCOM [19].

The conventional proportional-integral (PI) controller has
been generally adopted in consequence of the simple structure
and easy implementation. However, because the designed and
fixed gains of the PI controller are only suitable for the assumed
scenarios, the performance of the control system using PI con-
troller will be decreased on account of the external disturbance
and interference such as sudden load change and short-circuit
faults [2], [10], [20]. Moreover, the PI controller cannott provide
favorable control performance if the controlled plant has non-
linear and uncertain factors such as the existence of a nonlinear
load [21]. Hence, though the PI-based DSTATCOM can reduce
the total harmonic distortion (THD) of the current, the poor
control efficacy and sluggish dynamics of the DSTATCOM dur-
ing the fast load change are resulted from the poor disturbance
rejection property of the adopted PI controller [13], [15], [22].
Furthermore, though the model-based nonlinear controller has
been provided in the literature and the parameters can be opti-
mized under the assumed ideal conditions, it cannot effectively
deal with the external disturbance and interference resulted in
poor system stability and control performance [21], [23]. In
addition, the structure of the model-based controller is compli-
cated in nature and requires exact model of the process, which
leads to a discrepancy in the actual and mathematical models
[23], [24]. Therefore, how to design the suitable controller for
coping with the inevitable nonlinear and uncertain factors in the
power system is a significant issue.

In the past decades, the Petri fuzzy neural network (PFNN) has
been developed and applied in different fields [25]. The PFNN
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mainly comprises the Petri net (PN) and fuzzy neural network
(FNN). The PN is an effective algorithm to analyze and model
the discrete event system with synchronization, concurrence,
sequencing, and sharing of resources [26]. Moreover, the PN can
effectively implement the real-time and desynchronized control
with the superior analysis and graphical function [27], [28].
Thus, the PENN owns the capabilities of PN to analyze, model,
optimize, and control the dynamic system, the abilities of fuzzy
logic algorithm to cope with uncertain information and the
capabilities of neural network (NN) in learning, approximation,
generalization, and parallel computation. Therefore, much
literature using the PFNN has been proposed in [28] and [29].
In [28], a storage system using the PFNN was proposed for the
voltage stabilization control in a microgrid system. The PFNN
controlled squirrel-cage induction generator was developed
in [29] for the grid-connected wind power applications.
Additionally, the Legendre polynomials are a set of completely
orthogonal polynomials and can approximate any function to
arbitrary precision within a bounded interval [30], [31]. In other
words, the Legendre polynomials can expand the original input
vector with faster convergence rate and lower computational
burden, and generate nonlinear transformations [32]. Some
researches using the Legendre polynomials for different
applications have been provided [32], [33]. In [33], the Legendre
polynomials were adopted for a permanent-magnet assisted
synchronous reluctance motor drive system to achieve the
accurate control performance in terms of speed tracking control.
Consequently, on account of the merits of the PFNN and the Leg-
endre polynomials, a novel intelligent controller to integrate the
Legendre polynomials into the PFNN denominated as Petri Leg-
endre fuzzy neural network (PLFNN) is firstly proposed in this
article.

In this article, a droop controlled microgrid composed of
a BESS and a PV system is built. To efficiently utilize the
capabilities of renewable energy, a PV-based DSTATCOM
(PV-DSTATCOM) with a novel control scheme is developed,
combining the power generation from PV system with the reac-
tive power compensation of a DSTATCOM to enhance power
quality and grid reliability. Additionally, the developed PV-
DSTATCOM owns the angular frequency/active power w—P
droop characteristic and the ability of the DSTATCOM for the
power quality improvement and voltage support. Moreover, to
solve the poor control property of the conventional PI controller,
a PLENN is proposed for the PV-DSTATCOM to replace the PI
controller. The rest of this article is organized given as follows:
The theories of the droop controlled microgrid and the novel
control scheme of the PV-DSTATCOM are particularized in
Section II. Then, the network structure of the proposed PLFNN
controller for the developed PV-DSTATCOM is derived in
Section III. Furthermore, in Section IV, the effectiveness of the
proposed PLFNN-based PV-DSTATCOM in the microgrid to
reduce the current THD, correct PF, compensate the reactive
power for voltage support, and mitigate the three-phase
unbalaced system currents is verified by the experimentation.
The experimental results of various other controllers including
PI and non-model-based neural network controllers are also
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Fig. 1. Schematic framework of droop controlled microgrid.

provided for the comparison of control performance. Finally,
Section V concludes this article.

II. DROOP CONTROLLED MICROGRID WITH PV-DSTATCOM

The schematic framework of the droop controlled microgrid
is given in Fig. 1. The BESS and PV-DSTATCOM are connected
in parallel through the power inverters. The loads consist of
the nonlinear load, unbalanced load and linear inductive load
to generate the deteriorated current harmonics, unbalanced
system currents, and lagging PF. The system frequency and
voltage of the developed microgrid are 60 Hz and 110 Vrms,
respectively. Then, the detailed control schemes of the BESS
and the PV-DSTATCOM for the power quality improvement
are described in the following.

A. Control Scheme of BESS

The schematic diagram of the BESS is provided in Fig. 2.
The control block of the BESS with droop control is illustrated in
Fig. 2(a). The active power/angular frequency P—w and reactive
power/voltage O—V droop characteristics of the BESS are pre-
sented in Fig. 2(b) and (c), respectively. In this article, a second-
order generalized integrator phase locked loop (SOGI-PLL) is
adopted in the BESS to exactly synchronize with the system
voltage of the microgrid [34]. On the whole, the conventional
PLL fails to accurately synchronize with the voltage during
unbalanced voltage situation in consequence of the presence of
the double-frequency ac components and dc components in dg
frame [34], [35]. Therefore, the SOGI-PLL is widely adopted
to replace the conventional PLL and the objective is to extract
the positive sequence components of the system voltage to solve
the inaccurate synchronization during unbalanced voltage situ-
ation [35], [36]. In accordance with the SOGI-PLL, the electric
angle 0, and actual angular frequency w; of the microgrid are
obtained. Furthermore, to implement the droop control for the
BESS, the three-phase voltages vsq, Vsp, Vsc and three-phase
currents is,,%sp,%5. Of the BESS are utilized to compute the
dg-axis voltages V,,, V,, and currents I_;, I, according to
the abc/dq coordinate transformation as shown in Fig. 2(a).
Hence, the peak value of the phase voltage V,,, ... of the
microgrid is obtained and the active and reactive power outputs
Ps, Qs of the BESS are calculated via the power calculation
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control. (b) P — w droop characteristic. (c) @ — V droop characteristic.

as follows:
Ps _ § Vsd ‘/;q Isd (1)
Qs o 2 _‘/;q ‘/sd Isq '
In addition, the P—w and Q-V droop characteristics of the

BESS shown in Fig. 2(b) and (c), respectively, are described as
follows [2], [10]:

w:n:wn+Ksp(Pn_Ps) (2)
Vi = Vo + Ko (Qn — Q) 3)

where the reference angular frequency w,, is set to be 377 rad/s
at no load; the reference amplitude of phase voltage V,, is set
to be 89.8 V at no load; the droop coefficients K, and K,
are set to be 0.002167 (rad/s)/W and 0.05 V/Var; the reference
active power P, and reactive power (Q,, are set to be zero.
By means of the integral operation with the angular frequency
command w;, shown in (2), the electric angle 6, can be
acquired for the coordinate transformation. Generally, the elec-
tric angle 6 will be equal to 67, . Afterward the frequency error
wy, — w, and the voltage error V7, =V, ., are transmitted
to the PI controllers to obtain the dg-axis current commands

I3, I3, Accordingly, the errors between the dg-axis current
commands Iy I :q and the dg-axis current components [,

I, are sent to two PI controllers and an inverse coordinate

transformation is adopted to obtain the three-phase reference
commands Ucomas Ucomb, Ucome- Finally, the switching signals
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Fig. 3. Schematic diagram of PV-DSTATCOM. (a) Control block of PV-
DSTATCOM with droop control. (b) w—P droop characteristic.

of the insulated gate bipolar transistor (IGBT) are obtained via
the sinusoidal pulsewidth modulation (SPWM). Consequently,
the object of the BESS with the droop control can be achieved.

B. Control Scheme of PV-DSTATCOM

A PV-DSTATCOM with novel control scheme is developed
to overcome the power quality issues in the droop controlled
microgrid. The novel control scheme of the developed
PV-DSTATCOM owns the w—P droop characteristic and
the ability of the DSTATCOM to compensate the reactive
power for the power quality improvement and voltage support.
The schematic diagram of the developed PV-DSTATCOM is
represented in Fig. 3. The control block of the PV-DSTATCOM
with droop control is illustrated in Fig. 3(a). The w—P droop
characteristic adopted in the developed PV-DSTATCOM is
given in Fig. 3(b). First, the SOGI-PLL is also adopted in the
PV-DSTATCOM to obtain w, and 6. The acquired wy and 6
are adopted for the droop control and coordinate transformation,
respectively. Moreover, the three-phase voltages vpq Vpp, Vpe
and three-phase currents %, ipp, i, of the PV-DSTATCOM are
detected to calculate the active power Pp of the PV-DSTATCOM
as shown in Fig. 3(a). Afterward, the dg-axis load currents
114,11, are computed by using the obtained three-phase load
currents irq i1, i1 via the abe/dg coordinate transformation.
Because the dg-axis load currents Irq,Ir, consist of the
dc current components Ira, I g and ac current components
I Ld, I Lg» alow pass filter is adopted in g-axis load current Iz, to
extract the dc current component I ¢> and then subtracted from
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11, to obtain the ac current component I Lq- Furthermore, to
implement the droop control in the developed PV-DSTATCOM,
the w— P droop characteristic shown in Fig. 3(b) is adopted to
dispatch the corresponding active power according to the power
demand of the loads and is described as follows:

P;m, = Ppref + Kpu(wpn — ws) 4)

where the reference active power P, is set to be 1600 W the
droop coefficient K, is set to be 307.6923 W/(rad/s); the refer-
ence angular frequency w,,, is settobe 371.8 rad/s. In this article,
when the solar irradiation is sufficient for the PV-DSTATCOM
to generate the required Pp, the switch (SW) shown in Fig. 3(a)
turns on to dispatch the corresponding active power according to
(4) for power sharing. The active power error Py, — P, is trans-
mitted to the PI controller and is added to the ac current compo-
nent I7,, to obtain the g-axis current command T g~ On the other
hand, when the solar irradiation isn’t sufficient and the computed
active power Pp of the PV-DSTATCOM is less than the active
power command P;jm, the SW will turn OFF. Therefore, the
g-axis current command [, will be equal to the ac current com-
ponent I Lq- In addition, to achieve the reactive power compen-
sation of the DSTATCOM for the power quality improvement
and voltage support, the reactive power error Q% — @, of the
BESS is sent to the PI, proportional-integral-derivative neural
network (PIDNN) [37], FNN or the proposed PLENN controller
to generate the d-axis reactive power command I, ;. Then, the
d-axis reactive power command I7), is added to the d-axis
load current I74 to acquire the d-axis current command I;d.
Additionally, the three-phase reference commands w,,, u,, Uy
for generating the switching signals of the IGBT via the SPWM
are computed by means of three-phase current control and
coordinate transformation using dg-axis current commands I,
and I, . Finally, the objective of the developed PV-DSTATCOM
with the w— P droop characteristic and the ability of the DSTAT-
COM to compensate the reactive power for the power quality
improvement and voltage support can be achieved.

In this article, since the dg-axis ac current components
I Ld, I Lq correspond to the harmonic load currents in abc frame,
the current harmonics can be eliminated by using the dg-axis
ac current components I Ld, I ¢ of the PV-DSTATCOM. On the
other hand, the PF correction is mainly implemented by the
d-axis reactive power command /,, for the reactive power com-
pensation. Moreover, since the current harmonics are resulted
from the nonlinear load composed of a full-bridge rectifier with
inductor L;; and resistor ;; as shown in Fig. 3(a), the d-axis re-
active power command /), for the reactive power compensation
will also mitigate the reactive power demanded from the induc-
tor L;; and the resulted current harmonics. Consequently, the
dg-axis current commands I, and I, of the PV-DSTATCOM
can effectively improve the current THD and correct the PF in
the droop controlled microgrid. Furthermore, when the insuf-
ficient solar irradiation occurs, the PV-DSTATCOM still owns
the abilities of the DSTATCOM in accordance with the control
scheme to reduce the current THD, correct PF, compensate the
reactive power for voltage support, and mitigate the three-phase
unbalanced system currents of the microgrid.
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III. ONLINE TRAINED PLENN CONTROLLER

In this article, to enhance the power quality of the droop
controlled microgrid and solve the drawbacks of the conven-
tional PI controller, a novel PLFNN controller is proposed for
the PV-DSTATCOM to replace the PI controller. The network
structure of the proposed PLFNN controller is given in Fig. 4.
The PLENN controller comprises the input layer, membership
layer, Legendre layer, Petri layer, rule layer and the output layer.
The detailed derivation of the network structure and online learn-
ing algorithm of the proposed PLFNN controller is described
as later. Moreover, the flowchart of PV-DSTATCOM using the
proposed PLENN controller for reactive power compensation is
described in Appendix.

A. Network Structure

The relationship between the layers in the developed PLFNN
controller is expressed in the following.
1) Input Layer: The signal transduction in this layer is
depicted as
net; (N) = a;(N) (5)

7

y (N) = fl(net;(N)) =net;(N) i=1,2 (6)

where N signifies the Nth iteration; z}(N) exhibits the ith
input to the input layer. In this article, the inputs of the
developed PLFNN controller are the reactive power error
r1(N) = e =Q%—Q, of the BESS and its corresponding
derivative x3(NN) = ¢ as shown in Fig. 3(a).

2) Membership Layer: The fuzzification operation is
executed by means of the Gaussian functions in this layer. The
input information is mapped to a membership degree between
Oand 1 as
(2 (N) = m, (N))*
(07 (N))?

m

net? (N)=-—

m

@)
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Yim(N) = fin (netf,, (N)) = exp(net;,,(N)),m =1, 2, 3.
®)
The outputs of the nodes to represent the membership degree

are 42, (N).

3) Legendre Layer: The Legendre polynomials are a set of
completely orthogonal polynomials and can expand the origi-
nal input vector with faster convergence rate [32]. Hence, the
Legendre polynomials are utilized as the functional expansion
functions. The vector of the input variables x = [z}, 23] can be

separated in the enhanced space in the following [32]:
A=n3a3,.,a8T
= [Lo, Ly (1), Ly(21), Ly(21), Ly(a7)
Ly (23), Lo(w3), Ly(x3), Ly (x3)]" 9)

where A} is the output of the Legendre expansion; A is the vector
output of the Legendre expansion; L, () stand for the Legendre
polynomials, in which —1 < = < 1 depicts the argument of the
polynomial and & represents the order of the expansion. The
signal transduction in Legendre layer is described as

9
net} (N) = Zw?kf(]\f
=1
v (N) (1)
4) Petri Layer: The competition principle to select the suit-
able fired node is utilized in Petri layer for the main objective of
generating the tokens. Once the token is generated at the input

place, the transition becomes enabled state. Consequently, the
state of the transition, whether fired or unfired, is expressed as

(10)

= fP(nef (V) = net? (V).

4 _ 1a —

B = PN Zan ¢ pmL2E (2
 aexp(-8H)
P 1+ exp(—pH) (13
H:%(e—&-é). (14)

Moreover, the signal transduction of the nodes in Petri layer
is described in the following:

net;,(N) = 7., (N)t;,(N) (15)
i, (N) = fir,(net}, (N)) = net;,(N). (16)

5) Rule Layer: In rule layer, the multiplication operation is
carried out to obtain the product of the input data. The relation-
ship between the input and the output of rule layer is depicted
as

net)(N) = [ [ vivi,v3, (17)
l

Y (N) = f7 (net?(N)),

6) Output Layer: In output layer, the summation operation is
utilized to carry out the defuzzification process. Therefore, the

r=1,2,...,9.  (18)
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signal transduction of this layer is given as

9
netS(N) = Y wiyl(N), o=1 (19)
r=1
Yo(N) = f2(net3(N)) = netd(N) (20)

where yS(IN) is the output of the proposed PLFNN controller
for the developed PV-DSTATCOM, which is a part of the
d-axis current command /), as shown in Fig. 3(a) to effectively
compensate the reactive power for the power quality improve-
ment and voltage support.

B. Online Learning Algorithm

In accordance with the supervised learning strategy, the pa-
rameter learning is accomplished through the online tuning
of the connected weights between the output layer and rule
layer, the connected weights in Legendre layer, and the mean
and standard deviation of the membership functions using the
backpropagation (BP) strategy for minimizing a given error
function E, which is defined as

1 o2,

E(N) = (Q -Q,)" =

The derivation of the online learning algorithm of the pro-
posed PLENN controller for the PV-DSTATCOM is described
in detail as follows:

1) Output Layer: The error term of the output layer is prop-
agated as

2

56 — 8E(N)_ 8E(N) 0Q) s
°T OyS(N) T 9Qs 9yS(N)

The connected weight is computed and updated in the follow-
ing by using the chain rule

(22)

OE(N) _ | OF (N) Ayo(N) _
Awl = —n, = ° =08
(23)
The connected weight w8 will be updated as
wl(N 4+ 1) = w(N) + Awb. (24)

2) Rule Layer: Inrule layer, the error terms to be propagated
are derived as
o _OE(N) _ OE(N) dy8(N)
" OyR(N)  9y3(N) 9y (N)
3) Legendre Layer: The term of the propagated error is cal-
culated as

= dw; (N).

(25)

o OB(N) _ OB(N) 0y3(N) 0y3(N)
FT T a(N) T BN 9yE(N) Dy (V)

= 65y1py2p(N) (26)

In accordance with the chain rule, the update of the connected
weight Aw; is derived as
OE(N)
Aw? = —ng——~L
RN TR
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OE(N) 9yS(N) dy3(N) dy}(N)
~ MAYS(N) Dy (N) Dy (N) duw(N)

=m0} 2 (N), @7
Thus, the updated connected weight w is computed as
wP(N +1) = w(N) + Aw}. (28)

4) Membership Layer: By using the chainrule, the error term
needs to be computed and propagated as
__OFE (N)

Onet? (N)

_ 9E(N) 9yS(N) 9y2(N) 9y, (N)
= T By8(N) ay3(N) B2, (N) nei?, (N)

= GAN).
The updates of the standard deviation Ac? and mean Am?,,
of the membership functions are derived in the following:
OE(N)
Ao? = —n,——-
T 0, (N)

_, QE(N) Oyb(N) Oyp(N) 0y, () Onets;(N)
7 OyS(N) Oy2(N) dyz,,(N) dnet?,,(N) doZ;(N)
(52 2(yzl _m12m)2

= NoO4im,
(02,)°

2
5im_

(29)

(30)

_OE(N) 04§
T ys(N) Dy
2

(V) 9y (N) 0yz,(N) Onet7, (N)
(N) 0y3.,,(N) Onet, (N) omZ, (N)
o)

m

3D

Consequently, the updated standard deviation o2, and mean
m?,_ of the membership functions are calculated as

oin(N+1)=07,(N)+ A,
m, (N +1) =mZ,,(N) + Am3, ..

(32)
(33)

On account of the uncertainties such as the parameter varia-
tions and external disturbances in the droop controlled micro-
grid, the calculation of the Jacobian of the droop controlled
microgrid, 9Q /9y (N), is hard to obtain accurately. Hence, for
the purposes of overcoming this issue and increasing the online
learning rate of the network parameters, the delta adaptation law
is utilized as follows [3], [10]:

3= (Qr-Q,)+(Q:—Q,) =e+eé. (34)

IV. DESIGN AND EXPERIMENTATION

The developed droop controlled microgrid is provided in
Fig. 5. The block diagrams of the BESS and the developed
PV-DSTATCOM using the proposed PLENN controller for the
power quality improvement and voltage support are illustrated
in Fig. 5(a) and (b), respectively. In this article, the BESS is
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Fig. 5. Developed droop controlled microgrid. (a) Block diagram of BESS.
(b) Block diagram of PV-DSTATCOM. (c) Photos of experimental setup.

controlled by a TMS320F28335 digital signal processor-based
control system with the sampling frequency 1 kHz and switch-
ing frequency 16 kHz as shown in Fig. 5(a). The three-phase
voltages vsq, Vsp, Vs and three-phase currents g4, ¢sp,%sc Of
the BESS are detected and set to the peripheral circuits for
the implementations of the SOGI-PLL, P—w and Q-V droop
controls. Moreover, a personal computer (PC) based control
platform is utilized to implement the PV-DSTATCOM through
the MATLAB & Simulink real-time control package with the
sampling frequency 2 kHz (0.5 ms sampling time) and switching
frequency 10 kHz. The three-phase voltages vpq, Vpp, Upe and
CUITENtS %pq tpp, ipe Of the PV-DSTATCOM and the three-phase
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TABLE I
SYSTEM PARAMETERS OF DEVELOPED MICROGRID

Parameters Values
DC Voltage of BESS 237.6 V
DC-Link Capacitor : C 2200 uF
Filter Inductor of BESS: L 3 mH
Filter Inductor of PV-DSTATCOM: L, 10 mH
Filter Capacitor : C, 46 uF
Switching Frequency of BESS 16 kHz
Outer Sampling Frequency of BESS 1 kHz
Sampling Frequency of BESS 16 kHz
Switching Frequency of PV-DSTATCOM 10 kHz
Sampling Frequency of PV-DSTATCOM 2 kHz

load currents ir,q. % 1.1, % 1, are acquired and transmitted to the con-
trol platform for the implementations of the proposed PLFNN
controller, SOGI-PLL, w— P droop control and reactive power
compensation for the power quality improvement and voltage
support. In the experimentation, in order to verify the effective-
ness of the PV-DSTATCOM, the solar irradiation is assumed
to be sufficient. The BESS is also 80% charged. Furthermore,
the photos of the experimental setup are given in Fig. 5(c).
In addition, the detailed system parameters of the developed
microgrid are provided in Table 1.

In this article, the loads consist of a nonlinear load, an
unbalanced load and a linear inductive load to generate the
deteriorated current harmonics, unbalanced system currents, and
lagging PF. Hence, to certify the effectiveness of the developed
PV-DSTATCOM using the proposed PLFNN controller to
reduce the current THD, correct PF, compensate the reactive
power for voltage support, and mitigate the three-phase
unbalanced system currents, two test scenarios of the loads are
designed. In case 1, the loads are composed of the nonlinear load,
which is a full-bridge rectifierwith L;; = 1 mHand Rj; = 75 )
as shown in Fig. 5(a), the unbalanced load R; = 80 €,
Ry =40 and R3 = 160 €2, and the linear inductive load
Rj5 =25 Qand L5 = 50 mH. In case 2, the loads still comprise
the unbalanced load Ry = 80 Q; Ry = 40 ©; R3 = 160 €2, and
the linear inductive load R;s = 25 Q; L;s = 50 mH with rapid
change of the nonlinear load. The nonlinear load is changed
from L;; = 1 mH; R;; =100 Qto L;; = 1 mH; R;; =33 Q,
and finally changed to L;; = 1 mH; R;; = 75 . Moreover, to
demonstrate the compensation performance of the developed
PV-DSTATCOM, a three-phase current unbalanced ratio (CUR)
is defined as

Max(isaa 7:sbv Z‘sc) - Min(isav Z'sba isc)

CUR =
AVg(isaa isb7 isc)

100% (35)

where Max (isq, @sp, tsc), Min(isq,isp,isc) and Avg(isq,isp,
isc) symbolize the maximum, minimum and average RMS
currents of the three-phase currents i, %5p, 75 Of the BESS. The
lesser value the CUR is, the better balanced three-phase system
currents the developed PV-DSTATCOM owns. Furthermore,
the experimental results of the PV-DSTATCOM using the PI,
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Fig. 6. Experimental results without using PV-DSTATCOM at case 1.
(a) Responses of voltage vgg,, current ig,, three-phase currents tsq, tsp, tsc
of BESS, and three-phase load currents i7,4,%1,5, 1. (b) Responses of active
power P of BESS and frequency fs of microgrid. (c) Responses of reactive
power @) s of BESS and voltage V. &, of microgrid.

an,pea

PIDNN, FNN, and the proposed PLFNN controllers are given
for the comparison of control performance.

The test scenario at case 1 is demonstrated first. To compare
the performance of the PV-DSTATCOM for the power qual-
ity improvement and voltage support, the experimental results
without using the PV-DSTATCOM are also provided in Fig. 6
for demonstration. The responses of the phase-a voltage v,
current ¢ 5, , three-phase currents i 4, ¢ 5p, s Of the BESS, and the
three-phase load currents i7,4, 215, ¢ 1.c are given in Fig. 6(a). The
responses of the active power P, of the BESS and the frequency
fs of the droop controlled microgrid are represented in Fig. 6(b).
The responses of the reactive power Qs of the BESS and the peak
value of the phase voltage V,,, ..., are presented in Fig. 6(c).
From the experimental result as shown in Fig. 6(a), because the
dirty loads exist in the microgrid, the current distortion i, of
the BESS is very serious and obvious. Moreover, the current
1sq of the BESS is severely lagged the voltage vy,. Thus, the
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current THD and lagging PF are 10.55% and 0.93, respectively.
Then, the high value 11.88% of the CUR means the severe
unbalanced currents resulted in the deteriorated power quality.
Furthermore, according to Fig. 6(b) and (c), since the BESS
adopted the P—w and Q — V droop controls, the frequency and
voltage of the microgrid are self-regulated to be 59.8 Hz and
79.8 V to dispatch the corresponding active power P; =576 W
and reactive power Qs = 198 Var of the BESS, respectively, in
accordance with the power demand of the loads. Consequently,
the droop characteristics of the BESS can be achieved. Then,
the experimental results using the PI-based PV-DSTATCOM at
case 1 are illustrated in Fig. 7. The responses of the phase-a
voltage v,,, current i,,, three-phase currents 4, ¢5p, ¢5c Of the
BESS, and the three-phase load currents i, i1, %1 are given
in Fig. 7(a). The responses of the active power P, of the BESS
and the frequency f,; of the droop controlled microgrid are
represented in Fig. 7(b). The responses of the reactive power
Qs of the BESS and the phase voltage V,, pealk A€ provided
in Fig. 7(c). The responses of active and reactive powers Pp,
Q@ p of the developed PV-DSTATCOM are shown in Fig. 7(d).
In accordance with Fig. 7(a) and (b), since the PV-DSTATCOM
is adopted in the droop controlled microgrid, the current THD
can be improved to be 4.48%, which complies with the in-
ternational standard within 5%. In other words, the current is
almost sinusoidal. The PF and the CUR are also improved to be
0.99 and 2.21%, respectively. The frequency of the microgrid
is self-regulated to 59.85 Hz as shown in Fig. 7(b). Thus, the
power quality can be improved by using the PV-DSTATCOM.
In addition, from the experimental results as shown in Fig. 7(c)
and (d), since the PV-DSTATCOM can dispatch the reactive
power not only for the power quality improvement but also the
voltage support, the phase voltage V., .., of the microgrid is
recovered to be 89.8 V and the reactive power () of the BESS is
reduced to be 0 Var according to the () — V' droop characteristic
of the BESS. Then, the PV-DSTATCOM can also dispatch the
active power Pp =298 W for the power demand of the loads ac-
cording to the w— P droop characteristic of the PV-DSTATCOM.
Hence, the performance of the PV-DSTATCOM to own the w— P
droop characteristic and the abilities of the DSTATCOM for
the power quality improvement and voltage support is verified.
Additionally, the experimental results using the PIDNN-based,
FNN-based and the PLFNN-based PV-DSTATCOM at case 1 are
represented in Figs. 8—10, respectively. From the experimental
results shown in Figs. 8(a)-10(a), since the proposed PLFNN
controller possesses the capabilities of PENN to approximate,
learn and optimize the dynamic system, to cope with the uncer-
tain information, and the capability of Legendre polynomials
to expand the original input vector with faster convergence
rate, the current THD, PF and CUR are mush improved to be
2.84%,0.99 and 1.04%, which are superior to the PIDNN-based
PV-DSTATCOM with 4.39%, 0.99 and 2.13% and FNN-based
PV-DSTATCOM with 4.23%, 0.99 and 1.91%. Additionally,
the current THD, PF and CUR of the PV-DSTATCOM using
the PI, PIDNN, FNN and the proposed PLFNN controllers at
case 1 are given in Table II. According to the experimental
results shown in Figs. 6-10 and Table II, the performance of
the PV-DSTATCOM with w— P droop characteristic and the
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Fig. 7. Experimental results using PI-based PV-DSTATCOM at case 1.
(a) Responses of voltage vg,, current ig,, three-phase currents isq, isp, isc
of BESS, and three-phase load currents iy,4, %15, %1c. (b) Responses of active
power Ps of BESS and frequency fs of microgrid. (c) Responses of reactive
power Qs of BESS and voltage Vampm 1, of microgrid. (d) Responses of active
and reactive powers Pp, Q p of PV-DSTATCOM.

abilities of the power quality improvement and voltage support
is verified. Moreover, the superior power quality improvement is
certified by using the proposed PLFNN controller owing to the
powerful robust control ability compared with the PI, PIDNN
and FNN controllers.

The external disturbance such as the load change for the PI,
PIDNN, FNN, and the proposed PLFNN controllers is demon-
strated at case 2. The nonlinear load is changed from L;; =
1mH; Rjyp =100 Q to Lyj; = 1 mH; Ry = 33 €, and finally
changed to Lj; = 1 mH; Rj; = 75 Q at 1.5 s and 3.5 s. Firstly,
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Fig. 8.  Experimental results using PIDNN-based PV-DSTATCOM at case 1.
(a) Responses of voltage vgq, current ig,, three-phase currents isq, isp, tsc
of BESS, and three-phase load currents ir,4,%1p,21c. (b) Responses of active
power Ps of BESS and frequency fs of microgrid. (c) Responses of reactive
power Qs of BESS and voltage V. 1, of microgrid. (d) Responses of active
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and reactive powers Pp, Q p of PV-DSTATCOM.

the experimental result without using the PV-DSTATCOM is
also given in Fig. 11 for comparison. The responses of the active
power P of the BESS and the frequency f, of the microgrid are
provided in Fig. 11(a). The responses of the reactive power ) s of
the BESS and the phase voltage V,,, . ., are shownin Fig. 11(b).
From the experimental result as shown in Fig. 11(a), since the
nonlinear load is changed at 1.5 and 3.5 s, the frequency f, of
the microgrid is changed from 59.82 to 59.76 Hz, and finally
changed to 59.8 Hz for dispatching the corresponding active

power Py of the BESS according to the adopted P—w control of
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Fig. 9. Experimental results using FNN-based PV-DSTATCOM at case 1.
(a) Responses of voltage vgg, current ig,, three-phase currents tsq, tsp, tsc
of BESS, and three-phase load currents i7,4,%5,5,21c. (b) Responses of active
power Ps of BESS and frequency fs of microgrid. (c) Responses of reactive
power Qs of BESS and voltage V, n.peak’ (d) Responses of active and reactive
powers Pp, Qp of PV-DSTATCOM.

the BESS. The corresponding active powers P of the BESS are
537, 810, and 583 W. The settling time of the active power P is
523 and 447 ms, respectively. Then, because of the absence of the
PV-DSTATCOM for the reactive power compensation to achieve
the voltage support, the phase voltage V. i 1s changed form

an,pea

80.3 V to 77.2 V and finally changed to 79.8 V. The reactive
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Fig. 10. Experimental results using PLFNN-based PV-DSTATCOM at case

1. (a) Responses of voltage vsq, current 744, three-phase currents g4, Zsp, tse
of BESS, and three-phase load currents i1,4,%11, %1 (b) Responses of active
power Ps of BESS and frequency fs of microgrid. (c) Responses of reactive
power Qs of BESS and voltage V! (d) Responses of active and reactive

an,peak’
powers Pp, Q p of PV-DSTATCOM.

power Qs of the BESS is also self-regulated from 193 Var to
251 Var, and finally changed to 204 Var as shown in Fig. 11(b)
according to the adopted Q — V droop control of the BESS. The
maximum reactive power (), error and phase voltage V., ..«
error are 175 Var and 19 V. Consequently, the voltage support

and system reliability of the microgrid are poor. Moreover, the
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TABLE II
CURRENT THD, PF, AND CUR OF PV-DSTATCOM USING PI, PIDNN, FNN
AND PLFNN CONTROLLERS AT CASE 1

Ca'sg Controllers Current THD PF CUR
Conditions
None 10.55 % 0.92 11.88 %
PI 4.48 % 0.99 221 %
Case 1 PIDNN 4.39 % 0.99 2.13%
FNN 4.23% 0.99 1.91 %
PLFNN 2.84 % 0.99 1.04 %
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Fig. 11. Experimental results without using PV-DSTATCOM at case 2.

(a) Responses of active power Ps of BESS and frequency fs of microgrid.
(b) Responses of reactive power () s of BESS and voltage V.

an,peak’

experimental results using the PI-based PV-DSTATCOM at case
2 are represented in Fig. 12. The responses of the active power
P of the BESS and the frequency fs of the microgrid are
presented in Fig. 12(a). The responses of the reactive power
Q5 of the BESS and the phase voltage V,,, ..., are illustrated in
Fig. 12(b). The responses of the active and reactive powers Pp,
Q@ p of the PV-DSTATCOM are provided in Fig. 12(c). From the
experimental result shown in Fig. 12(a), when the load changes
at 1.5 and 3.5 s, respectively, the frequency f of the microgrid is
changed from 59.86 to 59.78 Hz, and finally changed to 59.84 Hz
for dispatching the corresponding active power Py of the BESS
according to the power demand of the loads. Nevertheless, since
the poor control property of the PI controller couldn’t effectively
deal with the external disturbances, the response of the PI-based
PV-DSTATCOM to compensate the reactive power is sluggish as
shownin Fig. 12(c) and it results in the obvious fluctuations in the
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Fig. 12.  Experimental results using PI-based PV-DSTATCOM at case 2.

(a) Responses of active power Ps of BESS and frequency fs of microgrid.
(b) Responses of reactive power Qs of BESS and voltage V.

an,peak”

(c) Responses of active and reactive powers Pp, @ p of PV-DSTATCOM.

reactive power ) of the BESS and the phase voltage V,, . ;. as
shown in Fig. 12(b) according to the () — V' droop characteristic
of the BESS. On account of the fluctuated reactive power Qs and
the phase voltage V,,, ., at 1.5and 3.5 s, the settling time of the
active power P of the BESS is 761 and 752 ms, respectively. The
maximum reactive power (), error and phase voltage V,,, ...
error are 126 Var and 18 V. Furthermore, the experimental results
using the PIDNN-based PV-DSTATCOM at case 2 are repre-
sented in Fig. 13. According to the experimental result shown in
Fig. 13(b) and (c), the fluctuations in the reactive power Qs of
the BESS and the phase voltage V,,, ., are improved. Then,
the settling time of the active power P of the BESS is reduced
to be 692 and 674 ms, respectively, as shown in Fig. 13(a).
The maximum reactive power Qs error and the phase voltage
Van’pw ;; error are reduced to be 106 Var and 14 V. In addition,

the experimental results using the FNN-based PV-DSTATCOM
at case 2 are provided in Fig. 14. From the experimental results
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Fig. 13.  Experimental results using PIDNN-based PV-DSTATCOM at case 2.

(a) Responses of active power Ps of BESS and frequency fs of microgrid.
(b) Responses of reactive power Qs of BESS and voltage V.

an,peak”

(c) Responses of active and reactive powers Pp, @ p of PV-DSTATCOM.

shown in Fig. 14(b) and (c), since the response of the reactive
power compensation of the FNN-based PV-DSTATCOM is im-
proved, the fluctuations in the reactive power Qs of the BESS and
the phase voltage V., ..., are also improved. Then, the settling
time of the active power Ps of the BESS is reduced to be 632
and 621 ms, respectively, as shown in Fig. 14(a). The maximum
reactive power (), error and the phase voltage V,, . ;. error are
reduced to be 81 Var and 12 V. Additionally, the experimental
results using the proposed PLFNN-based PV-DSTATCOM at
case 2 are illustrated in Fig. 15. In accordance with the ex-
perimental result, because the response of the reactive power
compensation of the PLFNN-based PV-DSTATCOM is much
improved due to the merits of the proposed PLFNN controller,
the fluctuations in the reactive power ()5 of the BESS and the
phase voltage V,,, ., are also much improved. The settling
time of the active power P of the BESS is much reduced to
be 457 ms and 451 ms, respectively. The maximum reactive
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Fig. 14.  Experimental results using FNN-based PV-DSTATCOM at case 2.

(a) Responses of active power Ps of BESS and frequency fs of microgrid.
(b) Responses of reactive power Qs of BESS and voltage V.

an,peak’

(c) Responses of active and reactive powers Pp, @ p of PV-DSTATCOM.

TABLE III
ACTIVE POWER SETTLING TIME, MAXIMUM REACTIVE POWER Qs ERROR AND
MAXIMUM PHASE VOLTAGE V. ERROR OF PV-DSTATCOM USING PI,

an,peak

PIDNN, FNN, AND PLFNN CONTROLLERS AT CASE 2

Cg ¢ Controllers Active Power Settling Time Maximum Reactive Maximum Voltage
Conditions Load Change: 0s —1.55s —3.5s Power 0, Error Vorp Error
None 523ms 447 ms 175 Var 9V
PI 761 ms 752 ms 126 Var 18V
Case 2 PIDNN 692ms 674 ms 106 Var 14V
FNN 632ms 621 ms 81 Var 12v
PLFNN 457ms 451 ms 45 Var EAY%

power Qs error and the phase voltage V,,, .., error are also
much reduced to be 45 Var and 9 V. The active power settling
time, maximum reactive power Qs error and maximum phase
voltage V. ., error of the PV-DSTATCOM using the PI,
PIDNN, FNN and the proposed PLFNN controllers at case 2 are
given in Table III. In accordance with the experimental results

shown in Figs. 11-15 and Table III, owing to the merits of
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Fig. 15. Experimental results using PLFNN-based PV-DSTATCOM at case
2. (a) Responses of active power Ps of BESS and frequency fs of microgrid.
(b) Responses of reactive power @ s of BESS and voltage V! 1, of microgrid.

an,pea

(c) Responses of active and reactive powers Pp, @ p of PV-DSTATCOM.
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the proposed PLFNN controller to approximate, online learn,
and cope with the uncertain information, the response of the
reactive power compensation can be much improved by the
PLFNN-based PV-DSTATCOM compared with the PI, PIDNN
and FNN controllers. Hence, the settling time of the active power
P4, the fluctuations in the reactive power @) ; of the BESS and the
phase voltage V,, .., are much improved due to the powerful
robust ability of the proposed PLFNN controller.

To verify the operating performance of the online training
of the network parameters of the PLENN, the waveforms of
w§, w}, m2,, and o?%; of the proposed PLFNN at case 2
corresponding to the experimental results shown in Fig. 15
are provided in Fig. 16(a) and (b). According to the online
learning algorithm, the parameters wS, w}, m?, , and o2, of
the proposed PLFNN controller are trained online to achieve
better control performance under sudden load variation. Though
the network structure of the proposed PLFNN controller shown
in Fig. 4 is complicated comparing with the conventional PI
controller, the arithmetic capability of the adopted central pro-
cessing unit in the PC is capable of implementing the con-
trol algorithms with 0.5 ms sampling time for the proposed
PLFNN.

V. CONCLUSION

To solve the power quality issues, including the unbalanced
currents, current harmonics, and lagging PF in the droop
controlled microgrid, a novel control scheme of the PV-
DSTATCOM has been successfully developed in this article. The
developed PV-DSTATCOM owns the w— P droop characteristic
and the abilities for the power quality improvement and voltage
support. Moreover, since the poor control property of the
conventional PI controller results in sluggish control responses,
a novel PLFNN controller was proposed to replace the PI
controller for solving the disadvantages. Furthermore, in
accordance with the experimental results, the current THD,
PF, and CUR of the proposed PLFNN-based PV-DSTATCOM
are much improved to be 2.84%, 0.99%, and 1.04%, which
are superior to the PI controller with 4.48%, 0.99%, and
2.21%, PIDNN controller with 4.39%, 0.99%, and 2.13% and
the FNN controller with 4.23%, 0.99%, and 1.91% owing to
the powerful robust control ability of the proposed PLFNN
controller. In addition, fast reactive power compensation of
the proposed PLFNN-based PV-DSTATCOM can be achieved
during the load changes. Therefore, the effectiveness of the
proposed PLFNN-based PV-DSTATCOM for the power quality
improvement and the voltage support can be ensured.

The major contributions of this article are given as follows:

1) Successful development of a novel control scheme for

PV-DSTATCOM.
2) Successful development of an intelligent PLFNN
controller.

3) Successful integration of the proposed PLFNN controller
into the PV-DSTATCOM to effectively improve the power
quality and the voltage support in a droop controlled
microgrid.
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Fig. 17.  Flowchart of PV-DSTATCOM using proposed PLFNN controller for
reactive power compensation.

APPENDIX

The flowchart of PV-DSTATCOM using the proposed PLFNN
controller for reactive power compensation is given in Fig. 17
and described as follows.

1) Sampling: In order to effectively compensate the reactive
power of the droop controlled microgrid, the reactive
power of the BESS is computed. Then, the reactive power
error e = Q5—(), of the BESS and its derivative are
obtained and sent to the proposed PLFNN controller of
the PV-DSTATCOM.

2) Input Layer: The inputs of this layer are 1(N) = e and
its derivative x1(N) = ¢é. The node outputs y;(N) are
transmitted to the membership layer.

3) Membership Layer: The Gaussian functions are adopted
in this layer to implement the fuzzification operation, and
the outputs 2, () are sent to the Legendre layer.

4) Legendre Layer: In this layer, the Legendre polynomi-
als are utilized as the functional expansion functions to
expand the original input vector. The outputs y; (V) are
transmitted to the Petri layer.

5) Petri Layer: The suitable fired node is utilized in Petri
layer for generating the tokens and the transition becomes
enabled state. The node outputs yfp(N ) are acquired and
sent to the rule layer.

6) Rule Layer: The output of each node symbolized by ]
in this layer is obtained by multiplying the input signals
and producing the result of the multiplication. The outputs
y2(N) are transmitted to the output layer.

7) Output Layer: The process of the defuzzification operation
is performed in output layer via the summation operation.
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Moreover, the output yS(IN) of the proposed PLFNN
controller is a part of the d-axis current command I,
of the PV-DSTATCOM as shown in Fig. 3(a) to rapidly
compensate the reactive power and enhance the power
quality for the droop controlled microgrid.

Online Learning Using BP: The online parameters learn-
ing is achieved by online tuning of the connected weights
w? between the output layer and the rule layer, the con-
nected weights w} in Legendre layer, and the standard
deviation o2, and meanm?,, of the membership functions

im

in the membership layer using the BP algorithm.
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