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ABSTRACT A droop controlled microgrid with distribution static compensator (DSTATCOM) is developed
to improve the power quality in this study. Due to the reactive power/voltage Q-V droop characteristic
and the existence of the unbalanced, linear inductive and nonlinear loads, the power quality problems,
including the voltage drop, unbalanced currents, lagging power factor (PF) and current harmonics, are very
serious in the islanded microgrid. Moreover, owing to the instantaneous power following into or out of
the DC-link capacitor of the DSTATCOM under load variation, the performance of the DSTATCOM for
power quality improvement is seriously degenerated. Hence, to effectively improve the power quality of the
droop controlled microgrid and the transient response of the DC-link voltage of the DSTATCOM under load
variation, an online trained polynomial petri fuzzy neural network (PPFNN) controller is firstly proposed
as the DC-link voltage controller to supersede the conventional proportional-integral (PI) controller in the
DSTATCOM. The network structure and the online learning strategy of the proposed PPFNN are detailedly
derived. Finally, the effectiveness of the DSTATCOM using the proposed PPFNN controller to improve the
unbalanced currents, the total harmonic distortion (THD) reduction of the current and to compensate the
reactive power for the voltage support and PF correction in the droop controlled microgrid is certified.

INDEX TERMS Microgrid, droop control, DSTATCOM, power quality, intelligent control, polynomial
neural network.

I. INTRODUCTION
In the past decade, owing to the penetration of the elec-
tric vehicle, charging station, storage system and renewable
energy-based distributed generator (DG), the conventional
power system has been changed. A novel conception of power
system named as microgrid to combine the different DGs
with local loads through the power electronic converter has
been arisen [1], [2], [3], [4]. The microgrid can perform in
grid-connected mode and islanding mode [2], [3]. However,
the power quality and system reliability of the microgrid
aren’t necessarily ensured owing to the intermittent char-
acteristics of the different DGs [5]. Moreover, in terms of
control algorithm, the droop control strategy is extensively
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implemented in the microgrid [6]. The droop control strate-
gies are composed of the P-ω and Q-V droop controls.
In accordance with the characteristics of the droop controls,
the DGs in the islanding microgrid will reduce the voltage
amplitude and system frequency to share the reactive power
and active power for balancing the supply and demand [4].
Nevertheless, the frequency control and stability of themicro-
grid need to be considered. Much literature [7], [8], [9]
had been researched for power quality improvement with
regard to the frequency control and stability of the microgrid.
In [7], a hybrid power generating system equipped with a
supercapacitor was proposed to eliminate the ripple in the
power system. A dual-stage fractional order PID controller
for enhancing the frequency control of the islanding and
interconnected multi-µgrids was proposed in [8]. In [9],
a novel fuzzy tilt integral derivative with a filter plus double
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integral control method had been proposed to eliminate the
frequency variations in a hybrid system. On the other hand,
one of the serious power quality issues in the droop controlled
microgrid operated in islanding mode is voltage drop [5].
Furthermore, the traditional droop controls also suffer several
drawbacks, such as the slow dynamic response, poor har-
monic compensation capability, the lack of decoupling capa-
bility and so on [10], [11]. In addition, owing to the existence
of the unbalanced, linear inductive and nonlinear loads, the
unbalanced currents, lagging power factor (PF) and current
harmonic components may occur in the microgrid resulted
in the deteriorated power quality [10], [11], [12]. Hence,
the way to improve the power quality and compensate the
reactive power for the voltage support in the droop controlled
microgrid operated in islanding mode is essential [13], [14].

Distribution static compensator (DSTATCOM) is one of
effectual methods to overcome the power quality issues and
voltage support in the microgrid [15], [16], [17]. The DSTAT-
COM can be categorized into two types: 1) synchronous
reference frame (SRF) theory and 2) instantaneous reactive
power (IRP) theory [18], [19], [20]. Because the SRF theory
is mainly based on the dq0 synchronous reference frame
and adopts the phase-locked loop (PLL), the SRF theory
can be denominated as dq theory. Nevertheless, on account
of the long computation time by using PLL and the gen-
eration of the undesirable second order harmonics [20], the
efficiency of the SRF theory for power quality improvement
should be deliberated. On the other hand, the IRP theory is
widely adopted in the DSTATCOM because it is performed
in αβ stationary reference frame without using the PLL for
transferring to dq0 axes [20]. The computation time of the
IRP theory can be much reduced. Many researches adopted
the DSTATCOM for power quality improvement have been
investigated [5], [12], [21]. A coordinated control of the DG
and DSTATCOM in a microgrid is proposed to improve the
power quality [5]. An online reference control strategy for
the DSTATCOM using the reinforcement learning algorithm
is provided in [12]. In [21], a control scheme of STATCOM
is proposed for doubly fed induction generator based wind
farm to minimize the capacity of centralized reactive power
compensation. In general, an energy buffer element, namely
the DC-link capacitor, is necessarily equipped at the DC
side of the DSTATCOM. The main functions of the DC-link
capacitor are to maintain the constant DC voltage and to
generate the mitigation or injection current to the source
current for the normal operation [22]. Nevertheless, since
the instantaneous power will follow into or out of the DC-
link capacitor of the DSTATCOM at the moment of the load
change, the transient responses of the system currents and
DC-link voltage fluctuate seriously resulted in the deterio-
rated power quality improvement. Consequently, it is impor-
tant for the DSTATCOM to maintain the constant DC-link
voltage under load variation [23], [24].

Lately, fuzzy neural network (FNN) has been extensively
adopted in different areas. The FNN is to integrate the fuzzy
logic into artificial neural network (NN) [25], [26], [27], [28].

The operating principle of the fuzzy logic theory is to uti-
lize the ‘‘IF–THEN’’ rules made by expert’s experience for
control system. And the fuzzy logic theory doesn’t need
the accurate mathematical model for the control process
[26]. Moreover, on account of the self-learning capability
and adaptability, the NN can deal with the prediction and
estimation of time series problem [28]. Hence, the FNN can
effectively cope with the nonlinear, complicated and time-
varying systems [26]. In [28], an active power filter using
short-term memory FNN was proposed to reduce the current
harmonics. In [29], the FNN was adopted for stock predic-
tion via distributed parallelism. Furthermore, petri net (PN)
was developed for the investigation of communication with
automata [3]. Due to the mathematical modeling and ana-
lytical capabilities, PN is an effective solution to model the
discrete event systems and to describe the concurrent and
asynchronous structure of the services [30], [31], [32]. Some
literature using PN has been proposed. In [33], PN is pro-
posed for treatment and fault detection in automated manu-
facturing system. On the other hand, the polynomial neural
network (PNN) combines the polynomial theory with NN.
Themain purpose of polynomial theory is to adopt the predic-
tive polynomials for the complicated dynamic system [34].
Thus, the PNN owns the capability in reflecting high-order
nonlinear relations between the input and output variables,
and the ability to concisely express any functions on a finite
sample dataset based on its structure [35], [36], [37]. In this
study, according to the above capabilities of FNN, PN and
PNN, an online trained polynomial petri fuzzy neural net-
work (PPFNN) controller is firstly proposed.

A droop controlled microgrid with the IRP theory based-
DSTATCOM is developed in this study. To solve the power
quality issues of the droop controlled microgrid, including
the voltage drop, unbalanced currents, lagging PF and cur-
rent harmonics, and to improve the transient response of
DC-link voltage of the DSTATCOM under the sudden load
variations, an online trained PPFNN is firstly proposed as
the DC-link voltage controller to supersede the conventional
proportional-integral (PI) controller in the DSTATCOM. The
operating principles of the droop controlledmicrogrid and the
DSTATCOM using the IRP theory are detailedly described in
Section II. The network structure and online learning strategy
of the proposed PPFNN controller are derived in Section III.
Then, the feasibility and effectiveness of the DSTATCOM
using the proposed PPFNN controller to improve the unbal-
anced currents, the total harmonic distortion (THD) reduction
of the current and to compensate the reactive power for the
voltage support and PF correction in the droop controlled
microgrid are certified in Section IV. Finally, some conclu-
sions will be depicted in Section V.

II. DROOP CONTROLLED MICROGRID WITH DSTATCOM
In this study, the architecture of the droop controlled micro-
grid with the DSTATCOM and various loads is represented
in Fig. 1. The microgrid is composed of the battery energy
storage system (BESS), DSTATCOM, unbalanced load,
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FIGURE 1. Architecture of droop controlled microgrid with DSTATCOM and
various loads.

FIGURE 2. Block diagram of storage system. (a) Control block of storage
system using droop control. (b) Q − V droop control. (c) P−ω droop
control.

linear inductive load and the nonlinear load. The various
loads result in the deteriorated power quality, including the
three-phase unbalanced currents, lagging PF and the cur-
rent harmonics. Moreover, the droop controlled microgrid is
operated in islanding mode. The operating principles of the
storage system and the DSTATCOM are detailedly depicted
as follows:

A. STORAGE SYSTEM USING DROOP CONTROL
The block diagram of the storage system is illustrated in
Fig. 2. The control block of the storage system using the
droop control is shown in Fig. 2(a). Firstly, the dq-axis volt-
ages and currents Vsd , Vsq, Isd and Isq are acquired for the
block of power calculation and PLL by the three-phase sys-
tem voltages va, vb, vc of the microgrid and the three-phase
output currents isa, isb, isc of the storage system using the
abc/dq coordinate transformation. Then, the peak value of
the phase voltage Van,peak and the angular frequency ωg of
the microgrid system, the active power Ps and reactive power
Qs of the storage system are computed for the droop con-
trols. The characteristics of the Q-V and P-ω droop controls
adopted in the storage system are represented in Figs. 2(b)

and 2(c) and described as follows [4]:

Vm = Vn + Kq(Qn − Qs) (1)

ωm = ωn + Kp(Pn − Ps) (2)

where Qn and Pn are the reference values of the reactive and
active powers at no load, which are designed to be 0 Var and
0W, respectively;Kq andKp are the droop coefficients, which
are set to be 1

/
20 V/Var and 1.3

/
600 (rad/s)/W respectively;

Vn and ωn are the reference values of the phase voltage and
angular frequency at no load, which are designed to be 89.8 V
and 377 rad/s respectively; Vm and ωm are the amplitude of
phase voltage and the output angular frequency. In accor-
dance with Eq. (2), the electric angle θm is calculated by the
output angular frequency ωm via the integral operation for the
coordinate transformation as shown in Fig. 2(a). Moreover,
the angular frequency error ωm − ωg and the voltage error
Vm − Van,peak are sent to the PI controllers to obtain the
dq-axis current commands I∗sd and I∗sq. Finally, the current
commands ucoma, ucomb, ucomc are computed through the
dq/abc coordinate transformation for the sinusoidal pulse
width modulation (SPWM) switching signals.

B. DSTATCOM USING IRP THEORY
The control block of DSTATCOM using the IRP theory to
improve the power quality is provided in Fig. 3. Firstly, the
three-phase load currents iLa, iLb, iLc and the system volt-
ages va, vb, vc of the microgrid are detected and transferred
to the αβ0 stationary reference frame in the following for the
calculation of instantaneous active and reactive powers [20]: iLαiLβ

iL0
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3
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1
2
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2
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2
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2


 iLaiLb
iLc
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√
3
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1
2

1
2
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2
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 vavb
vc
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where iLα , iLβ and iL0 are the α, β and zero axis currents
of loads; vα , vβ and v0 are the α, β and zero axis voltages of
microgrid. Thereupon, the instantaneous active power PL and
reactive power QL of the loads are obtained as follows [19]:[

PL
QL

]
=

[
vα vβ
−vβ vα

] [
iLα
iLβ

]
(5)

Moreover, the instantaneous active power PL and reactive
power QL are composed of the average (dc) and alternat-
ing (ac) components in the following:

PL = P̄L + P̃L (6)

QL = Q̄L + Q̃L (7)

where P̄L and Q̄L are the average components and P̃L and
Q̃L are the alternating components of the instantaneous active
power and reactive power. The average components depict
the product of the fundamentals of the load current and sys-
tem voltage. The alternating components express the power
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FIGURE 3. Control block of DSTATCOM.

related to the product of the harmonic components of the
load current and system voltage. In Fig. 3, the average active
power component P̄L is obtained through a low pass filter.
The alternating active power component P̃L is acquired by
deducting the average active power component P̄L from the
instantaneous active power PL . Furthermore, owing to the
load variation, filter loss and switching loss, the instantaneous
power follows into or out of the DC-link capacitor of the
DSTATCOM resulted in the fluctuating DC-link voltage and
poor power quality improvement. Consequently, the DC-link
voltage command V ∗dc is compared with the DC-link volt-
age Vdc for the generation of the voltage error, which is
sent to DC-link voltage controllers, namely PI, FNN and
the proposed PPFNN, to generate the power loss Ploss for
maintaining the constant DC-link voltage and enhancing the
power quality improvement under load variation. The active
power commandP∗ is obtained by adding the power lossPloss
to the alternating active power component P̃L . In addition,
the reactive power command Q∗s of the storage system is
compared with the reactive power Qs. Afterward, the reac-
tive power error is sent to the PI controller to generate the
reactive power correction Qse. The reactive power command
Q∗ is obtained by adding the reactive power correction Qse
to the instantaneous reactive power QL for the PF correction.
Accordingly, the αβ axis control commands i∗oα and i∗oβ are
computed as follows [19]:[

i∗oα
i∗oβ

]
=

1

v2α + v
2
β

[
vα −vβ
vβ vα

] [
P∗

Q∗

]
(8)

The three-phase current commands i∗oa, i
∗
ob, i
∗
oc are obtained

in accordance with the αβ/abc coordinate transformation as
follows:  i∗oai∗ob

i∗oc

 = 2
3

 1 0

−
1
2 −

√
3
2

−
1
2

√
3
2

[ i∗oαi∗oβ
]

(9)

Finally, the current commands ucomu, ucomv, ucomw are
computed for the SPWM switching signals.

FIGURE 4. Network structure of proposed PPFNN.

III. PROPOSED PPFNN CONTROLLER
On account of the uncomplicated structure and easy imple-
mentation, the PI controller is popularly utilized in different
applications. Nevertheless, because the obtained parameters
of the PI controller are only for the assumed situation, the
function of the system using the conventional PI controller
will be decreased in the case of the external interference
and disturbance such as the sudden load variations. In other
words, the PI controller can’t cope with the system uncer-
tainties such as the external disturbances and parameter varia-
tions. Furthermore, since the slow dynamic response and poor
harmonic compensation capability of the traditional droop
controls seriously deteriorate the power quality and system
stability in the islanding microgrid [10], [11], an online
trained PPFNN controller is firstly proposed as the DC-link
voltage controller to supersede the conventional PI controller
in the DSTATCOM. The proposed PPFNN controller com-
prises the input layer, membership layer, petri layer, polyno-
mial and rule layer, and output layer. The network structure
and online learning strategy of the proposed PPFNN is repre-
sented in Fig. 4 and derived in detail as follows:

A. NETWORK STRUCTURE OF PPFNN
1) INPUT LAYER
The input and output of this layer are depicted as:

net1i (N ) = x1i (N ) (10)

y1i (N ) = f 1i (net
1
i (N )) = net1i (N ) i = 1, 2 (11)

where N expresses the N th iteration; x11 (N) = e; x12 (N) = ė.
In this study, the input variables of the proposed PPFNN
controller are the DC-link voltage error e = V ∗dc- Vdc, and
its derivative ė for maintaining the constant DC-link voltage
of the DSTATCOM.
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2) MEMBERSHIP LAYER
In each node of this layer, the membership function is per-
formed by the Gaussian function to implement the fuzzifica-
tion operation. The adoptedGaussian function for the jth node
is represented as:

net2ij(N ) = −
(y1i − m

2
ij)

2

(σ 2
ij )

2
(12)

y2ij(N ) = f 2ij (net
2
ij(N )) = exp(net2ij(N )), j = 1, 2, 3

(13)

where σ 2
ij and m

2
ij are the standard deviation and the mean of

the Gaussian function respectively; y2ij(N) is the output of this
layer.

3) PETRI LAYER
In accordance with the PN theory, the competition law is
utilized to select the suitable fired nodes for generating the
tokens in the petri layer [4]. The PN is composed of two types
of nodes: transition and place. When the token is created in
input place, the transition is in enable state. Consequently, the
condition of the fired or unfired transition can be described as:

t3ip(N ) =

{
1, y2ij(N ) ≥ dij
0, y2ij(N ) < dij,

p = 1, 2, 3 (14)

dij =
α exp(−βH )
1+ exp(−βH )

(15)

where α and β are positive constants and set to be 2 and
1.8 respectively by empirical rules; t3ip(N) is the transition;
dij is the dynamic threshold value and is varied by the function
H in the following [2], [4]:

H =
1
2
(x11 (N )+ x12 (N )) (16)

When the transitions are fired, the required tokens are
removed from its input places and new tokens are generated
at each output place. On the other hand, when the transitions
are unfired, the tokens will stay in original input place. There-
upon, the output and input of this layer are described as:

net3ip(N ) =

{
y2ij(N ), t3ip(N ) = 1

0, t3ip(N ) = 0
(17)

y3ip(N ) = f 3ip(net
3
ip(N )) = net3ip(N ) (18)

4) POLYNOMIAL AND RULE LAYER
The relationship of the input and output of the polynomial
theory is denoted as follows [35], [36]:

net4q (N ) = Cq1(y31p + y
3
2p)+ Cq2(y

3
1py

3
1p + y

3
2py

3
2p + y

3
1py

3
2p)

(19)

y4q(N ) = f 4q (net
4
q (N )) = net4q (N ), q = 1, · · ·, 9 (20)

where Cq1 and Cq2 represent the coefficients, respectively;
y4q(N ) is the estimated output of this layer.

5) OUTPUT LAYER
In this layer, the defuzzification is implemented by using the
summation operation

∑
and denoted in the following:

net5o (N ) =
9∑

q=1

w5
qy

4
q(N ), o = 1 (21)

y5o(N ) = f 5o (net
5
o (N )) = net5o (N ) (22)

where w5
q is the connected weight between the output layer

and the polynomial and rule layer; y5o(N ) is the output of the
proposed PPFNN controller, which is equal to the power loss
command Ploss of the DSTATCOM as shown in Fig. 3 for
maintaining the constant DC-link voltage during the load
variations.

B. ONLINE LEARNING STRATEGY
In accordance with the supervised gradient decent method,
the proposed online trained PPFNN controller is to recur-
sively acquire a gradient vector, which is the derivative of an
error function with respect to the various parameters of the
network. In this study, the error function E(N ) is represented
as:

E(N ) =
1
2

(
V ∗dc − Vdc

)2
=

1
2
e2 (23)

The online learning strategy of the proposed PPFNN for
DC-link voltage control is depicted in the following:

1) OUTPUT LAYER
The error term to be propagated is acquired as:

δ5o = −
∂E

∂y5o(N )
= −

∂E
∂Vdc

∂Vdc
∂y5o(N )

(24)

By means of the chain rule, the connected weight can be
updated by the amount:

1w5
q = −η1

∂E
∂w5

q
= −η1

∂E
∂y5o(N )

∂y7o(N )
∂w5

q
= η1δ

5
oy

4
q (25)

where η1 is the learning rate. Afterward, the connectedweight
1w5

q is updated and described as follows:

w5
q(N + 1) = w5

q(N )+1w5
q (26)

2) POLYNOMIAL AND RULE LAYER
The error term of this layer is derived as:

δ4q = −
∂E

∂y4q(N )
= −

[
∂E

∂y5o(N )

]
∂y5o(N )
∂y4q

= δ5ow
5
q (27)

The updates of the coefficients Cq1 and Cq2 are computed by
using the chain rule:

1Cq1=−ηq1
∂E

∂Cq1(N )
= −ηq2

[
∂E

∂y2o(N )
∂y2o(N )
∂y4q

]
∂y4q

∂Cq1(N )

= ηq1δ
4
q

(
y31p+ y

3
2p

)
(28)
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1Cq2=−ηq2
∂E

∂Cq2(N )
=−ηq2

[
∂E

∂y2o(N )
∂y2o(N )
∂y4q

]
∂y4q

∂Cq2(N )

= ηq2δ
4
q

(
y31py

3
1p+ y

3
2py

3
2p+ y

3
1py

3
2p

)
(29)

where ηq1 and ηq2 are the learning rates. Thereupon, the
coefficients Cq1 and Cq2 are updated in accordance with the
following equations:

Cq1(N + 1) = Cq1(N )+1Cq1 (30)

Cq2(N + 1) = Cq2(N )+1Cq2 (31)

3) MEMBERSHIP LAYER
In membership layer, the error term to be calculated and
propagated is given as:

δ2ij = −
∂E

∂net2ij(N )
= −

[
∂E

∂y5o(N )
∂y5o(N )
∂y4q

]
∂y4q(N )

∂y2ij(N )

∂y2ij(N )

∂net2ij(N )

=

∑
q

δ4qy
2
ij

[
Cq1 + Cq2

(
2y2ij + y

2
km

)]

k =

{
2, i = 1
1, i = 2

;m =

 q− 3j+ 3, i = 1
q− j+ 3

3
, i = 2

(32)

Furthermore, the updated amounts of the mean 1m2
ij and

the standard deviation 1σ 2
ij of the membership functions are

computed respectively by means of the chain rule in the
following:

1m2
ij = −ηm

∂E

∂m2
ij

= −ηm

[
∂E

∂y5o(N )
∂y5o(N )

∂y2ij(N )

∂y2ij(N )

∂net2ij(N )

]
∂net2ij(N )

∂m2
ij(N )

ηmδ
2
ij

2(y1i − m
2
ij)

(σ 2
ij )

2
(33)

1σ 2
ij = −ησ

∂E

∂σ 2
ij

= −ησ

[
∂E

∂y5o(N )
∂y5o(N )

∂y2ij(N )

∂y2ij(N )

∂net2ij(N )

]
∂net2ij(N )

∂σ 2
ij (N )

= ησ δ
2
ij

2(y1i − m
2
ij)

2

(σ 2
ij )

3
(34)

where ηm and ησ are the learning rates of the mean and stan-
dard deviation respectively. Thus, the mean m2

ij and standard
deviation σ 2

ij of the membership functions are updated as:

m2
ij(N + 1) = m2

ij(N )+1m2
ij (35)

σ 2
ij (N + 1) = σ 2

ij (N )+1σ 2
ij (36)

In consequence of the system uncertainties such as the param-
eter variations and external disturbances in the dynamic
DSTATCOM, the exact calculation of the Jacobian of the
DSTATCOM, ∂Vdc/y5o(N ), cannot be resolved. Accordingly,
the delta adaptation law is utilized in the following to solve

FIGURE 5. Droop controlled microgrid with DSTATCOM in islanding mode.
(a) Block diagram of DSP-based storage system. (b) Block diagram of
PC-based DSTATCOM. (c) Photo of experimental setup.

the above problem and to improve the online learning rate of
the parameters in the proposed PPFNN [4].

δ5o
∼= (V ∗dc − Vdc)+ (V̇ ∗dc − V̇dc) = e+ ė (37)

IV. EXPERIMENTAL DESIGN AND RESULTS
In order to verify the effectiveness of the proposed PPFNN
controller, the droop controlled microgrid with DSTATCOM
operated in islanding mode is developed and illustrated in
Fig. 5. The block diagram of the digital signal processor

VOLUME 10, 2022 121607



K.-H. Tan et al.: Droop Controlled Microgrid With DSTATCOM

TABLE 1. Different nonlinear, linear inductive and three-phase
unbalanced loads for droop controlled microgrid.

(DSP)-based storage system is provided in Fig. 5(a). The
control algorithms of the storage system, including the PLL,
droop controls and the power calculation are carried out
by the DSP TMS320F28335 with 1 ms sampling time and
16 kHz switching frequency. The block diagram of the per-
sonal computer (PC)-based DSTATCOM is illustrated in
Fig. 5(b). The peripheral circuits of the DSTATCOM consist
of the current, voltage and protection circuits. The control
algorithm and the proposed PPFNN as the DC-link voltage
controller for the DSTATCOM are implemented by the Mat-
lab and Simulink software with 0.5 ms sampling time and
10 kHz switching frequency. The photo of the experimental
setup is represented in Fig. 5(c). Moreover, the normal fre-
quency and the line to line voltage of the droop controlled
microgrid in islanding mode without load are set to be 60 Hz
and 110 Vrms. The DC-link voltage command V ∗dc of the
DSTATCOM is set to be 190 V. Furthermore, in this study,
since the storage system is a non-linear time-varying system,
the parameters of the angular frequency and voltage con-
trollers, namely PI controllers, used in the storage system
are obtained by trial and error to achieve the exact tracking
control of the frequency and voltage as shown in Fig. 2. The
resulted parameters are kP = 1, kI = 0.01 for the angular
frequency control and kP = 0.002, kI = 0.001 for the voltage
control. In addition, the parameters of the PI controller in
the DSTATCOM for the DC-link voltage control as shown
in Fig. 3 are also obtained by trial and error to achieve good
transient and steady-state control performance. The obtained
parameters are kP = 5, kI = 0.1 for the DC-link voltage
control. Additionally, the different nonlinear, linear inductive
and the three-phase unbalanced loads cause the deteriorated
power quality are designed in Table 1. The nonlinear load is
designed to cause the high current THD. The linear inductive
load leads to the lagging PF. The designed three-phase unbal-
anced load results in the three-phase unbalanced currents.
Moreover, to demonstrate the compensation performance of
the three-phase unbalanced system currents, the unbalanced
current ratio CUR is designed in the following.

CUR =
Max.(isa, isb, isc)−Min.(isa, isb, isc)

Avg.(isa, isb, isc)
× 100%

(38)

where Min.(isa, isb, isc) and Max.(isa, isb, isc) represent the
minimum and the maximum currents of the output currents
isa, isb, isc respectively; Avg.(isa, isb, isc) depicts the average
current of the output currents isa, isb, isc. The lesser value

the unbalanced current ratio CUR is, the better compensation
performance the DSTATCOM possesses. In addition, accord-
ing to the IEEE 519 regulation, the allowable current THD
for power system is below 5% [38]. In order to verify the
effectiveness of the DSTATCOM using the proposed PPFNN
controller in the droop controlled microgrid for the improve-
ments of the power quality and stability, two test cases are
designed as follows: (1) Case 1: The droop controlled micro-
grid is equipped with load 1 as shown in Table 1, including
the nonlinear, linear inductive and the three-phase unbalanced
loads; (2) Case 2: The load is changed from load 1 to load 2.
Additionally, the performance of the DSTATCOM using the
conventional PI and FNN controllers as shown in Fig. 3 are
also provided for comparison.

Firstly, the experimental result of the droop controlled
microgrid without using the DSTATCOM for power quality
improvement at case 1 is provided in Fig. 6. The responses
of the system voltage va, output currents isa, isb, isc of the
storage system, load currents iLa, iLb, iLc and the compensa-
tion current ioa of DSTATCOM are represented in Fig. 6(a).
The responses of the active power Ps of the storage sys-
tem and the frequency fm of the microgrid are provided
in Fig. 6(b). The responses of the reactive power Qs of
the storage system and the peak value of the phase volt-
age Van,peak of the microgrid are presented in Fig. 6(c).
According to the experimental results as shown in Fig. 6(a),
since the absence of the DSTATCOM in the droop controlled
microgrid, the different nonlinear, linear inductive and the
three-phase unbalanced loads seriously deteriorate the power
quality. The current THD and lagging PF are 8.35% and 0.93.
The waveforms of the currents isa, isb, isc aren’t sinusoidal
and unbalanced resulted from the three-phase unbalanced
loads. The unbalanced current ratio CUR is 12 %. Moreover,
due to the P-ω and Q-V droop characteristics, the droop con-
trols reduce the frequency fm and the phase voltage Van,peak
of the microgrid to dispatch the active and reactive powers
of the storage system according to the loads. The frequency
fm and the phase voltage Van,peak of the microgrid are self-
regulated to be 59.82 Hz and 80.5 V for dispatching the
active power 498 W and reactive power 186 Var as shown in
Figs. 6(b) and 6(c). Moreover, the experimental result of the
droop controlled microgrid using the PI-based DSTATCOM
for power quality improvements at case 1 is provided in
Fig. 7. The responses of the system voltage va, output currents
isa, isb, isc of the storage system, load currents iLa, iLb, iLc
and the compensation current ioa of the DSTATCOM are
given in Fig. 7(a). The responses of the active power Ps of
the storage system and the frequency fm of the microgrid are
provided in Fig. 7(b). The responses of the reactive power
Qs of the storage system and the peak value of the phase
voltage Van,peak of the microgrid are presented in Fig. 7(c).
The response of the DC-link voltage of the DSTATCOM is
given in Fig. 7(d). From the experimental result, since the
PI-based DSTATCOM is adopted in the droop controlled
microgrid, the power quality improvements can be achieved
as shown in Figs. 7(a) and 7(c). The current THD and lagging
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FIGURE 6. Experimental results of droop controlled microgrid without
using DSTATCOM at case 1. (a) Responses of system voltage, output
currents of storage system, load currents and compensation current of
DSTATCOM. (b) Responses of active power of storage system and
frequency of microgrid. (c) Responses of reactive power of storage system
and peak value of phase voltage of microgrid.

PF of the microgrid have been improved to be 4.3 % and
0.99. The waveforms of the currents isa, isb, isc have been
compensated to be sinusoidal and balanced. The unbalanced
current ratio CUR is reduced to be 1.4 %. Furthermore, the
PI-based DSTATCOM also compensates the reactive power
for the voltage support in the droop controlled microgrid.
Hence, the peak value of the phase voltage Van,peak of the
microgrid has been returned to the normal value 89.8 V
and the reactive power Qs of the storage system reduces to
be 0 Var in accordance with the Q-V droop characteristic as
shown in Fig. 7(c). In addition, the experimental result of
the droop controlled microgrid using the FNN-based DSTAT-
COM at case 1 is represented in Fig. 8. According to the

FIGURE 7. Experimental results of droop controlled microgrid using
PI-based DSTATCOM at case 1. (a) Responses of system voltage, output
currents of storage system, load currents and compensation current of
DSTATCOM. (b) Responses of active power of storage system and
frequency of microgrid. (c) Responses of reactive power of storage system
and peak value of phase voltage of microgrid. (d) Response of DC-link
voltage of DSTATCOM.

experimental results, the power quality has been improved.
The current THD and lagging PF of the microgrid system
are 3.8 % and 0.99. The unbalanced current ratio CUR is
1.3 %. On the other hand, the experimental result of the
droop controlled microgrid using the proposed PPFNN-based
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TABLE 2. Current THD, PF and CUR of DSTATCOM using PI, FNN and
proposed PPFNN controllers at case 1.

DSTATCOM at case 1 is provided in Fig. 9. In accordance
with the experimental results, since the proposed PPFNN
controller combines the advantages of the FNN, PN and PNN,
comparing to the experimental results of the DSTATCOM
using the PI and FNN DC-link voltage controllers, the power
quality of the droop controlledmicrogrid ismuch improved as
shown in Fig. 9(a). The current THD and PF of the microgrid
are 3 % and 0.99. The unbalanced current ratio CUR is 1 %.
In other words, the proposed PPFNN-based DSTATCOM can
effectively overcome the drawback of the droop controls,
such as the poor harmonic compensation capability [10],
[11]. Additionally, the current THD, PF and CUR of the
DSTATCOM using the PI, FNN and the proposed PPFNN
controllers at case 1 are provided in Table 2. According to
the experimental results shown in Figs. 6-9 and Table 2,
the deteriorated power quality resulted from the nonlinear,
linear inductive and the three-phase unbalanced loads, and the
voltage support have been much improved by the proposed
PPFNN controller.

Finally, to verify the performance of the DSTATCOM
under load variation, the droop controlled microgrid operated
at case 2 is demonstrated. At this case, the load is changed
from load 1 to load 2 at 1.5 s. The experimental result of the
droop controlled microgrid using the PI-based DSTATCOM
at case 2 is represented in Fig. 10. The responses of the active
power Ps of the storage system and the frequency fm of the
microgrid are provided in Fig. 10(a). The responses of the
reactive power Qs of the storage system and the peak value
of the phase voltage Van,peak of the microgrid are presented
in Fig. 10(b). The responses of the DC-link voltage of the
DSTATCOM and the output current isa of the storage system
are given in Fig. 10(c). According to the experimental results
as shown in Fig. 10 (a), the P-ω droop control reduces the fre-
quency fm of themicrogrid to dispatch the output active power
of the storage system according to the varying loads. The
frequency fm of the microgrid is self-regulated from 59.78 Hz
to 59.66 Hz at 1.5 s. The active powerPs of the storage system
is changed from 622 W to 1000 W at 1.5 s. Moreover, since
the PI-based DSTATCOM is utilized in the droop controlled
microgrid, the reactive power compensation for the voltage
support can be achieved as shown in Fig. 10(b). The reactive
power Qs of the storage system and the peak value of the
phase voltage Van,peak of the microgrid are 0 Var and 89.8 V,
respectively. However, the response of the DC-link voltage of

FIGURE 8. Experimental results of droop controlled microgrid using
FNN-based DSTATCOM at case 1. (a) Responses of system voltage, output
currents of storage system, load currents and compensation current of
DSTATCOM. (b) Responses of active power of storage system and
frequency of microgrid. (c) Responses of reactive power of storage system
and peak value of phase voltage of microgrid. (d) Response of DC-link
voltage of DSTATCOM.

the DSTATCOM fluctuates at the moment of the load change
due to the poor robust control property of the PI controller
as show in Fig. 10(c), which causes the seriously fluctuated
phase voltageVan,peak of themicrogrid and the reactive power
Qs of the storage system at 1.5 s as shown in Figs. 10(b).
On account of the fluctuated voltage of the microgrid, the
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FIGURE 9. Experimental results of droop controlled microgrid using
proposed PPFNN-based DSTATCOM at case 1. (a) Responses of system
voltage, output currents of storage system, load currents and
compensation current of DSTATCOM. (b) Responses of active power of
storage system and frequency of microgrid. (c) Responses of reactive
power of storage system and peak value of phase voltage of microgrid.
(d) Response of DC-link voltage of DSTATCOM.

responses of the frequency fm and the active power Ps are also
slow and degraded under load variation. Hence, owing to the
disadvantages of the PI controller, the transient responses of
the DC-link voltage of the DSTATCOM, the power outputs
of the storage system and the frequency and the voltage

FIGURE 10. Experimental results of droop controlled microgrid using
PI-based DSTATCOM at case 2. (a) Responses of active power of storage
system and frequency of microgrid. (b) Responses of reactive power of
storage system and peak value of phase voltage of microgrid.
(c) Responses of DC-link voltage of DSTATCOM and output current of
storage system.

of the microgrid are very sluggish during the load change.
Furthermore, the experimental result of the droop controlled
microgrid using the FNN-based DSTATCOM at case 2 is
illustrated in Fig. 11. From the experimental result as shown
in Fig. 11(c), since the transient response of the DC-link
voltage of the DSTATCOM is improved at the moment of the
load change, the responses of the power outputs of the storage
system and the frequency and the voltage of the microgrid are
also improved during the load change as shown in Figs. 11(a)
and 11(b). On the other hand, the experimental result of the
droop controlled microgrid using the proposed PPFNN-based
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FIGURE 11. Experimental results of droop controlled microgrid using
FNN-based DSTATCOM at case 2. (a) Responses of active power of storage
system and frequency of microgrid. (b) Responses of reactive power of
storage system and peak value of phase voltage of microgrid.
(c) Responses of DC-link voltage of DSTATCOM and output current of
storage system.

DSTATCOMat case 2 is represented in Fig. 12. In accordance
with the experimental results as shown in Fig. 12(c), the
transient response of the DC-link voltage of the DSTATCOM
is much improved at 1.5 s due to the powerful ability of the
proposed PPFNN. In other words, the DC-link voltage of the
DSTATCOM can maintain the constant voltage effectively
during the load variation. Hence, the transient responses of
the power outputs of the storage system and the frequency
and the voltage of the microgrid are also much improved
and fast comparing with the PI and FNN-based DSTATCOM.
In addition, the active power error, reactive power error,

FIGURE 12. Experimental results of droop controlled microgrid using
proposed PPFNN-based DSTATCOM at case 2. (a) Responses of active
power of storage system and frequency of microgrid. (b) Responses of
reactive power of storage system and peak value of phase voltage of
microgrid. (c) Responses of DC-link voltage of DSTATCOM and output
current of storage system.

frequency error, voltage error and the transient time of the
droop controlled microgrid with DSTATCOM using the PI,
FNN and the proposed PPFNN controllers at case 2 are
provided in Tables 3 and 4. The overshoot and undershoot of
the DC-link voltage and the DC-link voltage transient time of
the DSTATCOMusing the PI, FNN and the proposed PPFNN
controllers at case 2 are given in Table 5. According to the
experimental results as shown in Figs. 10-12 and Tables 3-5,
the DSTATCOM using the proposed PPFNN controller can
effectively maintain the DC-link voltage and enhance the
power quality improvements under load variation. Therefore,

121612 VOLUME 10, 2022



K.-H. Tan et al.: Droop Controlled Microgrid With DSTATCOM

TABLE 3. Active power error, frequency error and transient time of droop
controlled microgrid with DSTATCOM using PI, FNN and proposed PPFNN
controllers at case 2.

TABLE 4. Reactive power error, voltage error and transient time of droop
controlled microgrid with DSTATCOM using PI, FNN and proposed PPFNN
controllers at case 2.

TABLE 5. Overshoot and undershoot of DC-Link voltage and DC-Link
voltage transient time of DSTATCOM using PI, FNN and proposed PPFNN
controllers at case 2.

the power quality and the stability of the droop controlled
microgrid under load variation can be guaranteed and the
drawback of the droop controls, such as the slow dynamic
response, can be overcome by the proposed PPFNN based
DSTATCOM.

V. CONCLUSION
On account of the Q-V droop characteristic and the exis-
tence of the various loads, the power quality problems are
very serious in the droop controlled microgrid. Moreover,
the unsuitable design of the DC-link voltage control of the
DSTATCOM results in the degenerated performance of the
power quality improvements under load variation. Hence,
to effectively improve the power quality of the droop con-
trolled microgrid and the transient response of the DC-link
voltage of the DSTATCOM under load variation, an online
trained PPFNN controller is proposed as the DC-link voltage
controller to supersede the conventional PI controller. Fur-
thermore, the effectiveness of the droop controlled microgrid
using the proposed PPFNN-based DSTATCOM is verified
by the experimental results. Comparing to the experimental
results of the DSTATCOM using the PI and FNN controllers,
the DSTATCOM using the proposed PPFNN controller can
effectively maintain the DC-link voltage, enhance the power
quality improvement and increase the system stability under

load variation due to the powerful ability of the proposed
PPFNN.

The major contributions of this study are: (i) the successful
developments of the droop controlled microgrid and the IRP
theory based-DSTATCOM; (ii) the successful development
of the proposed PPFNN controller; (iii) the successful inte-
gration of the droop controlled microgrid and the proposed
PPFNN-based DSTATCOM to improve the power quality,
including the unbalanced current compensation, the current
THD reduction, the reactive power compensation for the
voltage support and PF correction; (iv) the successful imple-
mentation of the proposed PPFNN-based DSTATCOM to
maintain the constant DC-link voltage and to improve the
system stability under load variation.
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