Electrical Engineering (2018) 100:2457-2472
https://doi.org/10.1007/500202-018-0724-6

ORIGINAL PAPER

@ CrossMark

Robust dynamic fuzzy-based enhanced VPD/FQB controller for load
sharing in microgrid with distributed generators

Subhashree Choudhury’ - Pritam Bhowmik' - Pravat Kumar Rout’

Received: 20 May 2017 / Accepted: 17 July 2018 / Published online: 26 July 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Microgrid control strategies are mostly accompanied by droop control to ensure voltage and frequency stability, and propor-
tionate power sharing among distributed generation systems. However, conventional droop control may cause undesirable
voltage and frequency deviations due to impedance mismatch of the DG feeders, different ratings of the DG units, and complex
configurations (loop or mesh networks). To circumvent the above issue, it is necessary to design a dynamic approach for an
improved power sharing without sacrificing any voltage and frequency deviations with optimum regulation and stability. In
this paper, three conventional drooping topologies, namely as real power and reactive power drooping (PQ drooping), virtual
impedance drooping, and voltage real power drooping or frequency reactive power boosting (VPD/FQB), are deployed and
compared to investigate their efficiency and stability in the power sharing issues in low-voltage islanded microgrid system.
Based on the simulated results, it has been observed that the conventional VPD/FQB topology is superior in load sharing over
the other two topologies. However, the conventional VPD/FQB offers certain drawbacks in steady-state and dynamic stability
under nonlinear and unsymmetrical load conditions. For further enhancement of the conventional VPD/FQB topology, a novel
dynamic fuzzy logic controller (DFLC) is proposed in this study. Simulation results from the IEEE test system in MATLAB
environment validate the performance of the proposed DFLC-based VPD/FQB scheme under different operating conditions
as compared to conventional VPD/FQB approach.

Keywords Distributed generation (DG) - Droop control - Virtual impedance - DC-AC power converters - Real and reactive
power sharing - Dynamic fuzzy logic controller (DFLC)

1 Introduction

Conventional power system technologies face hard to deal
with consistency in operation and control to the increased
power demand and reliability requirement due to the rapid
expansion of power grid network. As a result, to find the
solution for the above issue in the last few years, new resolu-
tions such as distributed generation (DG), microgrid, active
demand management (ADM), and electrical energy storage
(EES) have emerged as future works to accomplish. DG
integration to the distribution sector is a promising effort in
this direction to cope up with these problems. However, the
involvement of DG poses many technical constraints such as
the frequency stability, voltage stability, and the load sharing
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etc. Despite few technical constraints arisen by DG coor-
dination, it has few positive aspects to support the overall
system performance like flexibility in installation, low-power
transmission loss, reactive power support, and higher-energy
utilization rate. Apart from that, the DG unit also gives the
higher degree of controllability, thus allowing microgrid to
play a major and critical role in maintaining the stability
and reliability of electrical networks [1, 2]. So, an effec-
tive design and planning of smart distribution network in
the smart grid environment can effectively get rid of the
potential adverse impacts occurred due to DG integration
related to control, protection and power quality. In case of an
autonomous microgrid, all the DGs are equally responsible
according to their rating to maintain the system voltage and
frequency through optimally sharing the active and reactive
power [3, 4]. To address the problem of load sharing without
communication between the converters, an attempt has been
made in this study to meet the electrical energy demand in
the islanded mode of operation.
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Conventional droop control methods fail to perform opti-
mally sharing of nonlinear loads due to the integrated control
units to account simultaneously not only harmonic cur-
rents but also to regulate the active and reactive power
in the distribution feeders. Due to not having large X/R
ratio, the active and reactive power is highly coupled and
dependent on voltage magnitude and phase angle. Further,
the power sharing based on the droop method is affected
by the output impedance of the units as well as the line
impedance. Besides, the major limitations that lie in case of
droop method are its load-dependent frequency and ampli-
tude deviations. The dynamic response of an inertial DG is
different from that of a non-inertial DG, and due to that,
the mismatch in response rate can create the power and
frequency fluctuations. In a nutshell, there is a need of fur-
ther study on droop control approach application to the
distribution system to focus on the issues like frequency
and voltage deviations, harmonics loads, the different and
unknown line impedances, and fluctuant and changeable
output power of DGs. To overcome these limitations and
to minimize the corresponding circulating current under all
types of real-time conditions, various authors have proposed
several modified droop control methods. All these methods
can be categorized into four sections as: (1) conventional
and variants of droop control; (2) virtual structure-based
methods; (3) construct and compensate-based methods; and
(4) hybrid droop/signal injection-based methods [5, 6]. This
study is an attempt in this direction to enhance the per-
formance of power sharing to circumvent the above issues
fully/partly.

There have been several studies aimed at developing droop
control to ensure voltage and frequency stability, and propor-
tionate power sharing among distributed generation systems.
Through appropriate droop control, the interfacing inverters
can be directed to share proper loads operating in parallel as
per the ratio of their individual ratings, without implemen-
tation of any communication line between them [7]. But,
the precise power sharing in islanding mode through droop-
ing methods is technically challenged by line impedances
[8]. Hence, drooping schemes are to be chosen depending
on the type of line or feeder impedances. In the recent past,
three conventional drooping schemes for low-voltage micro-
grid operating in islanding mode, namely real and reactive
power drooping (PQ drooping) [9, 10], virtual impedance
drooping (VID) [11-13], and voltage real power drooping or
frequency reactive power boosting (VPD/FQB) [14], have
been proposed in the literature. However, VPD/FQB has
major advantages over PQ drooping and VID technology
in terms of improved power sharing and system stability for
low-voltage microgrid [13, 14]. Also, it does not get affected
by the physical parameters [15, 16].

The artificial intelligence methods such as artificial neu-
ral networks, fuzzy logic algorithm, evolutionary or genetic
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algorithms, and expert systems are proficiently applied for
various engineering applications. In particular to real-time
online applications, neural network and evolutionary algo-
rithm fails to meet the requirement due to large computational
time involved. However, those techniques may have slightly
edge over fuzzy logic for other offline applications. Secondly,
particular to control application, fuzzy logic has the opera-
tional advantages like higher robustness, customizable, easily
emulate human deductive thinking, higher reliability, and
efficiency. Thirdly, it has been found with recently published
article in the direction of load sharing in microgrid with dis-
tributed generation that fuzzy logic comparatively arrives at
better solution with proper parameter setting either hybridiz-
ing with other controllers [17]. Looking to the above findings,
these factors motivate us to use fuzzy logic even though vari-
eties of artificial intelligent techniques are available in the
literature [18]. As a nutshell, on the basis of practical imple-
mentation feasibility, we proceed to design the controller
based on fuzzy logic. Generally, in present power network, PI
controllers are more proficiently used. This present study is
an attempt to design robust controller incorporation with both
fuzzy logic and PI controllers to enhance the droop control
performance based on VPD/FQB.

Communication-based power sharing techniques based on
proportional—derivative (PD) and proportional—integral (PI)
have been proposed and are found to be very sensitive to
the operating conditions such as unpredictable load and the
line parameters [19]. However, these controllers need to be
tuned offline with the change of load or system parame-
ters to enhance its robustness. To circumvent this associated
problem in the PD/PI controller, various types of controllers
based on fuzzy logic control (FLC) are proposed to handle
the uncertainty and random variation of system parameters
and loads. Even though controllers based on FLC outperform
PD/PI-based controller by widening the robustness and per-
formance, FLC is not completely independent of the values
of fuzzy parameters. In this paper, to extract the advantages
of both the aforesaid controllers, fuzzy input parameters are
dynamically tuned by PI controller and by so the concept of
constant fuzzy parameters is avoided. The proposed dynamic
FLC (DFLC) performs robustly because like FLC it does not
directly depend on error and change in error, but according
to the requirement error is tuned through PI controller.

The salient features of the proposed controller this work
focuses on are:

1. Dynamically changing the inputs of the FLC through
PI controller to share the load demand among multiple
parallel-connected inverters proportionately and to main-
tain the voltage and frequency stabilities.

2. Extensively study the dynamic stability of the test system
and performance of the proposed approach subjected to
variations in load, real, and reactive power.
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Fig. 1 Islanded connection scheme

3. Optimally computing the modulation index and to regu-
late the corresponding frequency for the VSIs based on
simple SPWM technique.

4. To evaluate and verify the THD calculation through FFT
analysis of power signals to be well within the IEEE
prescribed limits.

5. To perform and present a detailed comparison between
three conventional approaches and proposed DFLC tech-
nique based on VPD/FQB.

The rest part of the paper is organized as follows. Sec-
tion 2 presents the system configuration in islanding mode
and the corresponding mathematical modelling. The con-
cept of drooping and the control strategies for conventional
PQ drooping, VID, and VPD/FQB are described in Sect. 3.
Section 4 illustrates the comparison among the aforesaid
conventional drooping schemes. Description and detail mod-
elling of the proposed scheme is illustrated in Sect. 5. In
Sect. 6, simulation results and comparative analysis are enu-
merated. Finally, the conclusions from the entire study are
drawn in Sect. 7.
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2 System configuration in Islanded mode

Figure 1 illustrates the block diagram of an islanded micro-
grid which comprises of two parallel DG systems. Each DG
system is integrated with voltage source inverter (VSI), LC
filters, and step-down transformer. The parameters of the sys-
tem are presented in “Appendix”.

3 Concept of drooping

The load sharing strategies work without inter-unit com-
munication are generally based on droop concept and very
often used for the control scheme of inverters located in
remote areas. As compared to communication-based design,
in droop control case the complexity of the controller design
is less with improved reliability and redundancy during
operation. In addition to that, droop control scheme has plug-
and-play characteristics and so that a single unit of a module
can be replaced without stopping the whole system function.
There are various droop control strategies cited in the litera-
ture [20, 21].

4 Comparison of the conventional PQ, VID,
and VPD/FQB schemes

Figure 2 shows the injected real and reactive power of
inverter-1 subjected to the constant load. Figure 2a illus-
trates the real power delivered by the inverter-1 in case of
the aforesaid three drooping topologies. Peak overshoots of
the real power are 230.9 and 213.4 KW for the VPD/FQB
and conventional VID, respectively. The rise time of the real
power is 0.036 s for the conventional VPD/FQB as com-
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Fig.2 a Real power injection by inverter-1 and b reactive power by injection by inverter-1
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Fig. 3 a Frequency response of inverter-1 and b control voltage response of inverter-1

pared to 0.05 s for the conventional VID. Finally, real power
is settled down at 172.3 KW in 0.9 s in case of conven-
tional VPD/FQB, whereas it takes around 3 s to achieve
queasy settled state, i.e. between 155 and 159 KW for the
conventional VID scheme. However, for conventional PQ
drooping scheme, the inverter response is very sluggish and
it results to deliver only 142 KW of real power after 5 s.
The delivered reactive power by the inverter-1 for the afore-
said three conventional drooping schemes is illustrated in
Fig. 2b. The peak overshoot of reactive power in case of
conventional VPD/FQB is 95.23 KVAr, whereas for conven-
tional VID and PQ drooping, it is only 68.4 and 87.05 KVAr,
respectively. The rise time of reactive power is 0.037 s in
case of conventional VPD/FQB as compared to 0.42 s for
conventional PQ drooping scheme and more than 3.5 s for
conventional VID scheme. The dynamic frequency response
and smooth response of the control voltage of the inverter-1 in
case of the conventional VPD/FQB scheme is also compara-
tively better than the other two aforementioned conventional
drooping schemes. The above comparisons justify the robust
performance and effectiveness of the conventional VPD/FQB
scheme as compared to conventional VID and conventional
PQ drooping scheme in terms of improved dynamic response,
less settling and rise time, and better efficiency. This per-
formance of VPD/FQB scheme can be further enhanced in
power sharing by integrating through designing appropriate
control based on this approach. Figure 3a, b depicts the fre-
quency response and control voltage response of inverter-1,
respectively.

5 Proposed scheme
As seen in Sect. 4, conventional VPD/FQB scheme shows

the finest result out of the three conventional schemes com-
pared for the low-voltage feeder microgrid system. But in
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order to further enhance the effectiveness and robustness of
the VPD/FQB controller in terms of the load handling capac-
ity, the dynamic response in transients, the settling time of
the system, and the superior load sharing, the dynamic fuzzy
logic controller (DFLC) is proposed in this work for the con-
ventional VPD/FQB scheme.

5.1 Implementation of dynamic fuzzy logic
controller (DFLC) in VPD/FQB scheme

Controlling a nonlinear system through a linear controller
as proportional (P) or proportional-integral (PI) controller
is difficult in the wider range of control and nonlinearity
[22]. However, in respect to robustness and nonlinearity, the
conventional FLC is an enhanced controller than the con-
ventional P or PI controller [23]. Sometimes, conventional
FLC may not provide satisfactory outcome due to the com-
plexity and multivariable state of the power system. It has
been found that in case of VFD/FQB scheme, the mod-
est discrepancies of frequency or voltage of the VSI might
be unsafe for the system. Deviation from the very precise
value of frequency hampers appropriate power sharing, prin-
cipally reactive power sharing. So to overcome these issues,
dynamic fuzzy logic controller (DFLC) is anticipated with
the VPD/FQB scheme. Figure 4 illustrates the strategies of
VPD/FQB with DFLC. For the controlling aspect of the
inverter, only the local parameters like inverter voltage, ‘V’,
inverter current, ‘7’, and inverter frequency f” are measured.
From that measured parameters, real power P and reactive
power Q are calculated. Calculated P and Q are compared to
the reference real power P* and reference reactive power Q*,
respectively, to generate error signals, which are then fed to
PI controllers. For the DFLC-1, the difference between refer-
ence E (E*) and measured E (E,) is compared to the output
of the PI-1 controller to generate the error signal which is
again fed to the DFLC-1. Similarly, the DFLC-2 difference
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between reference f (f*) and measured f (fr,) is compared
to the output of the PI-2 controller to generate the error sig-
nal which is again fed to the DFLC-2. The rate of change
of errors with respect to time is also used as a second set
of inputs for both the DFLCs. Two outputs of the DFLCs,
control voltage (E.) and control frequency (f), generate the
signal E sin(wct), which is then fed to SPWM as control
signal.

5.2 Modelling of DFLC

The proposed DFLC controller is a nonlinear controller and
provides more robustness in control scheme compared to the
conventional FLC and PI controller. In this proposed control
scheme, a Mamdani-type fuzzy interference system (FIS) is
taken into consideration for the DFLC. The different steps
involved in DFLC like fuzzification, fuzzy rule base, fuzzy
interference system, and defuzzification are briefly discussed
below.

5.2.1 Fuzzification

In general, there are two inputs that are taken for the purpose
of fuzzification, first is the error e(n), i.e. error in reactive
power AQ, and second is the rate of change of error r(n), i.e.
(?—I(A Q). Mathematically in Egs. (1) and (2), e(n) and r(n)
are expressed as follows [24]:

e(t) =s(t) — y() ey
ry=e)—et—1)=yt—-1) —y©® 2

where s(¢) represents the system desired value and y(7) is the
output of the controller.

Two fuzzy sets are defined to fuzzify the inputs e(#) and
r(t). Fuzzy sets are generally expressed by various types of
membership functions (MF), namely as trapezoidal, bell-
shaped, and triangular [25]. In this case, triangular MF is
considered. Here the linguistic variables assigned to this
DFLC are negative large (NL), negative medium (NM), neg-
ative small (NS), zero (ZE), positive small (PS), positive
medium (PM), and positive large (PL). One MF function
for e(n) and one MF for r(n) are shown in Figs. 5 and 6,
respectively.

5.2.2 Rule base

Through fuzzified input, the rule base is originated [26].
Fuzzy statements ‘IF’ and “THEN’ are combined through
operator ‘AND’. Table 1 depicts the DFLC 49 rules. Fig-
ures 7 and 8 show the three-dimensional surface viewer and
rule viewer, respectively.

5.2.3 Fuzzy interference

After generation of membership functions from the fuzzified
inputs, they are implicated through fuzzy operator ‘AND’ to
produce output MF, y(n). The fuzzified output is shown in
Fig. 9, where y(n) is the output frequency, f.

5.2.4 Defuzzification

The proposed dynamic fuzzy logic controller uses centre of
area (COA) method to determine the final de-fuzzified output.
In this case, the de-fuzzified output is the control frequency
of the inverter f., as given in Eq. (3).
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Table 1 Rule base used for

proposed DFLC ) e
NL NM NS ZE PS PM PL
r(n) NL PU PU PL PM PM PS ZE
NM PU PL PL PM PS ZE NS
NS PL PL PM PS ZE NS NM
ZE PL PM PS ZE NS NM NL
PS PM PS ZE ZE NM NL NL
PM PS ZE NS ZE NL NL NU
PL ZE NS NM NS NL NL NU
foo S ulfei) - fei 3) parameters of the systems are cited in “Appendix”. The

Z;n:1 u(feci)

6 Simulation results and analysis
To evaluate the performance of the proposed control scheme,

the islanded microgrid study system is simulated in MAT-
LAB/Simulink environment as depicted in Fig. 1. The
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model comprises of two DG units and two loads through
transmission line offering wire impedances connected to the
PCC. Both the interfacing SPWM inverters involve control
strategies as illustrated in Sect. 3. Two LC low-pass filters are
placed between the IGBT bridge output and the DG feeder.
The real and the reactive power are calculated by measur-
ing the DG line current and filter capacitor voltage. The
two linear isolation transformers (D1Yg) are used to step
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down the output voltage of the inverter in order to match the
load requirement. The T-type transmission line is considered,
which consists of series inductance, resistance, and ground
capacitance.

6.1 Case-l: Performance analysis of islanded
microgrid power generating system
with nonlinear load switching

s ! ' Figures 10, 11, 12, and 13 show real and reactive power shar-
05 10° ing by DG1 and DG2, the frequency response of inverter-1
and control voltage response of inverter-1, load current, and
load voltage, the percentage of error in power tracking, and
percentage of increment of power delivery, respectively, as
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Fig. 11 a Frequency response of inverter-1, and b control voltage response of inverter-1

subjected to nonlinear load switching. At r =2 s, a nonlin-
ear load (three-phase thyristor converter) is switched on. On
account of the nonlinearity of the load, the islanded power
generating microgrid system becomes unstable. To compen-
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sate the aforesaid issue, a novel technique, DFLC-based
VPD/FQB, is proposed in this paper. The peak overshoot
of real power and reactive power obtained by implement-
ing DFLC is 4.9 and 15.8%, respectively, greater than that
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obtained without DFLC. The active power of the system with
VPD/FQB has the settling time of 0.7 s, whereas it is only
0.3 s (approximately half) in case of the proposed DFLC
controller as shown in Fig. 10a, b and illustrates that the rise
time of the reactive power in case of conventional VPD/FQB
is 0.04 s, whereas it is 0.03 s for the DFLC. It can be also
seen that DFLC has a peak frequency of 61.4 Hz compared
to 59.78 Hz in use of VPD/FQB as depicted in Fig. 11a. The
load voltage characteristics have a settling time of 0.07 s for
VPD/FQB, whereas it is comparatively less, i.e. 0.05 s in case
of DFLC as illustrated in Fig. 12b. The increment of mean
average power delivery by proposed DFLC-based VPD/FQB
over conventional VPD/FQB is 18.7048% as illustrated in
Fig. 13b. Apart from that, inverter-1 and inverter-2 show only
5.9748 and —7.1697% of error in power tracking, respec-
tively, as shown in Fig. 13a. The above comparisons justify
the enhanced performance and effectiveness of the proposed
dynamic FLC-based VPD/FQB technique as compared to
conventional VPD/FQB in terms of greater speed in com-
putation, improved dynamic response, less settling and rise
time, and better efficiency.

6.2 Case-ll: Performance analysis of islanded
microgrid power generating system
with constant real power and variable (switched
at t =2 s) reactive power

Figures 14, 15, 16, and 17 illustrate real and reactive power
sharing by DG1 and DG2, the frequency response of inverter-
1 and control voltage response of inverter-1, load current, and
load voltage, the percentage of error in power tracking, and
percentage of increment of power delivery, respectively, as
subjected to constant real power and variable reactive power.
At t =2 s, a reactive load is switched on. A comparison
is executed between conventional VPD/FQB and proposed
DFLC-based VPD/FQB for this case. Figure 14a illustrates
that the peak overshoot of real power is 3.03% and the peak
overshoot of reactive power is 17.89% more for the proposed
DFLC-based VPD/FQB over the conventional VPD/FQB.
Settling time for the active power is only 0.25 s in case of
the proposed scheme, whereas it is 0.7 s for the conventional
one as illustrated in Fig. 14a.
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Again from Fig. 14a, it is clear that rise time of real
power is only 0.029 s for the proposed DFLC-based scheme,
whereas it is 0.038 s for the conventional VPD/FQB scheme.
Figure 14b illustrates that the peak overshoot of reactive
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power is 17.89% more for the proposed scheme over the
conventional scheme. The settling time of reactive power is
0.27 s and 0.38 s for the proposed scheme and conventional
scheme, respectively, as depicted in Fig. 14b. It can be also
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Fig. 18 a Real power sharing by DG1 and DG2 and b reactive power sharing by DG1 and DG2

seen that the DFLC has a peak frequency of 61 Hz whereas
VPD/FQB has 59.78 Hz as shown in Fig. 15a. Figure 16
gives the peak overshoot of load current and load voltage as
1.77 and 1.42%, respectively, more in the proposed scheme.
Also for the proposed DFLC-based VDD/FQB scheme, the
overall increment of power is 11.8732% more over the con-
ventional, which shows only 2.8910% error by inverter-1 and
—3.4692% error by inverter-2 in power tracking as illustrated
in Fig. 17. The above comparisons justify the superiority of
proposed DFLC-based VPD/FQB scheme.

6.3 Case-lll: Performance analysis of islanded
microgrid power generating system
with constant reactive power and variable
(switched at t = 2 s) real power

Figures 18, 19, 20, and 21 illustrate real and reactive power
sharing by DG1 and DG2, the frequency response of inverter-
1 and control voltage response of inverter-1, load current, and
load voltage, the percentage of error in power tracking, and

percentage of increment of power delivery, respectively, as
subjected to constant reactive power and variable real power.
At t =2 s, a purely resistive load is switched on.

A comparison is executed between conventional
VPD/FQB and proposed DFLC-based VPD/FQB for
this case. The peak overshoot of real power and reactive
power obtained by implementing DFLC is 4.34 and 17.89%,
respectively, greater than that obtained without DFLC. The
active power of the system with VPD/FQB has the settling
time of 0.9 s, whereas it is only 0.24 s in case of the proposed
DFLC controller as shown in Fig. 18a. Settling time for the
reactive power is only 0.36 s in case of the proposed scheme
whereas it is 0.57 s for the conventional one as illustrated in
Fig. 18b. Peak overshoot of reactive power is 17.89% more
by the proposed DFLC-based VPD/FQB over the conven-
tional VPD/FQB. It can be also seen that DFLC has a peak
frequency of 61.172 Hz compared to 59.8 Hz in case as illus-
trated in Fig. 19a. Here for the proposed scheme, the peak
overshoot of load current and load voltage is 1.59% more
than the conventional VPD/FQB, as implicated in Fig. 20.
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The increment of mean average power delivered by proposed
DFLC-based VPD/FQB over conventional VPD/FQB is
11.8863% as shown in Fig. 21b. Inverter-1 and inverter-2
show only 2.6081 and — 3.1297% of error in power tracking,
respectively, as depicted in Fig. 21a. The above comparisons
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justify the enhanced performance and effectiveness of the
proposed dynamic FLC-based VPD/FQB technique as
compared to conventional VPD/FQB in terms of greater
speed in computation, improved dynamic response, less
settling and rise time, and better efficiency.
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6.4 Case-lV: Performance analysis of islanded
microgrid power generating system
with unsymmetrical load switching (att =2)

Figures 22, 23, 24, and 25 show real and reactive power
sharing by DG1 and DG2, frequency response of inverter-
1 and control voltage response of inverter-1, load current,
and load voltage, the percentage of error in power tracking,
and the percentage of increment of power delivery, respec-

@ Springer

tively, as subjected to the unsymmetrical load switching. At ¢
=2 s, an unsymmetrical load is switched on. On account
of the asymmetry of the load, the islanded power gener-
ating microgrid system becomes unstable. To compensate
the aforementioned issue, a novel control scheme, DFLC-
based VPD/FQB is employed. Figure 22a shows that the peak
overshoot of real power is 2.94% and the peak overshoot of
reactive power is 17.28% more by the proposed DFLC-based
VPD/FQB over the conventional VPD/FQB.
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Settling time for the active power is only 0.3 s in case
of the proposed scheme, whereas it is 0.9 s for the conven-
tional one as illustrated in Fig. 22a. Figure 22b shows the
settling time of reactive power is 1 s for the case of pro-
posed scheme, whereas for the conventional scheme it is in
queasy settled condition. It can also be observed in Fig. 23a
that the DFLC has a peak frequency of 61.172 Hz, whereas
VPD/FQB has 59.786 Hz. For the proposed DFLC-based
VPD/FQB scheme, the control voltage of inverter-1 is offer-
ing a smooth dynamic response as depicted in Fig. 23b. For
this case, peak overshoot of load current and load voltage
is achieved as 1.59 and 1.55%, respectively, more through
the proposed scheme, which is shown in Fig. 24. Through
the proposed DFLC-based VPD/FQB scheme, the overall
increment of power is 11.9196% more than the conven-
tional, which shows only 3.4892% error by inverter-1 and
—4.1871% errors by inverter-2 in power tracking, respec-
tively, as illustrated in Fig. 25. From this above comparison,
it is justified that proposed DFLC-based VPD/FQB poses
superiority in terms of enhanced dynamic response and less
computation time.
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6.5 Case-V: Simulink model with THD calculation
and FTT analysis

For the complete perception, a systematically designed
model in MATLAB/Simulink software for the proposed
DFLC-based VPD/FQB scheme is shown in Fig. 26. Fig-
ure 27a, b shows the load voltage and load current. The
fast Fourier transform (FFT) analysis of load voltage and
load current is shown in Fig. 28a, b, respectively. The total
harmonic distortion (THD) for the maximum frequency of
1000 Hz is found out to be 3.25% for the load voltage and
4.80% for the load current, respectively. For both the cases,
the values lie well within the IEEE prescribed limits.

7 Conclusion

In this paper, two parallel-connected micro-sources are
integrated through interfacing inverters, and the islanded
mode of operation has been modelled and simulated using
MATLAB/Simulink. Three conventional drooping schemes,
namely PQ drooping, virtual impedance drooping, and
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VPD/FQB, are considered to control the interfacing inverters
for proper load sharing, and the comparative simulated results
are presented to evaluate their efficiency and robustness in
respect to settling time, rise time, peak overshoot, stability,
and dynamic response. In order to further enhance the con-
trollability and performance of VPD/FQB, the best-suited
conventional drooping scheme among the three conventional
approaches, adynamic fuzzy logic controller, is proposed and
implemented. In this proposed control strategy, fuzzy input
parameters are dynamically tuned by PI controllers and by so
the concept of constant fuzzy parameters is avoided. The pro-
posed DFLC-based VPD/FQB is compared with respect to
conventional VPD/FQB subjected to critical load conditions
to verify the efficiency, system response time, settling time,
robustness, and reliability. The comparative demonstrations
validate the effectiveness of the proposed scheme in terms
of efficiency, robustness, and reliability. THD through FFT
analysis of the load voltage and current is also carried out to
ensure the system harmonics limit lies within the prescribed
IEEE standard.

Appendix

The parameters of the studied system, shown in Fig. 1, are
given below.

DC Source (Vgc): 2500 V. Inverter: inverter-1 rating=
600 KVA; inverter-2 rating =500 KVA; Inverter filter :
Ly = 5mH; C¢ = 300uF. Transformer: nomi-
nal power-1=600 KVA; nominal power-2=500 KVA;
nominal frequency =60 Hz; Vims(Ph —Ph) =1450 V;
Ri1(PU) =0.02/25; L1(PU) =0.02; Voims(Ph—Ph) =
550V ; Ry(PU) =0.02/25; Lo(PU) =0.02. Transmission
line: Rr =1 Q/km; Lt =1 Q/km; Ct =90 pF. Load:
Peonstant = 80 KW; Oconstant = 10 KVAr; Inonlinear (rms line
current) = 15=A; P(1-ph) = 10 KW; Oswitched = 10 KVAr.
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