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Abstract - Recently, Direct current (DC) microgrids have gained immense popularity due to their dependable and efficient
framework, as well as their high transmission efficiency and low electric power conversion. However, the non-linear nature of
Renewable Energy Sources (RESS), the increased presence of power electronic devices and sudden load changes leads to the
onset of stability issues in the DC microgrid. Thereby, a DC microgrid structure including Photovoltaics (PV) system, Doubly
Fed Induction Generator (DFIG) based Wind Energy Conversion System (WECS) and Energy Storage System (ESS) with
suitable control approaches is proposed with the aim of enhancing the voltage stability. Here, a higher order Boost converter
is employed with Grey Wolf Optimization (GWO) assisted Fractional Order Proportional Integral Derivative (FOPID)
controller for enhancing and stabilizing the PV output. The DFIG-based WECS is interfaced to the DC bus using a Pulse
Width Modulation (PWM) Rectifier, which in turn is controlled using a Proportional Integral (PI) Controller. The ESS, which
optimizes the power flow in the microgrid, comprises of battery and an Isolated Bidirectional Converter (BDC). The generated
power from both WECS and PV is supplied to a utility grid via a three-phase Voltage Source Inverter (3¢ VSI), while the grid
voltage synchronization is achieved using a Pl controller. The proposed microgrid structure is simulated in MATLAB to

ascertain its performance, and an excellent efficiency of 98.4% is observed.

Keywords - PV system, DFIG based WECS, Higher order boost converter, GWO-assisted FOPID controller, ESS, Isolated

BDC, PI controller.

1. Introduction

Electrical energy is regarded as the backbone that
facilitates and supports the functioning of the modern world.
As a matter of fact, its ample availability is crucial for the
growth and development of the entire human society. The
primary sources of electrical energy, which are the
conventional energy sources, have been declining globally at
an alarming rate, prompting nations to make crucial
environmental and economic decisions towards developing
Renewable Energy Sources. Moreover, the threat of global
warming has also triggered the extensive installation of
RESs, since it reduces the use of conventional energy sources
that emit harmful greenhouse gases [1-3]. Thus, the drastic
shift seen in the global power market has contributed to the
decentralization of the power sector through increased
penetration of RESs at the distribution level, thereby
stimulating the expansion of microgrids. The microgrid,
which is designed primarily for supplying power to regions
dissociated from the central electric system, combines
several Energy Storage Systems (ESSs), Distributed Energy
Resources (DERs) and loads in its topology [4, 5]. The DC
microgrid is the most promising choice among the different

microgrid types (DC, AC and Hybrid) owing to the DC
output characteristic of both RES and ESS. Moreover, the
DC-DC interfaces have higher efficiency as well as better
electronic load compliance and problems related to reactive
power control and frequency regulation are also evaded [6].

The ESS and RES require the assistance of Power
Electronic Converters (PEC) for the purpose of being
interfaced with the DC bus of the DC microgrid. Among the
various available types of power electronic converters, the
DC-DC converters [26, 27] are the most preferred choice in
view of their wide availability, better voltage regulation
capability, cost-effectiveness and higher efficiency [8], [32].
The DC-DC converters are categorized mainly as isolated
and non-lsolated converter configurations. The Boost
converter [9], [28], belonging to non-isolated converter
topology, is the frequently used converter in PV applications
to enhance its output voltage. But this simple converter faces
the drawback of lower voltage gain. Hence it is proposed to
use a higher-order boost converter with high voltage gain. It
aims to improve the PV output voltage applied in this work.
Implementing a suitable controller ensures that the output
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voltage of the DC-DC converter always remains stable. The
conventional Pl controller has wide applicability and a
simple design, but it is inept at handling disruptions.

Additionally, it also encounters problems such as
delayed dynamic response, overshoot and oscillations due to
its constant gain values [10]. The PID controller [11, 12] is
another commonly used controller in various applications,
including instrumentation, flight control, automotive control,
motor drive, process control and RES applications. In spite
of the advances seen in the field of control theory, almost
ninety percent of control loops used in many industrial
applications are still PID types [31]. Rather than requiring
internal state measurements, these controllers operate on the
difference between a controlled parameter and a set reference
point, resulting in reduced sensor requirement. However, the
PID controller faces certain limitations in handling non-
linearities, load and parametric variations. The sliding mode
controllers are comparatively better at handling non-
linearities, but their liability to chattering phenomena is
considered a drawback. The FOPID controller [14-18] [29] is
a PID controller extension, and it is based on Fractional
calculus. Its distinctive feature lies in its robustness against
load variations and non-linearities.

Moreover, it has five tuning parameters, resulting in
better control and flexibility while handling distinct design
objectives like overshoot, settling time, gain, phase margin
and robustness to load variations [34]. The problem of
parameter tuning in the FOPID controller is handled using
numerical methods, which employ metaheuristic algorithms
to optimize cost functions. The Genetic Algorithm (GA)
[20], Particle Swarm Optimization (PSO) [21] and Artificial
Bee Colony (ABC) [22] are commonly employed for tuning
FOPID controllers applied to ensure power electronic
converter control. In this work, the GWO algorithm is
selected with the intention of adjusting FOPID controller
parameters.

The wind energy sector has advanced significantly over
the past decade regarding mechanical systems aerodynamic
design, PEC, integration with power systems, electric
generators and control theory [23]. Among different types of
WECS technology, the Wind Turbine (WT) connected to
DFIG is prominently used on account of its lower converter
ratings with effective power capture owing to variable speed
operation [35]. The integration of RESs into the microgrid is
facilitated with the application of ESS since it optimises
power flow, provides power balance during power shortages
and improves grid reliability [25]. This study employs a non-
isolated BDC with high power density, symmetrical
structure, and soft-switching capability for integrating the
ESS into the microgrid.

The superfluous carbon emissions from fossil fuel-
powered power plants are the primary causes of global
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warming and air pollution, which are currently considered
the greatest threats our planet faces. In order to keep the earth
from becoming totally unfit for human life, a RESs-based
microgrid structure encompassing PV-WECS-ESS with
suitable control approaches is proposed. Thereby, this work
focuses on,

e Developing efficient RESs based microgrid, which aims
at minimizing the overdependence on fossil fuels along
with reducing the carbon footprint and ultimately
reversing the issue of global warming.

e The proposed microgrid includes PV and WECS as the
primary power sources since they are sustainable,
pollution free and widely available.

e A higher-order Boost converter is employed with GWO
assisted FOPID controller in maintaining a constant
supply from the PV system.

e The output from the DFIG based WECS is stabilized
with the aid of a PI controller.

e The battery is integrated into the DC bus using an
Isolated BDC, and the grid voltage synchronization is
achieved with the assistance of a Pl controller.

The proposed work is verified practically for its
effectiveness in  maintaining voltage stability using
MATLAB software.

2. Proposed System Description

A microgrid structure including PV-WECS-ESS is
proposed with novel control approaches in this work, as
illustrated in Figure 1. Both PV and WECS are variable
power sources that require the implementation of appropriate
energy management techniques to ensure reliability and
stability when interfaced with the microgrid. The PV system
is a low-voltage and intermittent power source that requires a
DC-DC converter and controller to enhance its output.
Thereby, a higher-order Boost converter of high voltage gain
is used to improve its voltage, while a GWO-assisted FOPID
controller stabilizes its output voltage. The AC output
voltage from DFIG based WECS is converted to DC using a
PWM rectifier, whose switching functions are, in turn,
controlled using a PI controller.

Since both PV and WECS are intermittent variable
sources, an ESS is also included in the proposed work for
optimizing the power flow. The ESS also balances the power
flow in the microgrid in case of power shortages. An isolated
BDC is employed to integrate the battery into the microgrid
and allow the bidirectional power flow. The Wind and PV-
generated power are fed to the 3¢ VSI, through which it is
ultimately supplied to the utility grid. The grid voltage
synchronization is accomplished by employing a PI
controller-based synchronous current controller. MATLAB
software is utilized for ascertaining the proposed approach
performance.
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Fig. 1 Proposed DC microgrid structure

3. Proposed System Modelling
3.1. Solar PV Module

PV system output power is determined by the solar
intensity that strikes the photovoltaic panels and the crucial
criteria supplied by the fabricators. The output power is
determined from equation (1) as follows:

Ppy (t, ) = Ns.Np. Vo (¢, B). FF(t)

Voc(t, B) = (Voc—stc — Ky Tc(t)}

o))
)

In equation (2), Vyoc=Vyc—src, for ambient temperature

conditions, but for different temperatures, Vycwill be
different for the modules due toK.
o1 G (&,
Lsc(t, B) = {Isc—src + Ki[Tc (¢) — 25°C]} 1(00? 3)
= — 20°C) &P
T.(t) = T4 + (NCOT — 20°C) 500 @)

Where Py, is the PV module power, t is the time, V¢ is
the open circuit voltage, Voc—sre, IS the standard test
condition open circuit voltage, g is the PV module tilt angle,
K, and K; are the temperature coefficients of short circuit
current and open circuit voltage, respectively and Ng and Np
are the total number of PV modules in an array connected in
parallel and series and Ig. is the short circuit current. FF is

the fill factor, where FF=V’"Lj"“‘". Moreover, Is. is

oclS
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determined from equation (3) which depends onK, andG, and
G is the global PV module solar irradiance, which depends
on daytime and the tilt angle of the solar cell. A PV array
total output power consisting of Ng and Np modules by
incorporating efficiency are written as
Pumray (&, B) = 1py NsNpPpy (t, B) ®)

Where npy is the related converter's efficiency of the
PV—module. The optimisation technique defines the number

of PV modules in parallel, while the DC bus voltage size
defines the number of series modules.

3.2. Modelling and Operation of the Proposed Converter

The basic configuration of an active network has
a capacitor (C,) connected to an inductor (L,) and is powered
by an auxiliary switch. When the switch (S;) is ON, the
source charges the inductor, and when S; is OFF, the input
voltage is twice the voltage across the switchVs,,. The input
source's voltage is shared equally by C, andL;. Several
capacitors create the three-stage switched capacitor boost
converter C;,C;5,C5,C,, Cs,and Cq and diodes
D;, D,, D5, D,, and Dsconnected in series or parallel at the
output of the auxiliary switch, as depicted in Figure 2.

3.2.1. CCM Operation

Only two additional functioning modes are available
under the CCM situation. These are modes 1land 2,
respectively, when the auxiliary switch sl is turned on and
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off. Figure 3 depicts the proposed converter's timing
diagram, which breaks down the converter circuit's operation
into discrete time intervals.

Mode 1(t, t1):

A positive signal is fed to the gate of S; during this
period, turn the converter ON. The energy begins to be stored
by the capacitor and inductor. Figure 4a displays the
equivalent circuit. As the proposed converter is regarded to
be Oworking in ideal mode, the components' internal parasitic
resistances are consequently disregarded. During the time
interval (t,, t;) the circuit parameters are set to zero.
Equation (6) gives the voltage caused by the voltage and the
inductor stored by the capacitor. The parallel relationship
between the DC source,C, and L, can be noticed. In this
mode, the inductor current is given by Equation (7).

Vin = VCA = VL1 (6)

1L1 =l

— I, ()

Mode 2 (t4, t;):

The switch goes off during this time period (t,,t;)
as depicted in Figure 4b. The inductor dissipates energy
while the capacitor (CA) retains the voltage constant.
Equation (8) represents the voltage across the switch Vg,
formulated by applying KVL to the loop. Considering the
initial condition from equation (6), the voltage across Vg, is
given by

Voo + Vi, =Vow (8)

Vew = 2Vip ©))
During this interval D;is forward-biased and D, is
reverse-biased when the inductor is in discharging mode. The
capacitor (C,) is aligned parallel with the switch to produce
the appropriate voltage level, as shown in equation (10).
Figure 4c represents the equivalent circuit, and the current
obtained in this mode is given by equation (11)
Ve, =Vow =2V =V, + V¢, (10)
ave,
dt

ic, = C, =i, (11)
Mode 1 (t,, t3):

As S; turns on, the converter switches back to mode 1,
where the inductors and capacitors continue to operate in
their current states while charging, and C, continues to hold
its charge. During this interval, the voltage across the switch
is set to zero as the diode D, is reverse biased. The diode D,
starts to dischargeC,, which had been charged to the switch
voltage level, recharging the capacitor C, to the equivalent
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voltage level. Applying KVL to the equivalent circuit in
Figure 4d, the constant output voltage across C1 is obtained.
VC = VC

2 1

The capacitors in the proposed converter pursue the
same charging operation and share similar switch voltage. In
any particular working mode, if C,, C,, Cq,, are charging,
then C;, C5, Cs, ,, be discharging to charge the other side and
vice versa.

3.2.2. Converter Gain

It is considered that the output load is coupled acrosscC,.
In CCM, the inductor current is assessed by factoring two
modes or one whole cycle, and the voltage across the
inductor is given by

di
Vi, = Lo (13)

Equation (14) gives the inductor current during the ON
state, or mode 1, using the inductor voltage from Equation

(6) and assuming that all initial conditions are zero.

ton=DT

Ion = fo

VinDT
Ly

Vdt = (14)

Correspondingly during the OFF state or mode 2, the
current in the inductor is calculated by

—(Vin—Vo)(1-DT)
Ly

T
IOff = ffon:DT VL dt = (15)

The average current flowing through the inductor will
remain constant, although the converter is on and off if it
functions in steady-state mode. When the load is connected
acrossC,, from Equations (14) and (15), the gain of the
converter is expressed as

VinDT ~ (Vin—Vo)(1-DT) _
Ion + Iops = t:l — UWin 21 =

0 (16)

Voc 1
G =Yoo _ 1
CCMc, = vy~ 1-D

A7)

At the second stage, the gain of the converteris
determined by connecting the load to C, as depicted in
equivalent circuit Figure 5 and is expressed as

_Voc, _ 2

Geeme, =5 * =15 (18)
v .
sttage = V_::L = 11_D (19)
Where, j is any stage from 1, 2, 3...n
VO = VCZ + VC4 + VC6 + .- Vsttage (20)
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Fig. 3 Higher order boost converter timing diagram

Applying KCL, the average input current and average
inductor currents for the proposed converter is given by
equation (21) and (22)

lin =1, —1I (21)

23

I, =1I,(1+ sttage) (23)

(24)

The proposed converter operates on the zero-switch
current theory (ZSC). The diodes D;,D,, D5, D,,and Ds
experience reverse recovery difficulty in the OFF position if
the converter cannot follow the current.
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3.2.3. Voltage Stress

The Proposed converter faces voltage stress across the
switches when it remains in OFF mode. Figure 2 exhibits
three voltage stress compared to the output voltage. The
switch stress across the diodes, MOSFET and capacitors in
the proposed converter is j~1V,. In the current research, the
voltage stress over the switches is comparatively reduced by
raising the duty cycle ratio.

vV, 2
Ve, Ve Voo Ve, = Vo, Vo, Vo, = Vow = 7" = 7V0(1 -D) (25)

The normalized voltage stress across the power switch
(Z%W) or (%) in accordance with CCM gain and diodes
mn mn

Vb A
(—="is expressed as
i

n

(szstress) — VDstress(l_____n) — 1
Vin Vin 1-D

(Or)
Vs Wstress
Vo

=2(1-D) (26)

3.2.4. Current Stress
The normalized inductor current stress (II_—L) is written as
m

24

(d)

Fig. 4 A higher order boost converter (a) mode 1 and (b) mode 2 (c) charging of output capacitors and (d) discharging of output capacitors

G)

_ Gjstagetl (27)

sttage

Using a GWO-assisted FOPID controller, the dynamic
performance of the higher-order Boost converter is enhanced
in terms of reduced overshoot, effective error compensation,
and quick settling time.

3.3. Modelling of GWO Assisted FOPID Controller

The FOPID controller, a fractional -calculus-based
application, is suitable for handling non-linear operations
since it offers a better closed-loop response, high stability,
excellent flexibility, quick response and better control. This
linear PID controller extension is represented as PI*DF,
where the fractional orders of differentiator and integrator are
specified as a and S8, respectively. The expression for the
controller is,
C(s) =K, +Kis™® + K;sP (28)

It is possible to acquire a linear PID controller by
equating both « and 8 values to 1. Moreover, the choice of
(a,B) = (0,1) gives PD controller, while the choice of
(a,B) = (1,0) gives PI controller. This controller can also
meet five specifications on account of its five adjustable
parameters.
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The GWO algorithm is estimated in this work for
generating the optimal FOPID controller parameters for
higher order Boost converter by minimizing the objective
function obtained from the error between V,., and V;.f.
Figure 5 gives the structure of GWO assisted FOPID
controller.

3.3.1. GWO Algorithm

The GWO is an effective metaheuristic algorithm
devised for emulating the behaviour of wolves while hunting.
This algorithm involves a random number of wolves (search
agents) that initially track and then approach the location of
their prey before hunting it down using an iterative
procedure. Every key decision for the wolf pack is made by
the alpha wolf, which assumes the role of leader. The direct
subordinates of the alpha are the beta wolves, while the delta
and omega wolves fit in the lower level of social hierarchy.
Along with the group hunting tendency of the grey wolf, its
social hierarchy is also considered while designing the GWO
algorithm. The different phases of the grey wolf hunting
process are,

e Tracing, trailing and encircling the prey.

e Subjugating, persecuting and tormenting the prey until it
remains still without motion.

o Finally, the prey is hunted down.

The wolves update their position while attacking their
prey, which is expressed as,
Dj = |G- X, (£) = X;(0)] (29)

Here, both A; (= 2a - ;) and C; (= 2 - r,) are coefficient
vectors, X, is prey position, X; is grey wolf position, a =

25

2 — 2t/tmax, t refers to the current iteration and bothr,
and r, are random parameters. The updated position of both
the prey and wolf is given as,

X, = X, (t) — A, D, (31)
X, =Xg(t) — Ap.Dp (32)
X3 = Xs(t) — As. Dg (33)
Dy = |C1- Xo(8) = X;(0)] (34)
Dy = |C5-Xp(t) — X;(0)] (35)
Ds = |C5.X5(t) — X;(t)] (36)
Xi(t+1) =X, + X, +X3)/3 (37)

The flowchart of GWO is presented in Figure 6. The
GWO algorithm aids with acquiring the unknown FOPID
controller parameters (Kp, K;, K4, A and u) by performing
optimization with the Integral of Square Error (ISE)
objective function. The ISE objective function is defined as,

t
ISE = [ e?(t)dt (38)

The ISE offers more practical significance since it
prioritizes large error penalization over smaller ones. The
error is evaluated as e(t) = V,.op — Ve, Where the time t is
selected as a value either greater or equal to the settling time.

3.4. Modelling of DFIG Based WECS

The wind kinetic energy is harnessed to generate electric
power by the WECS. The following equations describe the
wind turbine characteristics,
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T, e (39)
C,(A,B) = 0.645(% — 048 — 5)e~2V/A (40)
. (41)

i = 1/2+0.086-0.035/(B3+1)

Where, B,4,p,C, and R refers to pith angle, tip speed
ratio, air density, power coefficient and blade radius. The
mechanical torque, wind speed, along with wind turbine
speed is specified by T,,,, Viyinawwr. Recently, wind farms
have been integrated into the electric power system with
DFIG-based wind generation systems. The following
equation gives the modelling of DFIG in af stationary
reference frame.
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[ Vi = RyTs + ¥ + joo Py @)
Vr) = er_r)+¢r)+j(ws — wy) ¥y

{q = Lgis + Lty (43)
@ = L1, + Ly

T, = Z2Re(j%, 1;) (44)

The rotor and stator voltage vectors are given by V, =
Var + jligr and V; = Vys + jVs, Whereas the rotor and stator
current vectors are given by i,/ = ig, + jug, and g = igs +
Jigs- In'work, the PI controller is used to maintain a constant
power supply from the DFIG based WECS.

3.5. Modelling of ESS with Isolated Bidirectional Battery

Energy storage system plays a dominant role in RES.
Rarely do energy supply and demand match up at any time of
day. Thus, storing excess energy when energy production
exceeds consumption becomes necessary. In contrast, when a
surplus of energy is needed but not enough energy is
produced, an energy storage device supplies it. In this
research, lithium-ion battery is considered. Equation (45)
determines the instantaneous state of charge (SOC), which
regulates how the battery charges and discharges.

oAt

-5+

At any timet, SOC is the function of the previous
SOC(t —1). o denotes the battery's self-discharge, an
electrochemical process that causes the batteries to deplete
fast even when electrical consumers are not connected and
are considered 0.2% per day. At Is the hourly time step, I,
is battery current for t** hour, n,,, is the battery charging
and discharging efficiency and C,,.is the nominal capacity of
the battery. The battery's efficiency varies depending on the
SOC, and it is assumed to be 1 when the battery is

discharged and 0.8 for being charged. The current obtained
from the battery by integrating PV with WT is

Ipat(t)-Atnpar
Chat

S0C(t) = SOC(t — 1). (1 (45)

Lyt (8) = PPV(t)+Pm;Tb(::—PLoad(t)

(46)

Where V,.is the individual battery's nominal voltage
ofPpy, Py, and Py, .4 are the power obtained from PV, WT
and load. The high-power transfer for the battery is achieved
using the Isolated BDC illustrated in Figure 7. The Isolated
BDC is a Dual Active Bridge (DAB) converter, which entails
two full-bridge converters in its structure. The power
transmission using Isolated BDC is expressed as,

nviV,
Piransmission =
2fL

[(d(1 —d)-ld,(-d; - 2d))](47)
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The circulating power is represented as,

A%
Pci‘rculating = rllﬁ;fsz [k(1—d;) +(2d — 1)]2 (48)
The converter stress is represented as,
bstress = 12 [(k(1 = d1) + (2d; — 2d = 1))] (49)

Where, n is the transformer turns ratio, the leakage
inductance is specified as L, the operating frequency is f;,
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low voltage is specified as V, and high voltage is specified
asV,. The term k refers to the voltage conversion ratio, and
the terms d and d, refers to the phase shift ratio.

3.6. Grid Voltage Synchronization

This study proposes a Pl controller-based current control
approach for grid voltage synchronization, as illustrated in
Figure 8. This approach delivers a quicker response and is
less sensitive to interruptions in grid voltage. The PI
controller minimizes the error obtained by comparing the
desired reference current to the actual VSI output current.
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Table 1. Parameter specifications

Solar cell
Parameters Ratings
No. of Panels 20 panels
Peak Power 10kW
Capacity 500W
Short circuit voltage Vs 12V
Short circuit current Igc 41.6A
Open circuit voltage Vo 22.6V
Series connected solar PV cells 36
WECS
No. of Turbines 1
Power 10kW
Voltage 575V
Speed Range 4m/s — 16m/s

HIGHER ORDER BOOST CONVERTER

Table 2. Comparison of converter efficiency and voltage gain

DC-DC Higher Cuk |Buck-Boost| Boost
Converters Order Boost|Converter] Converter |Converter
Converter | [26] [27] [28]
Voltage Gain 8 3 6 15
Efficiency (%) 98.4 85 85 80
Table 3. Transient response parameters of the controller's comparison
Algorithm/ GWO/ SFS/ | PSO/ | IWO/ GWO/
Controller PID [29] PID PID PID FOPID
[29] | [29] | [29]
Rise time (s) 0.171 | 0.638 | 0.409 | 0.493 | 0.058
Settling time (s)| 0.254 | 1.06 | 2.38 | 1.95 0.15
Over Shoot (%)| 1.06 0 255 | 7.16 0.42

The overall error is minimized by using the proportional
term, which is the product of error and proportional gain. The
remnant steady-state error is eliminated using the integral
term obtained by multiplying the error with the integral gain.
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Fig. 9 PV system (a) output voltage waveform and (b) output current waveform
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Fig. 13 (a) Grid voltage waveform, (b) Grid current waveform, (c) Reactive power waveform, and (d) Real power waveform

The PWM approach is employed to control the utility
grid's active and reactive power components. The proposed
grid voltage synchronization technique has an excellent
steady-state response and minimum harmonics.

4. Results and Discussions

The design of a DC microgrid that includes a hybrid
power system of PV and WECS with appropriate control
approaches for enhancing the overall voltage stability and
power quality is proposed in this study.

Moreover, the balance of power at the time of shortages
in supply from both primary power sources is resolved by
integrating ESS into the proposed microgrid structure. The
simulation model for the proposed microgrid structure is
created in MATLAB and executed to ascertain the microgrid
operation. The parameters used for designing the simulation
model are given in Table 1.

4.1. PV system

The solar panel output voltage remains at 172.5V for 0.2
seconds before increasing to 178V, as seen in Figure 9(a).
This abrupt variation in voltage level is attributed to the
variation in operating conditions such as temperature and
solar intensity. This variable and intermittent nature of the
PV system leads to instability issues in the microgrid in the
absence of a suitable control technique.

An input current to the higher order Boost converter, i.e.,
the PV panel output current, is observed to be 12 V from
Figure 9(b). Furthermore, it is also observed that the current
is not constant and is affected by minor distortions.

The voltage gain of the suggested higher-order Boost
converter is 1:8, and its efficiency is 98.4%, much greater
than that of the other converters taken into consideration in
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the list. The robustness of the proposed GWO-assisted
FOPID controller is analysed in terms of rise time, settling
time and overshoot with other optimization algorithms like
PSO, Stochastic Fractal Search (SFS) and Invasive Weed
Optimization (IWO). The GWO-assisted FOPID is noted to
have outperformed all the other control techniques with a
settling time of 0.15s, a rise time of 0.058s and an overshoot
of 0.42%.

4.2. DFIG-based WECS

Similar to the PV system, the WECS is also a variable
power source characterised by uncertainty in its output.
DFIG-based WECS is considered in this study, and the
square-type three-phase output voltage waveform obtained
from the DFIG-based WECS is provided in Figure 11(a).
The DFIG output voltage varies in accordance with the
variation in wind speed. Therefore, the output voltage
waveform is observed to be not stable.

4.3. Energy Storage System

The performance of the ESS is evaluated based on
battery current, voltage and SOC waveforms given in Figure
12. From the graphs provided in the figure, it is observed that
the magnitude of the current is 1.5A, and the magnitude of
the battery voltage is 12V. Moreover, the SOC of the battery
is observed to be 60%.

4.4. Grid Synchronization

The role of an effective grid voltage synchronization
approach is significant when integrating the power generated
from both the RESs to the utility grid. The PI controller's
integral and proportional terms eliminate the VSI output's
steady-state error. Moreover, the differences in the
amplitude, frequency and phase between the grid voltage and
the inverter voltage are completely minimized using the
proposed linear current controller-based approach.



C. Srisailam & M. Manjula / IJEEE, 10(2), 19-34, 2023

The grid voltage range is -400V to +400V, while the
grid current is in the range of -13V to +13V, as seen in
Figure 13. Moreover, the real and reactive power waveforms
are given in Figure 13 (d) and 13(c), respectively.

5. Conclusion

An objective of this work is to devise a suitable control
technique for enhancing the voltage stability of a hybrid
power system (WECS- PV-Battery) based DC microgrid.
This work mainly aims at facilitating the increased
penetration of RESs for power production by overcoming the
limitations associated with RESs intermittency. Thereby, in
the case of a PV system, both a higher-order Boost converter

The PI controller provides the necessary error
compensation for stabilizing the DFIG based WECS output.
Moreover, an isolated BDC is chosen over its non-isolated
BDC counterpart for integrating the battery into the DC bus.
In addition to its excellent bidirectional power flow
capability, the isolated BDC offers high power density,
symmetrical topology and soft-switching.

A PI controller-based linear current control approach is
used for accomplishing grid voltage synchronization. From
the MATLAB simulation results, it is observed that the
higher-order Boost converter, with the assistance of an
optimized FOPID controller, operates at an efficiency of

and GWO-assisted FOPID controller

are chosen for  98.4%.

steadying its output voltage.
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