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Abstract—- DC micro-grid is most preferred now a day for
Renewable energy sources such as solar, wind, and bio-diesel to
share electrical power. At large, a solar photovoltaic (PV) electric
power production is supported by a battery energy storage system
(BESS) for continuous and reliability of power supply to the loads.
To extract maximum power from the solar or wind renewable
source, Maximum Power Point Tracking (MPPT) with dc-to-dc
voltage control plays a vital role. In this paper, early synchronizing
and MPPT of solar power to the grid and better active power
transfer capability is analyzed. For this, Met heuristic
Optimization based Proportional Integral and
Derivative (MOPID) controllers like Whale Optimization
Algorithm (WOA) and Grey-Wolf Optimization (GWO)
algorithms are compared to show the effectiveness of the
operation. These controllers are used in the control scheme of the
solar MPPT dc-dc converter operation have better damping and
power transferrable capability with earlier settling time and
overshoot compared to a system without a controller. The
performance of the system is verified through MATLAB/ Simulink
simple dc-microgrid environment

Index Terms—Solar photovoltaic (PV), microgrid (MG), power
oscillations damping, BESS, adaptive fuzzy proportional integral and
derivative (FPID) controller.

L. INTRODUCTION

ITH the rapid advancements and research in power

electronics and renewable energy resources, solar
photovoltaic (PV) cell interest is increasing at a very high pace
[1].This solar PV cell is used in all developing and developed
countries with the scope of use in the meager rating of few watts
to megawatts application like toys, electronic boards, lighting,
traffic control systems,lectric vehicle charging and for power
generation to nearby industrial loads of a few MWs [2].
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Since the PV cell is dc and the grid and loads are generally AC,
it requires at least one stage conversion [3]. For higher power
handling and raid control, mostly multi-stage is very famous
and used for a long time [4-6]. Recently, single-stage solar PV
inverter topologies are recognized for low power direct grid or
smaller rating load applications.

There is a considerable interest in installing renewable
energy resources, especially in solar and wind-based electrical
power generation observed globally. Based on global wind
energy organization statistics, China, the U.S.A., and India are
the three top countries in the world, it has been completed
generating more than 10,000 MW of solar power by march
2018 [7]. China is producing 43.5 GW in 2015, while it
increased to 78 GW, 131 GW, and 175 GW in 2016, 17, and
2018 years respectively, with a growth of 3%. Similarly, the
German growth rate by the end of 2018 is 7.9%, Italy 7.3%,
Japan 6.8%, and India it is 5.4% [8]. Many countries are
spending about 2.5% of their total budget towards renewable
and especially half of this is for solar energy for the last five
years and is increasing in budget rate year by year. The absolute
solar power installed by European countries alone installed
98.8GW, Asia 92.3, East Asia with 79.5GW, North America
29.8 GW and remaining continents around 5S0GW with the
global installation of almost 323.73 GW in 2016. India alone
producing about 9200 MW in 2017, and 9600 MW generation
is in progress during the same year and targeted more than 175
GW by this 2023.

The DC microgrid for solar PV system with particle swarm
optimization (PSO) and Perturb & Observe (P&O) maximum
power point tracking (MPPT) . MPPT algorithm in real-time
environment with improved stability and quicker dynamic
response [9]. The solar PV with DC microgrid coupled inductor
SEPIC converter using fuzzy logic controller (FLC) to improve
the efficiency of power on microgrid [10]. The PV and Fuel
Cell through DC-DC boost converters fuzzy (FLC) MPPT to
reduce steady-state oscillations and found that FLC is two times
faster than neural network controllers and eighteen times faster
than for PSO [11]. Solar PV BESS dc microgrid bus voltage
variations and oscillations because of irregular irradiance
variations and transient in loads are studied to increase BESS
life time and higher current drawings [12]. A solar PV BESS
with bi-directional converter for a standalone low voltage DC
microgrid using dual loop PI based single control algorithm for
effective voltage control and economic MPPT technique [13].



Improved Real Coded Genetic Algorithmis used to
identify, trace and differentiate amid the open and short circuit
faults in solar PV network [14]. An Artificial Neural Network
with optimization-based global artificial gorilla troops MPPT
metaheuristic approach to guarantee a reliable and operative
MPPT abstraction [15]. An interesting quantum concept
gravitational search particle swarm optimization (PSO)
technique is compared with other algorithms to solve the
economic load and emission dispatch for solar PV system [16].
A comprehensive review paper on parameter mining and fault
recognition for solar PV cells using various metaheuristic
techniques [17] to aid the upcoming researchers to attain
precise, effective and quick fault detection. Partial shading
effect of solar PV with GWO, MFO, PSO-GSA, SSA and
Hybrid PSO-GSA metaheuristic optimization algorithms and
found that GWO has quick convergence rate and better MPPT
among all individual techniques [18]. Finally, this paper studies
about stability, and better efficiency also with PSO-GSA and
found that the hybrid methods are most effective, but little
complicated. In [19], water cycle algorithm and moth-flame
metaheuristic algorithms are used to solve techno- economic
features due to renewables intermittencies.

A passivity method-based voltage regulation for a battery-
supported solar PV system connected to dc M.G is used to
obtain a transient response and stability analysis [20, 21]. Sepic
converter-based solar PV, rectifier,buck converter-based wind
PMSG and a bidirectional B.E.S system connected to a dc M.G
topology are used for load management [22]. With a Hybrid
energy storage system, (D.E.R) for a dc M.G was discussed
with hardware-in-loop (H.L.L) [23], experimental evaluation
for the solar PV, battery, and fuel cell for a dc M.G power
management[24]. Solar PV with energy storage devices
connected to a dc M.G
with droop voltage control characteristics for quicker vehicle
charging application [25], another drooping control schemes
discussed for a hybrid PV/hydrogen/battery DC MG for power
management [26, 27], with combined P.I and
sliding mode control technique (CPISMC) [28], with frequency
filtering KDTFT[29] and Nonlinear integral back-stepping-
based control [30]. Adaptive fuzzy and fuzzy P.I.D. Control
methods are applied for dc M.G systems for current adaptive
sharing [31], economic dispatch [32], and droop control for
optimized power-sharing [33, 34].

In this paper, Grey-Wolf Optimization (GWO) and
Wale Algorithm Optimization (WAQO) for PID controllers are
compared to find the effective controller for better
synchronizing and active power extraction. So, solar PV
,voltage, current, micro-turbinesynchronous generator, and
BESS parameters are verified. The solar PV cell-based dc-dc
chopper connected to the dc microgrid to meet the fundamental
features:
. To work effectively at the Maximum Power Point
Tracking (MPPT) of the PV cells.
To function above the entire MPPT array of the PVcells.
To comprise a power rating corresponding to the
maximum rating of PV cells.

il.
iii.

iv. Endure PV cell highest voltage and current rating despite
the disparity in ambient temperature.
v. Better performance to cost ratio compared to weight and

size for residential rooftop installations.

Vii.
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Vi. Better reliability to compete with that of PV panels.
Improved efficiency.

However, with these advantages, few challenges need to
overcome for better performance of solar-PV cell inverter :

i.  They constrained power handling capability.

ii.  Power output characteristics are vastly varying in nature.

iii. Range of operation constrained due to imposed dc source.

iv.  With an increase in power handling capability, the price
of the inverter set increases considerably.

v.  Anincrease in power handling capability resulting in high
peak current stress

vi. Few MPPT techniques are applicable as there is no

intermediate chopper circuit.

Based on these disadvantages, the interest towards better
and simple MPPT chopper design increases by compromising
many switches, efficiency, and weight compared to a standard
microgrid connection. Suppose these challenges are met to a
certain extent. In that case, there can be a significant advance in
the solar PV, topology applicable to rooftop household
applications, hybrid electric vehicles, and other applications.

In section 2, the solar PV, grid-tied test-bed system is
described. Solar PV, two area test-bed system discussed in
section 3 and in section 4, famous metaheuristic algorithms
along with WAO and GWO application metaheuristic
algorithms pseudo-codes are discussed. Section 5 describes the
simulation results with GWO and WAO in the MATLAB
environment. The conclusion of the work is given in section 6.

II. D.C. MICROGRID CONNECTED SOLAR P.V.
BATTERY ENERGY STORAGE SYSTEM

In this section, modeling of solar PV, panel with battery energy
storage system (BESS) connected to a common dc microgrid
(M.G) and dc load is discussed analytically. Later block
diagram representation of dc M.G solar PV, system is described
mathematically. The dc M.G with subsystem components,
switching design, dynamic current and voltage equations, and
P.I controller-based output voltage equation is derived. In the
block diagram representation, P.I controller modeling, solar
PV, cell with MPPT controller, and buck-boost converter
operation based on transfer function modeling are discussed.

A. Modeling of dc microgrid based solar PV BESS system

In general, a solar photovoltaic (PV) electrical power
generation system is supported with a battery energy storage
system (BESS) for continuous and reliability of the power
supply. This solar PV system is connected to ac or dc or hybrid
AC/DC MG.

A solar PV dc M.G. system topology along with dc load is
shown in Fig.1. This topology consists of subsystems like solar
PV panel, solar MPPT boost converter, battery bank, bi-
directional dc to dc converter connected to a common dc link
terminal, buck converter for load connection. The solar PV
panel consists of a current source with series and parallel
resistances forming layers in the cell panel. This cell produces
constant current and variable voltage depending on irradiation,
temperature, shading, and other input factors. To extract
continuous voltage from the solar PV cell with consistent D.C
output, the maximum power point tracking (MPPT)


https://www.sciencedirect.com/topics/engineering/genetic-algorithm
https://www.sciencedirect.com/topics/engineering/circuit-faults
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technique with dc voltage stepping up and to extract maximum
power from the solar panel subsystem is beneficial [20-24]. The
input voltage is Vi, and current i; is given to the solar MPPT
cell and is boosted using a designed inductor, switch, and a
diode.

The switch S; is having a duty cycle of di, the current through
the MPPT diode D3 is iz, and the output voltage of V; from the
MPPT subsystem produces constant voltage if input parameters
are stable. This voltage is equal to the dc M.G voltage. A battery
bank (BESS) with voltage E and internal resistance is in the
figure supporting energy storage and retrieving when solar PV
cells cannot supply power to the M.G and the load. The BESS
is connected to the dc M.G using a bidirectional dc to dc
converter with two switches numbered S; and S; with duty
cycle d. If solar power output is sufficient, the battery gets
charged, else it will supply power by discharging it based on the
load and grid requirement. The output from the dc M.G is
connected to the load using a buck step-down converter with
the operation supported by switch S, with duty cycle ds,
inductor L3, and diode D4. The output from the buck load
converter is V3 which is the voltage across the capacitor C;
and is supplied to the load R.L. The voltages and currents
dynamic equations are represented.

Load Buck
Converter

Do Converter

I Solar MPPT Boost

R,

aN
l(

Bidirectional DC-DC buck/

Battery
bank boost Converter

Fig.1. Solar PV BESS system connected to a dc microgrid

The input solar PV dynamic current flow is given by the
equation (1)
di
L—L=V,-V,(1-d,) (1)
Vs 1 2 1

Kirchoff's current and voltage equations are used for deriving
each subsystem's voltage and current. Here, V, is solar PV
voltage, and V; is M.G voltage with duty cycle d; at switch S,
at solar MPPT boost converter [20, 21]. The battery energy
storage system (BESS) dynamic current flow is given by
equation (2). Here, the battery voltage is E, BESS current i, with
internal Dbattery resistance R, and the switch S; at the
bidirectional dc-dc buck-boost charging controller converter
with duty cycle d».

L, CUY i,R, ~V,d, @)

dt

The load current i3 flows through the load resistance R.L and
switching operation controlling the buck voltage using the

switch S, with duty cycle ds;, and the load voltage V3 is
represented by the equation (3).

di )
L37;:(V2_13(1_d3)RL)(1_d3)_V3 3)
The solar PV cell output capacitor C; dynamic voltage equation
V. is represented (4). This voltage is the difference between the
source PV current and the boost converter current i;. The solar
PV current ipy, diode current ip. The diode voltage constant is
',

av, . . . Voo
Cld_tl:ls_llzlpv_lD(e _1)_R_;_ll (4)

The M.G voltage dynamic equation is given by all the switches
duty cycles, and the M.G voltage is provided by the equation
(5). Based on controlling the IGBT switches, voltage buck or
boost operation is done, or in other terms, the dc M.G voltage
is controlled using the switches duty cycles di, d> and ds.

av, . . . V.

C27;=11(1—d1)+12d2—13(l—d3)—;2 )
1
The dec M.G dynamic load voltage V3 equation is represented
using the equation (6).
¢y (©)
dt R,

The solar PV output regulated voltage capacitor C value based
on a common base capacitance value is given by equation (7).
Here, the PV capacitor voltage value is taken one-fifth times its
base value-based.

0.0l
' 0.05C,

If the filter capacitor, power factor variation of the M.G is tacit
within the limits of 5%. The maximum ripple current in the
inductor L, with switching time constant Ty is given by the
equation (8)

2Vdc
Llmax — 3Ll (1_d1)d1]—;w
The same inductor ripple current represented in terms of
switching frequency Fiy instead of switching time constant is
shown in equation (9) and if the PV IGBT switch d; is
considered as 0.5.

Vdc
6F;WL1

To obtain the maximum ripple from the panel MPPT output,
if 10% ripple of rated current is considered, then the maximum
ripple current is given by the equation (10),

Al =011 (10)

Llmax
Further, the maximum current output from the solar PV panel
is given by the equation (11) represented in the form of solar
PV real power PPV and solar PV input voltage Vpy (which is
also equal to V)

2P

Imax :7,0‘/ (11)

pv

(7

®)

L1max

)



To reduce the current ripple to 20% with an attenuation factor
K, the inductor MPPT L, and battery-MG inductor L, values
can be represented using the equations (12) and (13)

Ll — L (12)
6F;WA1L1max
1+ !
KZ
S "
2% sw

To prevent the resonant conditions, R; and R, are helpful. They
are also responsible for the reduction of ripple on switching
frequency. Hence, the resistor R; can be represented in terms of
angular resonance frequency (s, rad/sec) is shown in equation
(14)

1

R=——
3 C2 a)res

Where the angular resonance frequency (o) is given by the
equation (15)

L+L,
wres =
LILZCZ

The final bus voltage is given by vectorially all the subsystems
voltages given by the equation (16)

(14)
(15)

ydt — (16)

1
VZ = V20 + _j(IPV,out + IBESS + Igrid,out - Icha.rging
(O
The Vy is the initial bus voltage of the solar PV MPPT
subsystem, C, is the DC M.G capacitor value. The solar PV
panel MPPT subsystem output current at time t is Ipy ou, BESS
charging and discharging current is Iggss (or I2) and the final
grid current output is Igigou. The BESS charging current is

given by the equation (17)

I _ f)ch arging
charging —
Villne-pei

In this, the BESS charging current is determined by the real
power flow at the charging terminal through inductance L;. the
DC M.G voltage is V, and the efficiency of the dc to dc
bidirectional chopper npc.pci. This efficiency depends on the
load chopper converter also. The M.G current output Igrid.ou 1S
given in equation (18) in terms of the M.G real power Pgig, MG
voltage V, and grid boost voltage conversion efficiency npc-
DC2.

(17)

P

id

] _ g
rd ,out

¢ £

The BESS current flow into the M.G is represented in terms of
battery voltage E, the current through the battery cell IBESS
with bidirectional dc to dc converter efficiency npc.pcs is shown
in equation (19)

_ El g

1 BESS ,out —
V2

The load voltage Visad or V3 is given by the buck chopper
switching duty cycle ds is provided by the equation (20).

(18)

DC-DC2

(19)

Mpc-pc3
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b
1-d3

M.G terminal current img gives the dynamic dc link voltage
(V4c) through the diode D> and the bidirectional buck-boost
converter with switching duty-cycle d, is given by equation
(21). The constant a= 1 represents boost and a=-1 for buck
operation. So, buck and boost operation controlled by the duty
cycle d, and grid currents.

Dy _ g ina ol
dt C, G,
The bidirectional buck-boost converter inductor dynamic

current flow ir» is represented using the battery voltage E and
M.G voltage V, is given by the equation (22).

W oE g2
L, L

The vectorial controlled bidirectional buck-boost converter
inductor current represented in terms of M.G capacitor C, in
terms of transfer function form with the Laplace parameter 's' is
given by equation (23)

Ip _ = Glys —dyiy,
C,L,s* +d;

V

oad VZ (20)

21

(22)

. (23)
d,
The M.G terminal voltage-controlled V, is done using a
current-controlled tuned proportional-integral (P-I) controller is
given by the equation (24). Here, the input inductor boost

K
converter subsystem current reference (i, ) and actual boost

converter current ( i, ). The objective of the current P-I

controller is maintaining zero or very minimum value between
the reference and the actual current value, and ideally, zero is
its value.

R
K.s

n

V,= (iLl_iL])(Kpi + 24
The final terminal voltage V, and the input solar PV current
(iL1) are written in the transfer function model with current
tuned P-I controller and boost converter duty cycle d; is given
by the transfer function equation (25)

1;2 - K, K,dV,s—dV,

- 3 2 2

= G —GVK Ks™ +(diK; = C)))s

I

(25)

B. Block diagram representation of solar PV system based dc
MG.

The dc M.G consisting of a solar PV cell system with closed-
loop controller representation is shown in Fig.2. The current
tuned P-I controller block diagram is Gpi(s), offset switching
frequency (Gsw(s)), solar PV panel system connected to a dc
M.G is Gpv(s) and dc voltage gain function is given by Ay(s).
The current P-I controller is given by the equation (26) with 's'
as the Laplace parameter, current proportionality (Kpi), and the
current integral constant (Kj).
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K.

Gp(s)=K, + T” (26)
The offset switching block (Gsw(s)) is a relay block that
operates based on the reference (V; ), and actual M.G voltage
(V,) is shown in equation (27)

1 v,>V,
GS w (S) = : 2*

0 V<V,
The solar PV panel transfer function is considered to be a
standard 2nd order function with natural undamped frequency

27

(@, ), and damping ratio (f) is given by the equation (28)

n

s’ +28w,5 + !

Gy, (s) = (28)

Gri(s)

A 4
I\J‘

As)

1
s

Fig.2. Solar PV microgrid block diagram representation

The dc-dc M.G. voltage gain in BESS switching duty cycle d»
and solar PV panel inductor L; and MG capacitor C, is given
by the equation (29)

1-d
4,(s)= —
LC,s* + s+ (1-d,)

R,
The M.G terminal voltage (V,) with initial voltage vzo, mppt
voltage (Vmppt), output limited transfer function (Golimit(s)) and
MPPT output transfer function (Gomppt) is given by the transfer
function equation (30)
G,V

I/Z = Golimit (S)I/ZO  Momppt” mppt (30)
And the internal transfer functions for the equation (30) are
defined.

The change or error in the M.G terminal voltage is given by
the difference between reference and actual M.G voltage, as
shown by equation (31). Here, the error in the M.G terminal
voltage to zero is the objective.

An=ﬁ—n=%ﬂ%:0 31)

The final output microgrid voltage is represented in the form of
a transfer function (Gov(s)) in terms of a controller transfer
function, solar PV panel transfer function, and dc-dc M.G
voltage gain as depicted by equation (32)

%mz%wamuh)

The ratio of integral to proportional gain constants with a
frequency of operation from 5 to 150 Hz is given by (32)

(29)

(32)

K.
—L=27*100 (32)
K i

The final output voltage transfer function is controlled to 1
p-u,(per unit) value as equation (33)

G, (5) (33)

From the equation (32), the open loop output microgrid
voltage transfer function based Bode plot and Root-Locus plots
are shown for different integral constants in Fig. 3 and Fig.4 the
plot parameters has been mentioned in table 1. With increase in
the Kj;, the phase margin is moving away from -180 degrees
and gain margin is decreasing considerably, thereby stability
margin is decreasing. the normal values of K, and Kj; are 1.22¢
and 0.77.

s:aj207r: 1

Bode Diagram

100 T T T

Magnitude (dB)

)
0]
=4
° Ki1=10
@ Ki-0.077
£ 270 Ki=0.77
180
107 1072 10° 10° 10*
Frequency (rad/s)
Fig.3. Bode Plot for G,(s)
: 105 Ro‘ot Loclus
Ki=10
4 Ki=0.77
al Ki=0.077 | |
22t :
C
3
@ 10 b
K22
; 0
<
P J
(L]
£
20 1
E
B 4
4+ i
12 410 -8 -6 -4 -2 0 2 4 6
Real Axis (second5'1) %10

Fig.4. Root-Locus Plot for Gy(s)



TABLEI
FREQUENCY DOMAIN ANALYSIS

Paramet Gain Phase PM Delay DM Stable
ers Margin Margin Frequency Margin Frequency
Ki=10 1.4084 | -110.2359 0.6537 6.6688 0.6537 1
Ki=0.77| 35.8508| -179.8441| 291.3206 0.0108 | 291.3206 1
Ki=0.071 7.6823 | -179.6415 199.9663| 0.0157 199.9663 1

III. TWO AREA-BASED SOLAR PV DC MICROGRID
TESTBED SYSTEM

A two-area testbed system interconnected by a shared
transmission line network is shown in Fig.5. Each area consists
of a small microgrid (M.G) generation system, a BESS, and a
solar-PV panel with dc-dc MPPT system tied to a common dc
micro-grid with internal loading as shown in Fig.6.

—FXI 2
TR |
D
— F - ‘]’r’:.i J:

-,
ealor gridh,
\
II
\
\\

J

-
S

';..'_ o

Fig.5. Two area system under study with FACTS devices

Area 1

Fig.6. one area source, load schematic

A.Modeling of BESS for solar PV grid-connected system for
real power flow sharing

The grid voltage is supposed to be 230V, and the battery
converter voltage set at 1.2 times the voltage, which is 276 V. If
a nominal lithium-ion battery rating of 9V, the number of series
battery cells required is (270/9) 31 number. If an Ampere-hour
of the battery set to 100, and the power rating for compensation
for the solar PV-load system is assumed to be 300KWh, the
desired Ah is (300K/276)= 1087Ah and hence requires
(1087/100)=11 cells in parallel. For a voltage source of 276V
the Li-ion battery modelling with the equivalent capacitance Cy
is discussed in [35]. To analyse the battery energy storage with
the parallel combination of capacitance (Cy) and resistance (Rp)
in series with internal resistance (Rin) is done using Thevenin’s
model [35].
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B. Solar PV panel closed loop control for maximum real power
extraction

The maximum power point tracking (MPPT) technique is
generally adopted extractmaximum power from the PV cell.
The solar PV panel performance will be improved and voltage
profile can be maintained at desirable valuecan be done based
on the MPPT technique adopted. There are numerous MPPT
techniques available in the literature like Hill climbing etc as
discussed in the Sectionl. Generally closed loop control
schemes are used to track the MPPT for available temperature
and irradiance at that erection point. The basic control scheme
of the solar PV cell with closed loop transfer function scheme
is shown in Fig.7.

Solar PV

Area 1

BESS

<
<

4_‘ @ GENCO

The solar PV cell will produce anode voltage (V,) for a
natural solar irradiance (Iirad) and ambient temperature (Temp)
in degrees at the erection point. The output from solar PV cell
is a wvariable current (I py). When this anode voltage is
multiplied with the cell current, output power obtained is (P _py).
A first order transfer function model will describe the PV cell
power depending on the power constants A and Kl as
constants. The output from this A, K1 block transfer function is
the reference current. The nominal frequency can be (50 or
60Hz) for a 1 volt dc reference per unit (p.u.) voltage (V rr).
The p.u. voltage is multiplied with this transfer function derived
current to extract the reference power value, which is in general
the characteristic power of solar PV cell. This power is made
optimal so as to achieve the maximum power from the solar
cell. To achieve this,one more first order transfer function block
with constantsB and K,. These constants based transfer
function is multiplied with a current gain constant C to obtain
maximum current extraction value from solar cell.

An integrator in Laplace coefficient S is used to get the area
under the curve and to observe its utmost value from the
orientation curve. This highestpeak voltage endas added with
reference sinusoidal input voltage and meant to the solar PV
cell inputanode voltage. This basic mechanism assists in two
fold. First advantage is to obtain maximum power point (MPP)
in the P-V curve and to build it to become stable at this point.
Second benefit is to formulate the solar PV cell voltage to
maintainunvarying for small variations in the irradiance and
temperature. The results for proposed control circuit design is
discussed in the next section. The values taken in this paper are
A=5, B=5.5, C=13.8, D=1/25,K;=0.5, and K»=0.5, for a single
unit PV panel.

Load

Sol

“x

nwnnmw

Fig.7 Solar PV closed loop system
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IV.SOLAR PV WITH MPPT DESIGN WITH
METAHEURISTIC-PID (MPID) CONTROL SCHEME

This section discusses MATLAB/Simulink-based design of
proportional integral and derivative (PID) Control Scheme. The
error in the dc M.G.voltage is the input, and the reference
current is the output of the PID controller in this paper. The
adaptive P.I.D. Controller with P, I, and D tuning mechanism
with initial values adjusted to Kpo, Kdo, and Kio are shown in
Fig. 8. These sum and initial value blocks are multiplied with
respective proportional, derivative and integral weights to get
output reference parameter (u). In this paper, the output (u) is
the current reference value. The sub-block of sumK,, sumKy,
and sumK; consists of memory block and is shown in Fig.9.
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Fig.9. PID error-gain sub-block

The different and most famous metaheuristic techniques like
genetic algorithm (GA), particle swarm optimization (PSO),
BAT, GWO, improved GA, improved PSO, grasshopper, Ant-
Bee Colony, Gravity search, WOA and Pareto search are used
for PID tuning and the fitness curve with 500 iterations count is
observed as shown in Fig. 10. It is found that GWO and WOA
are having very quick fitness curve capability, improved
dynamic response, better stability enhancement characteristics
among all these metaheuristic algorithms. Hence, we
considered to show the GWO and WAO algorithms for
oscillations damping and stability improvement in a dc
microgrid with solar BESS power network in the next section
analyzing about the results. The different few algorithms are

discussed very briefly and complete details will be available in
the respective references. This paper used these techniques for
the proposed network with PID controller performance
enhancement.
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Fig. 10. Fitness curve optimization graphs using various metaheuristic
techniques

The multi-objective pseudo code for solar PV MPPT using
Gravitational Search Algorithm (GSA) [36 and 37] is shown in
algorithm 1.

Algorithm 1:
Gravitational Search Algorithm (GSA)
Begin
initialize population and evaluate generation
evaluate fitness of agents
while
test for population, mutation until not met;
evaluate different directions of total force;
calculate velocity and acceleration;
repeat while loop
end
end
The solar photovoltaic MPPT and stability

enhancement using WOA and GWO algorithms(2) and (3) are
discussed in [38 and 39]. It is important to mention that A
metaheuristic based algorithm (Gravitational search) has been
employed in this paper to search and track the maximum power
point under various partial shading condition and different
parameters change.. A thorough simulation analysis is
presented to validate the performance of the algorithm in
tracking the optimal power point. Generally, Gravitational
search algorithm (GSA) is a swarm intelligence heuristic
optimization algorithm based on the law of gravitation. Aiming



at the disadvantage of poor local search ability and slow
convergence speed in standard GSA

Algorithm 2:
Whale Optimization Algorithm (WOA)

Begin
initialize population of whales randomly
create fitness for search and grading of all the
whales
test for fitness in population and
test further for best search agent (X)
while
Calculate value of a and other parameters
for h< 0.5 and then for h>0.5

different |A| values, calculate X

each search agent
repeat till all agents, and positions are checked;
update and repeat for all the grading agents
or maximum number of populations are achieved,

solution with replacement on updated
agent solution

check for best solution

repeat all these steps till all the iterations
are checked

end
end
Algorithm 3:
Grey Wolf Optimization Algorithm (GWO)

Begin

initialize population of grey wolves, a, A and C

evaluate solutions

create fitness for search and grading of agents

test for fitness in population and

test further for first, second and third best solutions
while

for each search agent
update search agent position;
repeat till all agents, and positions are checked,
update and repeat for all the grading agents
or maximum number of populations are achieved,
solution with replacement on updated agent solution
check for best solution
repeat all these steps till all the iterations are checked
end
end

V.RESULT ANALYSIS

The solar PV BESS system connected to a dc M.G. with
voltage control action using GWO and WAO and without
controller response is shown in Figl1 to Fig21.

The M.G is started suddenly at 1 second of simulation time, and
different parameters' response is analyzed. Based on Figl1, the
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solar PV increases output voltage without a controller with
time and is said to be unstable when black-started immediately.
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Fig.11. Solar PV output voltage

The solar PV current output after MPPT without a controller,
with WAO and GWO, is shown in Figl12. The solar PV current
is unstable without a controller.
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Fig.12. Solar PV current after MPPT

The solar PV panel output current after the inductor filter bank
and at the point of M.G connection without a controller, with
WAO and GWO, is shown in Fig13. The solar current after the
filter bank is having a sustainable operation without a controller
with oscillations from 0.65 to 0.2 p.u., range. With FPID, the
current surge at 1s black-start.
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Fig.13. Solar PV current after filter

The solar PV current before the filter without a controller, with
WAO and GWO, is shown in Figl4. The current is oscillatory
when using the controller. With FPID
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Fig.14. Solar PV current before filter

The voltage at the M.G. terminal (V) without a controller, with
FPID, and with GWO is shown in Fig. 15. The M.G. voltage is
unstable when the controller is not used, and the range of
oscillations is from 1 to 0.93 p.u, and increasing with time.
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Fig.15. MG injected voltage

The S.G load angle (delta) plot with time in Fig 16. The load
angle is unstable without any controller and oscillates between
60 and -40 degrees, increasing exponentially and cosine with
time. The WAO and GWO based load angle in degrees
increased to 38 and 30 degrees and settled at 2s and 1.5s,
respectively, and settled to 20 degrees after that.
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Fig.16.SG power angle (delta)

The d-axis voltage of the S.G. is shown in Figl7. Without a
controller, voltage is unstable and increasing oscillatory with a
range of 1.5 to 1.1 p.u. With the FPID, this d-axis S.G voltage
has two oscillations in the range of 1.3 to 1.2 p.u, and settles at
2.5s to 1.25 p.u. The d-axis voltage with the GWO controller
rises to 1.3 p.u, with a single oscillation and settles at 2.5s.
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Fig.17. SG d-axis voltage

The BESS terminal voltage without a controller, with WAO and
GWO, is shown in Fig. 18.
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Fig.18. BESS dc link voltage

The S.G. rotor speed without any controller, with WAO and
with GWO is shown in Fig. 19. The pace is oscillatory and
unstable when not using the controller.
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Fig.19. SG rotor speed

The real power injected to the dc M.G by the solar PV BESS
system without a controller, FPID, and GWO controller is
shown in Fig20. The real power is unstable and oscillatory
when using no controller.
The real power injected into the dc M.G. by a P.I controller is
1.774940269747908 p.u, with FPID, 1.79214638652114 p.u
GWO, 1.801264409755665p.u.  Hence, the active power
injection is more with GWO compared to WAO and P.I.D
Controller.The elapsed time for the simulation took 25.569193
seconds to complete.

The Results using GWO and WAO without controller respone
has been shown in table 2
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TABLE II

RESULTS USING GWO AND WAO WITHOUT CONTROLLER RESPONSE

Comparison | Discretion WAO GWO RESULTS
Solar PV Solar PV 1.065 p.u 0.99 p.u
output output at (a Better
voltage peak value ) response
Solar PV with GWO
output after 1.02 pu ettles
3sec
Solar PV Solar 041 p.u 0.476 p.u | The current
current current start surge value
after MPPT impulse is smaller
with GWO
0.465 p.u compared to
Solar settles the WAO
current after value
3sec
Solar PV current -0.1to 0.55 Depicts
current surge at 1s 0.8p.u better
after filter black-start settling time,
lower peak
overshoot,
quicker and
Current At 3sec 0.4p.uat | smoother
surge settles 1.5 sec response
time with GWO
Solar PV current 010 0.8 0.58 p.u
current surges p.u
before filter starting at Effective
Is damping
Current 04puat | 0.0puat | withGWO
surge settles 2.5 sec 1.5 sec
time and
value
MG injected | MG voltage 098 p.u 098 p.u
voltage when solar
system start Smoothly
at 1.0p.u and without
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MG voltage | 098 p.uat | 0.98 p.u oscillations.
when solar 3sec at 1.5sec with GWO
system
settles time
and value
BESS dc battery rises to rises to
link voltage chopper 097 p.u.,, | 097pu., | The GWO is
voltage then to then to not
starting 0.96 p.u 0.96 p.u producing
battery settles to settled at overshoot
chopper 0.965 2s at and results
voltage p.u.,at2.5s | 0.965p.u ina
settles time smoother
and value and quicker
response
SG rotor rotor speed From From
speed starting 1.005 to 1.003 to
0.995p.u_ | 0.998 p.u Better
rotor speed 0.995 p.u Drops at response
settles time at 2sec 1.5sec to with GWO
and value 1.0p.u
speed
value
Injected Increased Rise to
real power Real power | to 1.95p.u 1.93p.u
injected then rise to then to
1.78 p.u 1.8 p.u Better
response
Real power 1.8 p.uat 1.8 at with GWO
settles time 2.2sec 1.65 sec
and value
VI.CONCLUSION

The metaheuristic proportional integral and derivative
(MPID) controllerswith Whale Algorithm Optimization
(WAO) Grey Wolf Optimization (GWO) for tuning
proportional integral and derivative (PID) for a better power
flow control and oscillation damping are discussed in this
paper. The synchronous generator (S.G.), solar-PV cell, M.G,
and the battery energy storage system (BESS) parameters under
the sudden start of the operation are analyzed. The BESS will
support solar PV cell power supply under limited process
during nights and under shaded conditions. It is observed that
without a controller, almost all these device parameters are
unstable with increased oscillations. Without the controller, the
system cannot sustain a constant grid voltage or rotor speed
and resulted in sustained fluctuations in PV voltage, current,
power angle (delta), rotor speed, and BESS terminal voltage.
The same device values are damped effectively and reached a
steady reference value when WAO or GWO controller is used
for the same system. Compared to WAO, the GWO results in
decreased peak overshoot, smoother settling, lesser oscillations,
and better settling time. The GWO running time is quicker in
response and has better adaptability with almost all the
parameter independent compared to the WAO controller. The
real power injection is more with GWO compared to the WAO
controller. Hence, the GWO controller-based dc M.G, system
is parameter independent and has a robust and effective
performance than the WAO controller.
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