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Abstract - In this research work, an efficient DC microgrid is designed with a combination of a fuel cell, a PV system and
a battery to improve the system voltage stability. For the purpose of raising the low DC output voltage of the PV system, a
Cuk integrated converter is used, and a crew search optimized Proportional Integral (PI) controller is used to regulate a
converter's operations to produce a regulated output. Fuel's low DC output voltage is increased by implementing a boost
converter, and a PI controller regulates the functioning of the converter to produce a regulated output. Since the output of
solar PV systems and fuel cells is influenced by the availability of sunlight and hydrogen, a suitable storage battery is
necessary to store the excess electricity generated. The Lithium-ion (Li-ion) battery acts as a power reserve, maintains
energy balance, and enhances the power supply reliability of hybrid energy systems. The bidirectional converter, which
connects the battery to the Microgrids, has the ability to transfer power in both directions and supports both buck and
boost operational parameters. Bidirectional converter is operated under the control of an artificial neural network (ANN).
The findings are generated by verifying the suggested method using MATLAB simulation.

Keywords - Cuk integrated boost converter, ANN, CSA, Lithium-ion battery, PI controller, Bidirectional converter, DC

microgrid, PV system, Fuel cell.

1. Introduction

Microgrids are local distribution networks made up of
a number of loads, energy storage devices and distributed
generation units. The microgrid is operated in two modes:
1) grid-tied mode (infused to the power grid) and 2)
Islanded mode (isolated from the power grid). When the
fault occurs, the microgrids ensure a smooth transition to
islanded mode from grid-tied mode [1]. Some of the most
significant benefits offered by microgrids are power
quality improvement, system reliability and security [2].
There are three types of microgrids in general: AC, DC
and hybrid microgrids (integration of both DC and AC
microgrids). Compared to an AC microgrid, a DC
microgrid has gained more importance owing to several
benefits it provides, including a simple design, the
requirement of only a few parameters to control, and ease
of installation and integration. An AC microgrid, in
contrast, necessitates extra factors like frequency
synchronization and reactive power control, making the
control algorithm very difficult to compute.

Even though AC micro-grid benefits by using the
existing ac-power grids, control approaches, protection
measures and standards, it suffers from power quality and
stability issues. Electronic power converters are used in
DC microgrids to connect energy storage systems, AC/DC
loads, and renewable energies to the same DC bus.

Maintaining DC bus voltage stability and regulating power
sharing is difficult for DC microgrids. [3-5].

To fulfil the massive growth in electric power
requirement and minimize the use of fossil fuels that
results in pollution issues, integration of RESs into the
electrical power system is highly indispensable.
Hydropower, fuel cells, Photovoltaic (PV), geothermal and
wind are some examples of renewable energy sources used
to generate electricity [6,17,30]. Solar PV systems have
increased drastically because of the abundant availability
of sunlight and the shortage of fossil fuels like coal, natural
gas, etc. Additionally, the solar PV system contributes to
limiting global warming by emitting no greenhouse gas
emissions. [7]. To increase the low output voltage
provided by solar panels and to obtain controlled output
under various climatic and solar irradiation conditions, a
DC-DC converter with high voltage gain is essential [8, 9].
Converters like the Cuk converter [10], zeta converter
[11], boost converter [12], SEPIC converter [33], buck-
boost converter [14], Luo converter [15] and others are
used to regulate power generation so that solar energy can
be harvested to its full potential.

The conventional Pl controller regulates DC
guantities, enhances the PV grid-tied system's dynamic
operation and has a simple design, so it is considered the
preferable controller in PV grid-connected systems.
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Although it effectively controls the DC variables, it has
many flaws, including non-zero and steady-state error,
procedure failure all through load variations, and finding
the optimal Controller gains values is challenging because
of the nonlinearity of PV systems and their fluctuating
characteristics. Conventional approaches, such as trial and
error, take more time and produce errors when it comes to
tuning Pl parameters. On the other hand, metaheuristic
algorithms have been used to acquire precise Pl parameters
owing to their simple design, easy implementation and
absence of derivatives [16, 34]. Ant Colony Optimization
(ACO) [18], Particle Swarm Optimization (PSO) [19],
Harmony Search Algorithm (HSA) [20] and other
metaheuristic algorithms are utilized to optimize the PI
controller. A fuel cell is a device which performs
electrochemical energy conversion and generates electric
current when fuel and oxidant are supplied.

It uses hydrogen or simple hydrocarbon as fuel to
produce direct electric current and gives out heat and water
as by-products [22,32]. A battery is always directly
connected to a DC bus in a conventional solar power
generation system. The battery is subjected to a certain
potential risk when the load changes abruptly without
proper current control. In this instance, a bidirectional
converter connects the battery to the DC bus to regulate a
decreasing current. [23]. In a microgrid, Battery Energy
Storage Systems (BESSs) are considered critical
components as they enhance power quality and reliability,
maintain energy balance and prevent energy loss. The
battery stores the required amount of electrical energy
when there is surplus energy generation and supplies the
excess energy to the grid and load whenever necessary [24,
25,27].

This study proposes a hybrid energy system with a
hydrogen-based fuel cell, a PV system, and a storage
battery coupled to Microgrids. The incorporation of
primary energy sources such as Fuel cells and PV to the
DC microgrid is achieved using a boost converter and Cuk
integrated boost converter, respectively. The DC bus
interfacing of the Li-ion battery, considered a backup
source, is accomplished by applying a bidirectional
converter. An operation of Cuk integrated boost converter,
boost converter, and bidirectional converter are enhanced
by using crow search optimized PI controller, P controller
and ANN controller, respectively. The battery operates as
an energy buffer, controlling the power flow by executing
charging and discharging operations. The results are
obtained after the verification of the proposed method
using MATLAB simulation.

2. Literature Review

A [26,31] nonlinear non-affine dynamic model was
used to construct the DC microgrid. Two nonlinear control
strategies are suggested to achieve voltage regulation
based on a non-affine control input model. Nonlinear
regulation-based control offers the potential to use fewer

states to regulate the system, providing further cost,
reliability, and resilience benefits. Passivity-based control
necessitates each state to be available to control throughout
the operation. However, it faces challenges like
computational tractability and mitigating complexity.

In [31] to improve DC-bus voltage regulation and
preserve power balance, a nonlinear ITSMC) utilizing a
modified regulation rule is presented. It has been
demonstrated that the suggested reaching law's reaching
time is shorter than the standard attaining time for the
same gain value and suitable for different operating
conditions. However, parallel multi-solar PV converters'
reliability and smooth switching are crucial and fail in
solving parametric uncertainties.

In [28], a power management strategy was proposed
for a DC-linked HMG to operate economically and
intelligently. It was proven through rigorous testing that
HMG employs the suggested scheme intelligently by
adjusting to the varied operating circumstances. Despite its
advantages, it shows degraded performance towards the
system.

In [29], a grid-tied DC microgrid system was
examined utilizing PV and wind power generation and
constant power loads, resistors and grid-connected VSC.
This research examines and improves system stability
under significant CPL absorption and inadequate AC grid
settings. However, more stabilization is required for
continuous system operation and improved system
stability.

In [21, 35], an unsatisfactory solution for the class of
DC MG with a nonlinear, non-affine dynamic model was
found using the SDRE technique. The transient
performance of the SDRE regulator isassessed under
illumination and load variation, and the results
demonstrate a significant improvement. Despite its merits,
significant improvement in the controller is required for
satisfactory nonlinear structures.

3. Proposed system

As indicated in Figure 1, the fuel cell/PV system and
storage battery compensate the hybrid power plant for a
DC microgrid linked to this study research. Power
generation systems, Li-ion batteries, and the central DC
microgrid are all connected using DC-DC power
conversions. The Cuk integrated boost converter is
incorporated to enhance PV panel output. An error signal
is produced by relating the converter's actual output
voltageV,.., to an expected reference value V.. . An
obtained error signal is processed by the crow search
optimized Pl controller to provide a reference control
signal, which steers the PWM generator to initiate gating
pulses. DC-DC Cuk integrated boost converter's switching
activity is regulated by the PWM generator's gating pulses,
which provide a controlled DC voltage.
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Fig. 1 Proposed hybrid energy system for DC microgrid

When hydrogen fuel is fed to the fuel cell, DC voltage
is generated, which is then boosted using a boost
converter. The Pl controller gives an error signal to the
PWM generator by equating the converter's actual DC
output voltage Vg, With reference voltage V,..,. The PWM
pulses produced by the PWM generator control the boost
converter's switching action to provide a controlled DC
voltage. In order to store the surplus energy produced, a
suitable storage battery is required. This is because fuel
cells and solar PV systems can only function while
sunlight is present and hydrogen input is available. The
battery serves as an energy buffer, which indicates that it
performs charging and discharging operations to keep the
power flow balanced. The reference voltage V,..r and the
actual battery voltage V,.. are compared to get error
voltage, which is converted to a control signal using ANN
and fed to the PWM generator for the generation of PWM
pulses. A bidirectional converter, which is connected to
the battery, is controlled by the pulses produced.

4. Proposed system modelling
4.1. Modelling of Solar PV system

A large area pn junction semiconductor diode is
essentially what a solar cell is, which is a crucial part of a
solar photovoltaic system. The solar cells arranged in the
solar panel produce electric current by using a photovoltaic
effect when exposed to sunlight. Cells are usually made of
semiconductor materials to accomplish  effective

photovoltaic energy conversion. In a solar cell, the
photovoltaic conversion efficiency indicates the ratio of
PV electrical power generated to irradiation power. Figure
2 depicts the electrical network setup for the solar cell's

equivalents.
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Fig. 2 Solar cell's equivalent electrical network diagram

The parameters of a PV module's current voltage are
as follows:

Ip =1L — 1y [exp (VP:TI:;RS) — 1] _ Vp+ipRs )

Rsn

akT

Vte = 7 2
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Where,

Iy, : Photo current in A

Ip : Panel output current in A

Vp : Panel output voltage in V

1, Diode saturation current in A

n:  Number of series-connected solar cells
R : Series resistor in Q

Rgy,: Shunt resistor in €

V.. Diode thermal voltage in V

k: Boltzmann constant (1.381x10723)/K)
a: Diode ideality constant

g: Electron charge (1.602x1071° C)

T: The temperature on the absolute scale in K
Open circuit voltage is given as,

kT I
Voo = Logn (224 1) 3)

Iq

An output voltage of the panel is increased by the
suggested Cuk integrated boost converter. Utilizing this
high voltage gain DC-DC converter minimizes the number
of solar panels needed.

4.2. Analysis of Cuk Integrated Boost Converter

Cuk integrated boost converter is a hybrid converter
obtained by combining the conventional boost and the Cuk
converter, as represented in Figure 3. The arrangement of
the input inductor, input source and power switches are
similar in both these converters; therefore, integration of
these converters is achieved easily by positioning the input
inductor and power switch on the input side in common.
This hybrid converter offers high voltage gain as it
combines the benefits of boost and Cuk converter. The
converter utilizes a single switch to facilitate Continuous
Current Mode (CCM) operation, which lowers voltage
spikes on the diodes and controlled switch.

In terms of voltage gain ratio, the suggested converter
performs better than boost and Cuk converters. Figure 4
illustrates the three different operating modes of the Cuk
integrated boost converter. The charging as well as
discharging derivations of the capacitors and inductors
used in this converter are also specified below.

4.2.1. Modes of Operation of Cuk integrated Boost
converter
Mode 1 (t, — t;)

The mode 1 operation begins when t=t,, the power
switch S; is switched ON, and the inductors (L, and L)
are charged till ¢;. During this interval, the capacitor C,
starts discharging through S; and negative voltages V, and
V¢, block diode D; and D,. Here Vg, and V;, are the
voltage across the capacitors C,, and C, respectively.

Mode 2 (t; — t,)

The mode 2 operation is initiated when t=t,, the
power switch S, is turned OFF. Here a voltage V., is lower
than V¢, . During this time interval, the capacitor C, gets
charged, whereas the inductors L, and L, get discharged.
As diode D, is still operating under reverse bias
conditions, diode D, continues to conduct.

]
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Fig. 3 Cuk integrated boost converter’s circuit diagram
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Fig. 4 The operational modes of a Cuk integrated boost converter
are: (a) Mode 1, (b) Mode 2 and (c) Mode 3
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Fig. 5 Proposed converter waveforms

Mode 3 (t, — t3)

Here power switch S; continues to remain in OFF
condition and voltage across the capacitor C,, is equal to
or less than the voltage across the capacitor C,. Inductors
L, and L, are in discharging mode, whereas capacitors C,
and C, are in charging mode and get charged through the
inductorL,As a result, the diodes D; & D, conduct and
current flows through the load. Figure 5 illustrates the
proposed converter's waveforms.

Power switch S; is turned ON when the converter
receives supply voltage V, from the solar PV system and
input current I, begins to flow. By applying Kirchhoff's
voltage law in mode 1(¢, — t;), capacitor currents i. and
i¢,are obtained.

Vet Vy,=0=V, =V (4)
Ve, Vi, +Ve, =02V, ==V + V¢, (5)
—ig, +i,, —ic, =0 (6)
lop— iy, —ic. =0 (7)
ic, = _iLb (8)
ic, = —lo 9)

In mode 2 (t; —t,) the operation, the coil delivers
energy to the capacitors C,and C,. when the power switch
S, is turned off. Hence, from loop 1 and loop 2, it is clear
that

_Vp + VLa + Vca =0= VLa = _Vca + Vp (10)
VLb + VCC =0= VLb = _VCC (11)
Ve = Ve, 12)

The current flowing through the capacitors Cpand C,
are derived by analyzing the loop 1 and loop 2 in mode 2
operation as mentioned below,

iCb = iD1 - iO (13)

iCa = iLa - iDl = iDZ - iLb (14)

The voltage across the capacitors C, and C. are
derived from equations 15 and 16,

1
VC = E Vp (15)

b
Ve, = I—a Vp (16)

The converter's output voltage is,

1+a
Vo =1 Ve 17
Current flowing through an inductor L, is obtained
from the equation given below.

. . . 1+a .
Vpi, = Volo = i, = 7o (18)

The inductors L, and L, values are obtained from
equations 19 and 20,

VpaT
Lo =0 (19)
_ VCC(I—C!)T
Ly == — (20)

The capacitors C,, C, and C, values are calculated
from the following equations,

_ jpal

b= (21)
__ lpaT

0= (22)
_ TAiLb

o= (23)

4.3. Crow Search Algorithm (CSA)

Askarzadeh proposed the CSA in 2016 as a novel
optimization algorithm for finding solutions to problems.
Crow is regarded as the smartest bird that usually lives in
groups and has a proportionally larger brain than its body
size. It maintains a watchful eye on other birds intending to
identify the location where the birds store their food and
steals it once the owner has left. CSA is a population-based
metaheuristic algorithm that draws inspiration from crow
flocks' hunting habits.

4.4. Crow Search Optimized P1 Controller

The objective function is essential to design an
effective crow search optimized PI controller that provides
better results when compared to the conventional PI
controller. Integral of Square Error (ISE), Integral of
Absolute Error (IAE), Time Absolute Error (ITAE) and
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Integral of Time Square Error (ITSE) are the four indices
commonly used to represent the system performance
considering the complete closed-loop response. The single
objective function cannot provide the optimal solution for
controller optimization. So individual objective functions
with proper weights must be integrated to obtain better
performance. Crow search optimized Pl controller is
stimulated for the four multi-objective functions given in
the equations below

F,=B+ISE+(1—B)* Ts * Mp (24)
F, =B +ITSE+ (1—B) * Ts x Mp (25)
Fs=B+IAE+(1—B)* Ts * Mp (26)
F,=B+ITAE+(1—B)* Ts * Mp (27)

Where, Tg — settling time
Mp — Maximum overshoot and
B — Weighting factor
Input:
Number of iterations (iter;,qx)
Awareness Probability (AP)
Crow flock size (N)
Dimensions (d)
Flight length (fl)

4.4.1. Initialization

e Perform the random generation of K,, and K; values
which indicate a preliminary position of N crows in d
dimensions.

e  Assign the memory of the crows with initial positions.

e Calculate the control system's performance with N
different Pl controllers based on the fitness function
value.

e Use equation (24) — equation (27) for estimating the
fitness function (F) and saving the minimum value as
fmin-

e Fori=1:N

e ifrandom = AP

Kzl,,lter+1 — K;,lter

Kii,iter+1 — Kii,iter

else

Ky and K/""*'= a random position of
search space
End

+ random value
+ random value

4.4.2. Calculate
If the PI controller's fitness function value with new
positions is found to be better than the previous value,
e  Set the [best meal best index] to the minimum (F)
o if the best food is superior than f,;,
e update K,n.,= Kp(best index) and Kine,= K;(best
index)

e update memory
iiter+1—prliter+1 -iiter+1
m _Kpnew Kinew

End
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Fig. 6 Hydrogen fuel cell

4.5. Fuel Cell Modelling

When furnished with fuel, a fuel cell generates
electricity through an electrochemical energy conversion
mechanism. It produces clean energy and has the ability to
convert fuel's chemical energy into electrical energy with
greater efficacy. It comprises an anode (positive electrode),
cathode (negative electrode) and electrolyte. The fuel cell
provides noiseless operation due to the absence of moving
parts. It's a thermodynamically open system that uses a
variety of fuel and oxidant combinations. The fuel cell
requires hydrogen as a fuel and oxygen as an oxidant,
commonly acquired from the air, to generate direct current,
heat and water, as shown in Figure 6. Here anode and
cathode are provided with hydrogen and oxygen,
respectively. With the assistance of a catalyst, a hydrogen
atom ionizes into an electron and a proton and reaches the
cathode in two separate paths. The electron reaches the
cathode via an electrical circuit, whereas the proton passes
through an electrolyte. The fuel cell's kind, the operation
temperature, and the catalyst, which speeds up the
chemical process, affect how much energy it can create.

The hydrogen gas is ionized at the anode, releasing
electrons and producing H*ions (or protons) as mentioned
below. Energy is produced as a result of this reaction.

2H, > 4H* + 4e~ (28)

Water is created at the cathode when oxygen interacts
with H+ ions from the electrolytes and e- ions from the
electrodes.

0, +4e” +4H* - 2H,0 (29)

Through the use of a boost converter, which raises the
fuel cell's output voltage level, fuel cells are connected to
the DC microgrid.

4.6. Fuel Cell-Based Boost Converter

Boost converter, a step-up converter named for its
purpose, is depicted in Figure 7 along with its system
design. During steady-state operation, an output voltage
Vyis generally higher than an input voltage V,.. Boost
converter embodies a power switch S, an inductor L, a
load resistor R along with a filter capacitor C. An inductor
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Fig. 7 Circuit diagram of boost converter connected to fuel cell

current waveform, the converter is operated in continuous
and discontinuous conduction modes. ON duty ratio a =

t"T” is needed to turn the switch S ON and OFF at the
switching frequency f; = % .

4.6.1. Mode 1

An inductor L, which is connected to the sourceV,,
begins to store energy when power switch S is in an ON
state at the time periodt,,. Diode D isolates the output
stage by operating under reverse bias conditions.

4.6.2. Mode 2

The output stage receives energy from both the
inductor and the input when switch S is in an OFF state at
the time period t,¢r . Now the current flows through D, L,
R, and C. Figure 8 shows the mode 1 and mode 2
operation of the boost converter.
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Fig. 8 (a) Mode 1 (switch-on) and (b) Mode 2 (switch-off) of the Boost
converter

Vo 1
Vac (1-a)

(30)

Where V,, and V. refers to the converter's output and
input voltages, respectively, and « refers to the duty cycle
of the power switch.

Value of an inductor is calculated as

L=2de o (31)

fsdiy,

Ai; — Input current ripple
Equation (32) gives the value of the capacitor C

o4 (32)

~ 7elVo
AV, — Output voltage ripple

4.7. P1 Controller-Based Boost Converter

The PI controller is the most predominantly used
conventional controller, which is simple in design and easy
to implement. It compares an actual DC output voltage
Vace Of @ boost converter with the reference voltage V;..r
and generate an error (e), which is fed to the PWM
generator for generating PWM pulses. The converter's
performance is improved because the pulses produced in
this way control the converter's switching action. For the
sake of processing the error and producing an optimum
control (u), this controller performs both proportional and
integral actions as mentioned below:

u=Kpe+K,[edt (33)

The process of determining control parameters K, and
K, to achieve desired performance specifications is known
as Pl tuning.

4.8. Battery Management System

The Lithium-ion (Li-ion) battery is used as it has high
energy density and power density[13]. The important
function of the battery is to store excess power generated
from both the PV system and the fuel cell. First of all, the
error voltage is calculated by simply comparing the actual
battery voltage Vpgaeer, and the reference voltageV.y.
An error voltage is first determined by simply comparing
the voltage battery Vpgerery, and reference voltageV,.r,
respectively. The ANN controller optimizes the error
voltage before being fed to the PWM generator, which
produces PWM pulses. These pulses alter a power
converter's duty cycle and control their switching
behaviour to enable the boost and buck types of
operations. ANN controller manages its battery's charging
and discharging modes to control the power flow direction.
Figure 9 presents the power circuit schematic for the
battery management system.
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For the buck mode of operation, equations 34 to 37
are obtained.

Al charagi
VBattery = Vpcrink — Lo -% (34)
I == [Ty, —V d 35
charging — Lo fo ( DCLink Battery)- t ( )

Al chargi
VBattery =—Ly. = Z:gmg (36)

T VBatt

Icharging = fTO(;ff (_ %) .dt (37)

For the boost mode of operation, equations 38 to 41
are obtained.

Alchargin
VBattery =Ly % (38)
1 Ton
Icharging = Lo .fo (VBattery)- dt (39)
VBattery + VLO = VpcLink (40)
1 (To
Icharging = Ef ff(VBattery + Vpcrink)- dt (41)

TD n

The battery management system is very essential in
this hybrid energy system-based DC microgrid for
improving  power quality, system reliability and
maintaining energy balance.

5. Results

This study's main goal is to maintain the DC
microgrid's hybrid energy system-based voltage stability.
Cuk integrated boost converter and bidirectional converter
is employed to integrate the PV system, fuel cell and
battery into the DC microgrid, respectively. To improve
and regulate DC output voltage, a variety of control
approaches are used to regulate the efficiency of DC-DC
converters. MATLAB simulation is used to verify the

efficiency of this hybrid energy system-based DC
microgrid.

Table 1. Solar panel and Fuel cell specifications

Solar panel

Parameters Values
Peak power 2 kW
Open circuit voltage V¢ 22,6V
Series connected solar PV cells 36
No. of panels 250 W, 8 panels
Short circuit current I 20.833 A
Short circuit voltage Vs, 12V

Fuel cell (Stack type)
Output power 1kW
Output voltage 9V
Output current 11.114

Table 2. Converter specifications
Cuk integrated boost converter

Parameters Values
Switching Frequency f; 10 kHz
Lo Ly 3mH
Cy 570 uF
Cp, C, 2200 uF
Boost converter
Switching Frequency f; 10 kHz
L 5mH
c 2200 uF

Table 1 presents the requirements for solar panels and
fuel cells, whereas Table 2 lists the parameters for
converters.

Figures 10(a) and 10(b) show the simulated
waveforms that specify the solar intensity and temperature
fluctuation.

In 0.2 seconds, the temperature decreases from 35°C
to 30°C; in 0.3 seconds, the sun's power decreases from
1000W/m2 to 900W/m2. Figure 11 illustrates how solar
radiation intensity and temperature changes affect the
current of solar panels and the output voltage. After
transient changes at 0.2 and 0.3 seconds, the output voltage
and current of the solar panel stay constant. A controlled
output of 90 VV and 10 A is obtained after 0.3 s.

After recovering from the effect of operating
condition variations at 0.2 and 0.3 seconds, the proposed
converter gives a constant voltage of 300 V and current of
3A as output with the support of a crow search optimized
Pl controller. Figure 13 illustrates the fuel cell's output
voltage waveform.

Figures 12(a) and (b) respectively demonstrate the
output voltage and current waveform of the Cuk integrated
boost converter.
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Fig. 12 (a) Converter output voltage waveform (b) Converter output current waveform

Even though the output voltage of the fuel cell varies
between 60V and 120V, and experiences slight
fluctuations; the implementing Pl controller helps to
mitigate the losses, improve efficiency and ensure
controlled output. An output voltage and current

waveform of a boost converter connected to a fuel cell are
shown in Figure 14.

A PI controller helps the converter produce a constant
output of 300 V and 3 A current. Figure 15 represents the
solar PV system's input signal and output current.



Voltage(V)

POWER(W)

Yannam Ravi Sankar & K. Chandra Sekhar / IJEEE, 10(1), 1-14, 2023

FUEL CELL OUTPUT VOLTAGE WAVEFORM

200 T T T T
. L ' .
' . . .
L " . .
180 |- - —I Seeesescscenns R e e -
' " ' .
L " ' L]
' " ' .
160 |- e e L e Feemmemaaaaa B
L] " . .
‘ ' '
- L . PR ———— PR ——— —
148 : : :
< . " :
2 120}- Rt GELTTEEEEE T  EEEEETEEE TP R T EEEEE T E
5 ’ . .
ﬁ 100 |- {
S
80 |-
> .
' .
60 F- HHEERHHEHEHARHAI Y HEY R A 48— - - - - - R SRR EEEEEE LT -
’ ‘ :
40 - HHHEBHHUHE I - - e R R R A =
' . L L]
20 it aatetdt it T o LR e s grosmmmesssss. bttt .
. Ll ' .
' " . .
0 | | | |
) 0.01 0.02 0.03 0.04 0.05
Time (S)
Fig. 13 Fuel cell's output voltage waveform
gxp oV ERILR OUTEUT YORTAGE SVAVEFORM ;. CONVERTER OUTPUT CURRENT WAVEFORM
O T B T e e R S
TS S S T S M N —  — (. W S S—— J
P < :
200 : Pee g il | ST T P -
i s i g :
150 E 3 i e e R e e B e S .
I S 5 T L g
100 S z[ ...... NS | IS SRS S—— .
4 L - | SN NN N W—N— .
0 L 1 1 i i i 1 i i 0 1 L 1 i
0.05 0.1 015 02 025 03 035 04 045 05 0 0.1 0.2 0.3 0.4 0.5
Time (s) Time (s)

Fig. 14 Converter (a) output voltage waveform and (b) output current waveform
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The input power of the solar panel is around 1000 W, whereas the output power is around 940 W, which is
influenced by temperature and solar insolation variations.
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DC link voltage produced by controlling the converter
operation using Pl and crow search optimized PI controller
is shown in Figure 16. DC link voltage varies, and a stable
voltage is not produced when a conventional Pl controller
controls the converter. By implementing a crow search
optimized Pl controller, the converter operation is
effectively controlled, a constant voltage of 300 V is
obtained quickly without fluctuations,s and the settling
time is noted at 0.1s.

Figure 17 illustrates the converter's output voltage
using two distinct reference voltages and a crow search-
optimized PI controller. It is evident from both output
waveforms that peak overshoot problems do not impair the
converter's output, which stabilizes at 0.1 seconds. Thus it
is concluded that for any reference voltage, a stable and
controlled DC voltage output is attained with the proposed
control technique.

Figure 18. (a), (b) and (c) show, respectively, the
waveforms of the battery's voltage, current and state of
charge (SOC).

The State Of Charge (SOC) of a battery is the amount
of charge it has withrespect to its capacity and is
expressed in percentage. The battery is charged when the
SOC is below 60% and discharged when the SOC value is
above 60%. The voltage lowers marginally even though
the battery current remains constant at 1.8 A.

The voltage gain of common converters, including
boost, buck-boost, and Cuk converter, is evaluated to Cuk
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