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The necessity for more and cleaner sustainable energy sources to generate
power is increasing because of the reduction of fossil fuel supplies and their
negative impacts on the environment. This research addresses the requiring
crucial for optimized solar power systems in the weather change issues. In
the beginning, the photovoltaic (PV) system’s voltage is enhanced by dual
stage XBoost converter (DSXBC) with little voltage stress and maximum
voltage gain. Also, the radial bias function neural network (RBFNN)-
maximum power point tracking (MPPT) tracks the PV system’s uppermost
power and its parameters are fine-tuned by chaotic beetle swarm
optimization (CBSO) algorithm. By integrating chaotic dynamics within the
optimization process, CBSO runs a robust and efficient approach to
navigating the complex search space related with MPPT. The MATLAB tool
is utilized to reveal the efficacy of developed approach for allowing constant

RBFNN-MPPT
Renewable energy source

power generation in solar power generation systems with efficacy of 99.74%
and tracking efficiency of 98.9% in steady state condition, thereby enabling
continuous power generation.
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1. INTRODUCTION

Because of the rising request for energy, the fossil fuels are exploited more rapidly as the main
reason of power production [1]. Therefore, the attention is transformed from fossil fuels to renewable energy
sources (RESs) that are ecologically benevolent [2]. Amid the key and most forms of renewable energy, solar
power offers a plentiful and permanent way to generate electricity [3]-[5]. Additionally, solar power shows a
part in endorsing sustainable development by posing a source of renewable and clean energy [6], [7].
Nevertheless, there are still some difficulties linked with photovoltaic (PV) generation along with its benefits.
One of the key troubles is that it is reliant on sunlight that it is a dependable source of energy in regions with
restricted sunlight [8].

A DC/DC converter is vital in substantially enhancing PV system’s voltage, which includes boost
converter that is required in transforming small input DC voltage from low volts to maximum voltage levels
[9]. This converter is incorporated into RES to better usage of energy and acts as a foundation for sustainable
power generation. Nevertheless, it has maximum ripple current on passive and active components, need a
large capacitor value and enormous voltage stress for power switches [10]. A quadratic boost converter is
designed in [11] offers maximum voltage gain and improved efficiency. Nevertheless, it has high voltage
gains cause significant voltage spikes across switches and other components, necessitating robust design

Journal homepage: http://beei.org


https://creativecommons.org/licenses/by-sa/4.0/

Bulletin of Electr Eng & Inf ISSN: 2302-9285 O 2031

strategies. The extended single-switch boost converter minimizes the number of components by using only
one switch, leading to reduced complexity. While they generally reduce the number of switches, longer duty
cycles associated with high voltage gains result in increased losses in the switch and other components [12].
An interleaved Cuk converter is presented in [13] minimize input current ripple by distributing the load
current across multiple phases. However, maintaining voltage regulation becomes more complicated with
interleaved configurations.

The modified SEPIC converter produce lower input current ripple, enhancing the overall
performance and reducing electromagnetic interference (EMI). Nevertheless, it often involves additional
components and complexity, which complicate circuit design [14]. To overcome such issues, this research
implements a dual stage XBoost converter (DSXBC) in improving PV system’s output. Subsequently,
maximum power point tracking (MPPT) is implemented in capturing MPP from PV panel [15]. Conventional
MPPT approaches comprise perturb and observe (P&O) [16] and incremental conductance (InC) [17]
approaches for tracking the upmost power but leads to energy loss and enhanced system expense.

An artificial neural network (ANN)-MPPT has quick convergence speeds and diminished
fluctuations nearby the MPP, offering a quicker response to dynamic changes in sunlight. However, its
performance is dependent on the specific characteristics of the PV panel being used [18]. The fuzzy based
MPPT effectively handle non-linear features of PV systems in variable ecological circumstances, like
fluctuations in intensity and temperature. Nevertheless, designing the fuzzy controller requires careful
consideration of output and input variables, along with the construction of fuzzy rules [19].

An adaptive network based fuzzy inference system (ANFIS) based MPPT typically exhibits a
quicker convergence speed in tracking the MPP. However, ANFIS systems is complex to design and
implement due to the need for detailed training and fine-tuning of membership functions [20]. A RNN-MPPT
enhance efficiency and adaptation in PV applications, allowing for improved energy output under varying
environmental conditions. Nevertheless, introduce latency, particularly in dynamic environments where rapid
changes occur [21]. These issues are solved by utilizing radial bias function neural network-MPPT (RBFNN-
MPPT) control approach and its parameters are optimized by metaheuristic algorithm, which includes PSO
[22], grey wolf optimization (GWO) [23], crow search [24], Harris Hawks optimization (HHO) [25], and
firefly optimization (FFO) [26] algorithms. However, that approaches have slow convergence speed, poor
performance, difficult design, insufficient exploitation and struggle to detect the global optima.

Research gap: the efficiency and dependability of current PV energy conversion systems are
constrained by a number of serious issues. High-gain DC-DC converters frequently suffer from significant
voltage spikes, increased switching losses and elevated voltage stress, all of which impair system
performance. Conventional MPPT methods, including P&O and InC, simultaneously show slow dynamic
response under quickly changing temperature and irradiance circumstances and steady-state oscillations
around MPP. Intelligent controllers increase tracking capabilities, but they involve complicated design
processes, need a lot of training data and heavily rely on precise parameter tweaking. Furthermore, efficacy
of current metaheuristic optimization methods for parameter tweaking is limited in real-time PV applications
due to their frequent slow convergence speed, premature convergence and entrapment in local optima.

Consequently, there is a clear research gap in creating an integrated system that concurrently:
i) delivers robust global optimization with better convergence, ii) ensures quick and accurate MPPT under
dynamic situations, and iii) accomplishes high voltage gain with less stress.

This research proposes a DSXBC combined with a chaotic beetle swarm optimization (CBSO)-
optimized RBFNN-based MPPT controller to overcome these difficulties. Through effective global
optimization proposed method increases voltage gain, reduces switching stress and improves tracking
accuracy.

The primary objectives of proposed research are listed below:

— To design and implement a DSXBC in order to get high voltage gain with less ripple and switching stress.

— To effectively boost low PV output voltage into relatively higher levels, a DSXBC is designed and
implemented for attaining high voltage gain with reduced ripple and switching stress.

— To extract maximum power from PV systems, an RBFNN based MPPT controller is integrated which is
tuned by CBSO based algorithm for quick tracking in a varying environmental circumstance.

2. PROPOSED METHOD

Figure 1 represents a block diagram indicating a PV based energy conversion system for constant
power generation. Initially, the PV system is responsible for transforming irradiation into electrical energy
that is characterized by variable output voltage and current that acts as inputs for upcoming stages. Then, the
DSXBC is employed in improving PV energy production. It aids to enhance efficacy, mitigate switching
losses and sustain reliability of system by regulating voltage stress over semiconductor switches.
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Subsequently, PWM generator producing PWM pulses for managing switching function of a DSXBC. These
pulses assures the converter functions at optimal duty cycle and switching frequency and dynamically adjust
the output voltage and current in changing solar conditions. Conversely, the RBFNN-MPPT controller
efficiently tracks the MPP of PV system. Here, the CBSO algorithm tunes the parameter of RBFNN,
efficiently sustaining the system at its optimal power generation point. This incorporated approach
diminishes losses, improves the performance, sustainability of solar systems and maximizes power
extraction.
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SYSTEM CONVERTER LOAD
+
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CBSO BASED
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Figure 1. Developed block diagram

2.1. Photovoltaic system
PV is an electrical system that transforms sunlight into power by utilizing panels with the
phenomenon of PV effect, the direct electric current is produced from a solar cell, as seen in Figure 2.

Figure 2. PV system’s circuit

For the receiving high power production, the solar cells are joined to form a solar module which is
known as solar panel. The PV panel’s current on output side as (1) and (2):

Lp—Ip — Isp = Ipy 1)
Vpy+IpyR Vpy+IpyR
Lyp — 1o [exp (—P‘jvsvf: S) - 1] - —PVRS:V > = Ipy (2

Open circuit voltage is computed as (3):

— kT Tpn
Voc = . Log, (ID + 1) 3)
where, series resistance is Rg, shunt resistance is Rgj,, photo current is I,,, current passing over the shunt
resistor is blg,, ideality constant of diode is a, Boltzmann constant is k, electron’s charge is g, number of
series connected solar cells is N and saturation current of diode isI,. In this research, the DSXBC is
exploited for improving the PV panel’s voltage on output side because of its high voltage gain.

2.2. Dual stage XBoost converter

A DSXBC utilizes 2 boost converter phases linked in series to attain a maximum voltage gain.
These features make it suitable for various power applications. The circuit of the DSXBC for enhancing the
PV system’s voltage is represented in Figure 3. Figure 4 represents the waveform of DSXB converter.
Figure 5 shows operation Mode 1 and Mode 2 of DSXBC.
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Figure 3. Equivalent circuit of DSXBC
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Figure 4. Waveform DSXBC
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2.2.1. Mode 1

In this stage, S; and S, are on and D, and D, are inactive, as realized in Figure 5(a). By applying
KVL,

Vey + Vo1 =Vez =Viq

Via = Vpy
2.2.2. Mode 2

In this stage, S; and S, are in inactive condition and D, and D, are forward biased and energy
stowed in converter’s passive components is delivered to the load, as revealed in Figure 5(b). The KVL is

applied in stage 2 as (6)-(10):
Ver =V + V2 = Vo =0
Vo =Ve1r =Vea ==V
Vo =Ver = (Vpy + Vey) = —Viy
Vey +2Vey = Vo =V,
Vey = Vo1 = Vi
BY utilizing volt-inductor balance,

DVpy + (Vpy = Ve )(1=D) =0

(6)
(7
(®)
©)
(10)

(11)
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Vv

% =Ve (12)

(Vey +Ve)D + 2Vey + Vpy = Vp)(1—=D) =0 (13)

ZVC]_ - DVC]_ + VPV - (1 - D)VO = O (14)

(2-D)V,
_ 2Vpy=VpyD+Vpy—VpyD

Vo(1=D) = ) (17)
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Figure 5. Operation for; (a) Mode 1 and (b) Mode 2 of DSXBC
2.2.3. Designing of inductance value
The objective of designing an inductor is to function the converter in CCM:
dl Vpy—-VpyD+V
VPV + VCl = L1 f = PV 1P_VD PV (20)
Al _ 2Vpy—VpyD

hae =77 (21)

V—0L1 > Vpy(2-D)DT (22)

R 2

RVpy(2-D)DT
Voly > /o201 (23)
R(1-D)2%(2-D)D
L= 2(3-2D)fs (24)

where, the duty ratio is indicated by D, load is R and desirable inductance is L and switching frequency is
fs- The voltage across L,, L,, C,, and C, are signified as V; 4, V5, V¢q, and V,. For inductor L,,

R(1-D)*D?

L, = 2fs(3—2D)(1+D—D?)

(25)

2.2.4. Designing of capacitance value
The selection of a capacitor is based on a highest permissible voltage ripple and a voltage across the
capacitor.
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ICIAT = CIAVCI (26)
IC].DT = AVC].Cl (27)
Yo _ Av,C (28)
R(1-D) - Cc1%1
Vo _
Ra-Dyrave, O (29)
Lot =V (30)

(1-D)2R(1-D)fsAV¢y

Vpy(3—-2D) _
R(1-D)3f,AV¢gy €1 (31)

For C, and C3,

Vpy(3-2D) _
R(1-D)2fsAVey €z (32)

Vpy(3-2D) _
R(1-D)2fsAVes Cs (33)

where, the required capacitance is represented by C, input voltage is V,,, and allowable ripple in the voltage
of capacitor is AV,. Thus, the converter offers better solution for overcoming environmental changes and
enhances the efficacy. Then, the highest power is tracked by RBFNN-MPPT controller and is performance is
enhanced by the CBSO algorithm.

2.3. Chaotic beetle swarm optimization based RBFNN-MPPT

In the developed research, the parameters of a RBFNN-MPPT is tracks PV system’s uppermost
power. Structure of RBFNN-MPPT comprises input, output and a hidden layer to maintain data processing
tasks.

net} = x} (34)
yij = fi(net}) = (x}) where j = 1,.n;i = 1,2. (35)

whereas, x} indicates the input layer, f* (netjl) indicates the net total of nodes that is provided to the hidden
layer. The hidden layer that utilizes Gaussian functions. This layer has a large number of neurons. Selecting
neurons for this layer is a difficult process. Thus, it proposed a way to select neurons for the hidden layer
while maintaining the data structure. Each neuron in the hidden layer has an RBF that is centered at a point
based on complexity of the input and output variables. The fundamental functions, which rely on the
variables {wy ;, b} } and input activations x;', detect the hidden unit activations. Each dimension has a distinct
radius for the RBF function. During the training phase, thespreads and centers of network are selected. Both
the net input and output are:

netj =X, wi; (36)
y12] =f2(W11})’11]+b]1)Where]=1~-'n (37)

The hidden layer's bias terms are represented by bjland the weights that link to the input and hidden layers are
specified by wllj. The Gaussian function's outputs are joined in the linear layer. In training, the weights
among the output and hidden layers are changed and computed. The input and output of overall RBFNN is,
dor _ L gm =il 38
2 = bt X vexp| -5 (38)
where, the number of RBF units is indicated by n, weight and bias term are v; and b. However, tuning
method is required to attain high PV power. Therefore, the CBSO algorithm is exploited in this research,

which enhances the beetle swarm optimization (BSO) algorithm by introducing chaotic sequences,
preventing premature convergence and enhancing global optimization capability.
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In the beginning, the parameters of RBFNN comprising biases, weights, centers and spreads of
Gaussian activation functions are randomly initialized. Then, the chaotic sequences are exploited to set initial
positions of beetles in the solution space. The position of each beetle X; indicates a potential solution for
parameters of RBFNN-MPPT. Then, the chaotic mapping incorporates chaotic sequences that are inherently
random yet deterministic, offering an efficiency way to diversify the initial population. This averts beetles
from premature clustering, improving search efficacy. The logistic chaotic map is commonly exploited that is
defined by (39):

Zg41 = #Zk(l - Zk)'Zk € (0,1),# [357'4] (39)

where, chaotic variable at iteration k is z,,u manages the chaotic dynamics. By exploiting this chaotic
sequence, X; is initialized, offering high diversity and coverage of the search space. Each beetle’s position is
updated according to the fitness value at the position of antennae. It incorporates beetle sensory information
and velocity, as (40):

Xkt =Xk + AvE + (1 - 2)éEk (40)

where, speed of beetles is V,,, increase in movement of beetle position is &5, positive constant is
As=1.2,-,8;i=12,--,n The speed is updated by (41):

Vi + (Pl = XE) e + (ngs - X!fs)czrz =yt (41)

where, random functions in the range [0,1] is r; and 7, 2 positive constants are c;and c,, inertia weight is
w and is fixed constant. The decreasing inertia weight is (42):

wzwmax—W*k (42)
where, current and maximum number of iterations are denoted by k and K, maximum and minimum value of
W IS Wppgx ANd Wppin. The € function is (43):

Kt = g% v sign ((FXK) — FXK))) (43)

where, the fitness function estimating the MPP is f£(.) and adaptive step size is §%. In the Beetle antennae
searching phase, each beetle explores the solution space by exploiting the sensory principle of beetle
antennae search. 2 antennae positions are produced around the current position of beetle to probe the local
gradient in parameter space. For beetle i, the antennae positions at iteration ¢ are,

d
XiH = X5 + Vi (44)

Xt = xk - Svk (45)
where, random direction vector is denoted by V¥, sensing length among antennae is d and left and right
antennae positions are X5 and X For the current position of beetle, the fitness evaluation is performed to
improve the parameters of RBFNN-MPPT. The iteration count is 100 when the population size is 50.
Figure 6 displays the flowchart of CBSO based RBFNN-MPPT controller. Then, the chaotic sequence is
continually applied at each iteration to adjust beetle positions and step size adaptively, assuring sustained
diversity. To sssure refined local search, the step size §* and antennae distance is adjusted dynamically as
(46) and (47):

sk+l = psk (46)
dk+1 — C26k (47)

where, the convergence speed is managed by . The optimal beetle positions corresponds to the optimized set
of RBFNN parameters at the end of CBSO. These parameters results in maximum PV power extraction with
improved tracking efficacy and diminished steady state oscillations. The developed controller improves the
dynamic performance of PV system by efficiently managing fluctuations in solar temperature and irradiance,
demonstrates the enhancements in adaptability and robustness.
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Figure 6. Flowchart of CBSO based RBFNN-MPPT controller

3. RESULT AND DISCUSSIONS

This part analyzes an outcome of DSXBC with CBSO based RBFNN-MPPT controller. The
parameters for developed work with solver details is denoted in Table 1. The research is applied in MATLAB
tool and investigation with conventional approaches are included in this section.

Table 1. Parameters for developed research

Parameter Specification
PV system Solver details
Cell linked in series 36 Type Variable step
Voltage(open circuit)  37.25V  Solver ode 45
Rated power 10000 W Min. step size auto
Panels in series 4 Relative tolerance le-3
Panels in parallel 11 Max. step size le-6
Current(short circuit) 895 A Initial step size/absolute tolerance auto
DSXBC
Cy, Cy 22 puF Switching frequency 10 KHz
Ly, L, 47mH (g 2200 pF

The behaviour of PV system in steady state condition is represented in Figure 7. The temperature is
settled at 32 °C with no oscillations while irradiance maintained at 950 (W /Sq.m). Consequently, voltage is
continued at 110 V in whole system and current on input side is progressively decreased and stabilized at
35 V with little variations. These current and voltage are effectively raised by a DSXBC.

Figure 8 illustrates an output waveform of DSXBC. The output voltage has small value in the
beginning and CBSO based RBFNN MPPT controller tracks the maximum power and raised to 320 V
throughout the system. Also, a current on output side is progressively elevated and continued at 12 A with no
more fluctuations. Input power is increased in an initial stage and stabilized at 3600 W in the entire system.

Furthermore, an output power is dropped sharply and then stabilized at 3800 W without oscillations.

Enhancing solar power generation efficiency through chaotic beetle swarm ... (Sreenivasan Ramachandran)
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Figure 7. PV system’s behaviour in steady state scenario

DUAL STAGE XBOOST CONVERTER OUTPUT DC VOLTAGE

DUAL STAGE XBOOST CONVERTER OUTPUT CURRENT WAVEFORM
15 T T T T

WAVEFORM USING CBSO OPTIMIZED RBFNN MPPT
o0} Voltage
- 10 /7
ool <
e :
§ E
; 200 [ A
= ]
- 5[
100
o o " " " "
o oz 0.4 0.6 o8 1 o o2 0.4 0.6 0.8 1
Time (seconds) Time { seconds)
INPUT POWER WAVEFORM OF DUAL STAGE XBOOST OUTPUT POWER WAVEFORM OF DUAL STAGE XBOOST
CONVERTER CONVERTER
5000 T T T 7000 T T T T
booo 1
qooof
5000
g I
= jooor £ 4000 ——
= 4
g g
g £ 30001
£ zooor =
2000
1000
1006+
o

0.4 0.0 0.8

Time (seconds)

o

(i ¥} ol
Time (seconds)

Figure 8. Output waveform of DSXBC

The waveform of PV system in changing condition is displayed in Figure 9. The temperature is
initially changed in the starting stage and stabilized at 32 °C and an irradiance is continued at 950 (W /Sq.m)
in complete system. Then, voltage of PV is randomly changed due to the changes in temperature and
intensity and then, it is maintained at 110 V. Moreover, an input current is gradually elevated and stabilized
at 50 A with slight alterations.

Figure 10 presents an output waveform of DSXBC. The output voltage is arbitrarily altered in the
initial stage and maintained at 380 V while an output current settled at 12.5 A all over the system. An input
power is slowly elevated and maintained at 4900 W while an output power has initial variations and
continued at 5100 W with less alternations.

The behaviour of PV system is revealed in Figure 11. Initially, the temperature has small value and
sustained at 32 °C whereas, the intensity is continued at 950 (W /Sq.m). Later, the voltage is slowly
improved and stabilized at 110 V and input current has the value of 35 A with few more fluctuations.
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Figure 11. Characteristics of PV system in constant irradiation and varying temperature scenario

Enhancing solar power generation efficiency through chaotic beetle swarm ... (Sreenivasan Ramachandran)



2040 O3 ISSN: 2302-9285

An output of DSXBC is showed in Figure 12. Output voltage is gradually raised and continued at
320 V in entire system. Consequently, current increased initially and stabilized at 12 A with no more
oscillations. Input power is leisurely altered and sustained at 3500 W whereas an output power is maintained
a stable value at 3700 W in the entire system.
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Figure 12. Output waveform of DSXBC

Figure 13 displays the comparison of efficiency for interleaved boost converter (IBC) [27], coupled
inductor IBC [28], transformer less step-up [29], step-up/down [30], and developed approach that attains
highest efficacy of 99.74% than other approaches, indicating the superior performance of DSXBC. It
validates the efficacy of the developed approach in improving power conversion efficacy and reducing
losses.
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Figure 13. Comparison of efficiency among converters

An analysis of voltage gain for Quadratic boost [31], Quasi Z source [32], and DSXBC is
represented in Figure 14(a). The maximum voltage gain is attained by DSXBC compared to other
approaches. It highlights the better step-up ability of DSXBC in high duty cycle, making it more efficient in
high voltage applications. Figure 14(b) illustrates voltage stress for non-isolated [33], quadratic boost [34],
non-isolated quadratic boost [35], and DSXBC, which has less voltage stress on switch than other
approaches. It validates the developed approach has diminished switching stress, thereby improving efficacy
and reliability of power system.
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An analysis of tracking efficiency for P&O, ANN, fuzzy SMC [36], MPC [37], and CBSO-RBFNN
MPPT approach is shown in Figure 15. The CBSO-RBFNN MPPT attains the better tracking efficiency of

98.9%, there by attaining more and faster accurate tracking in changing operating conditions.

z 5
g
L'
5 S
z 3
= =
]
— "] W
B = =
=5
=
]
=
=
- FUZTY
E SLIDING MODEL
= PEO ANN MODE PREDICTIVE PROPOSED
CONTROL
CONTROL
95 97.2 95 96 098.9

MPPT APPROACHES

Figure 15. Analysis of tracking efficiency for MPPT approaches

4. CONCLUSION

This research proposed a DSXBC integrated with a CBSO-based RBFNN-MPPT controller for
generating solar power efficiently and steadily. By lowering voltage stress and switching ripple and greatly
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increasing voltage gain, DSXBC increased power conversion stage's dependability. Consistent maximum
power extraction under various operating situations is made possible by CBSO-optimized RBFNN controller,
which ensures quick convergence and reduced steady-state oscillations.

The following is a summary of the main numerical contributions of proposed system: i) proposed
converter attained 99.74% energy conversion efficiency with improved voltage gain, surpassing that of
traditional converters and ii) CBSO-based RBFNN-MPPT controller achieved 98.9% tracking efficiency,
which is better than P&O and ANN-based methods.

Even with these advancements, there are still certain limitations. Only MATLAB/Simulink
simulations are used to validate proposed system, hardware implementation is not used. Furthermore, sensor
noise, sudden environmental disruptions and partial shading are not taken into account when evaluating the
performance. Additionally, there is no experimental validation of the CBSO-RBFNN controller's
computational complexity and real-time viability.

Future research will concentrate on: i) implementing proposed system into practice for hardware
certification on real-time embedded platforms, ii) assessing performance in situations with non-uniform
irradiance and partial shade, iii) examining controller complexity and real-time computational efficiency, and
iv) expanding the strategy to include hybrid and grid-connected renewable energy systems.
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