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ABSTRACT

Power electronic converters are regarded as an indispensable aspect of modern electric power system, owing to their
eminence as an optimal power interface and power flow regulator. Hence, the design of an efficient converter is vital to
support the wide scale expansion in application of both Electric Vehicles (EVs) and Renewable Energy Sources (RES).
Thereby, a novel high gain KSK converter based on interleaved architecture, exhibiting lower voltage stress across
switches is proposed in this research work. The suggested converter design is well suited for Photovoltaics (PV) power
generation, as it offers higher step-up gain with lower input current ripples. Moreover, the mathematical analysis and
modelling of suggested KSK converter with its different operational modes is also covered in this article. Additionally,
to optimize the power generated from the PV system, a Machine Learning (ML) based Radial Basis Function Neural
Network (RBFNN) is implemented as Maximum Power Point Tracking (MPPT) technique. Additionally, Internet of
Things (1oT) is used for real time monitoring of the PV parameters. The viability of suggested KSK converter is
demonstrated through MATLAB simulation and laboratory prototype implementation, while the control of the
developed 1000W prototype is entrusted up on FPGA Spartan 6E controller. Consequently, the achieved exceptional
98.6% efficiency of the proposed KSK converter lends credence to its excellence over other published converter
topologies.

Keywords: PV system, EV, novel KSK converter, RBFNN MPPT

1. INTRODUCTION

Electricity being the crux of modern life cannot be overstated as it enables economic development, social progress and
environmental sustainability. Its ample supply is indeed imperative to power the modern-day comforts and conveniences
of humans. However, the majority of its global production is based on fossil fuels, which are currently in a phase of
steady decline. Additionally, its widespread use also poses serious social and environmental impacts, consequently
shifting the global energy perspective towards Renewable Energy Sources (RESs), which are comparatively abundant
and cleaner in nature with low-to-zero carbon emission. Along with RESs, the swift transition to low-carbon economy
is also supported by technologies like Electric Vehicles (EVS), bulk energy storage, smart grid and Hybrid Electric
Vehicles (HEVs) [1-3]. The conversion and control of power in all these technologies are accomplished using power
electronic devices, which over the decades has undergone tremendous transition due to dynamic technology evolution.
Particularly, the PV system, which is a vital RESs that has witnessed an unprecedented growth rate in recent times,
requires the support of the power electronic interface as illustrated in Figure 1 to improve its raw output voltage level
that is fundamentally lower than the desired utility level. As seen in the Figure, an optimal DC-DC converter design
ensures that the Maximum Power Point (MPP) of the solar panels is tracked accurately, resulting in maximum energy
output and system efficiency [4, 5].
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Figure: PV system with its power electronic interface
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The Boost converter [6] is undeniably the most popular choice as DC-DC converter for PV system applications, since
it has a simple topology and infinite voltage boosting capability as per its voltage gain equation. Even so, when used for
practical applications, its operation is mostly carried out at an extremely high duty cycle of 0.88. Additionally, it also
encounters certain other restrictions in the form of conduction losses, commutation issues, reverse recovery issue and
high switching voltage stress. In case of Buck-Boost converter [7], which also has a simple topology, exhibits negative
output voltage polarity. Moreover, at high duty cycle like the Boost converter, the Buck-Boost converter also encounters
gain limitations due to the voltage drop caused by inductor internal resistance. The Cuk [8] and SEPIC [9] converter
can be considered as the offshoots of Buck-Boost converter with additional components in their circuit topologies. Both
these converters exhibit continuous input current, where the former is capable of voltage inversion, while the latter is
capable of accomplishing high voltage conversion ratio. The property of providing voltage regulation even when the
input voltage is lower or higher than the voltage output, also differentiates these converters from the Buck-Boost
converter. But, at the same time, the low frequency voltage ripple exhibited by Cuk converter and the high-frequency
current ripple exhibited by SEPIC converter leaves them unsuited for MPPT operations [10]. The Luo converter [11]
excels over SEPIC and Cuk converter on account of its high efficiency, simple control, wide input voltage range, low
voltage stress and high output voltage gain. The generation of high-frequency noise, however, dampers the effectiveness
of Luo converter as an optimal DC-DC converter topology. Meanwhile, it is possible to subdue these drawbacks faced
by conventional converters using the Interleaved converter topology [12-14] as it offers improved power handling
capability, higher efficiency, better transient response, reduced component stress in addition to minimum input and
output ripples. Thereby, in this work, a novel KSK converter based on interleaved topology with wide input voltage
range and suitability for a variety of applications is proposed.

An effective MPPT technique plays an instrumental role in improving the converter efficiency by always ensuring the
operation of PV panels at MPP to accomplish highest possible power output. The Perturb and Observation (P&O) [15]
is a simple MPPT technique, where the PV panel operating point is perturbed by varying either the current or voltage
and studying the consequent variation in output power. It also compares the power output at each perturbed point to the
power output at the previous point and adjusts the operating point in the direction of higher power output. However, the
efficiency of this technique is limited due to its slow response and its tendency to oscillate around MPP. In case of
Incremental Conductance (IC) [16], the MPP is reached by comparing the instantaneous conductance of the PV system
to its incremental conductance. This MPPT technique also encounters certain limitations in the form of measurement
errors and high noise sensitivity. The Fractional Open Circuit Voltage (FOCV) [17] is another conventional MPPT
technique, which is established on the relationship between the open-circuit voltage (OCV) of PV module and its MPP.
The accuracy of FOCV is affected by the changes in operating conditions, making them unsuited for non-ideal
conditions. The Fuzzy Logic Control (FLC) MPPT [18] is a type of Artificial Intelligence (Al) based MPPT that works
by using a set of rules to determine the direction and magnitude of the perturbation to the PV system operating point.
The advantage of FLC MPPT lies in its ability to handle imprecise input data and non-uniform operating conditions.
However, this technique is more complex to implement than other MPPT algorithms, as it requires more computational
resources, which in turn tends to be a disadvantage in certain applications. The Artificial Neural Network (ANN) [19]
MPPT is a type of ML based MPPT, which determines MPP by training a neural network model on a set of historical
data that includes the voltage, current, and power output of PV system under distinct operating conditions. This
technique is an efficient and accurate MPPT approach with great adaptability to operating condition changes, but on the
downside, it requires large amount of training data and involves a complex training process. Thus, in this work, RBFNN
MPPT technique is used for optimizing the working of KSK converter as it is capable of providing a more accurate and
efficient MPPT solution with faster training and simpler implementation than both ANN and FLC MPPT techniques.

A novel KSK converter designed based on interleaved architecture is presented in this work to efficiently transfer the
DC power generated by the PV panel to the load or the grid by providing the necessary voltage regulation. The KSK
converter offers enhanced efficiency, power density in addition to reduced current ripples and voltage stress. Moreover,
the KSK converter with the assistance of RBFNN MPPT enables the PV system to operate at MPP, where the power
output is optimized. Furthermore, the predictive maintenance of the entire system is ensured using real-time loT based
parameter monitoring.

2. PROPOSED SYSTEM DESCRIPTION

The modern power generation sector stipulates for an optimal DC-DC converter design to facilitate the wide-scale
implementation of PV systems owing to its critical role in improving the overall efficiency, flexibility, and scalability
of the system. Hence, in this work, a robust KSK converter design based on interleaved architecture is presented. As
seen in Figure 1, the voltage and current output from the PV system is provided to KSK converter as input. The presented
KSK converter is designed by interleaving the SEPIC converter topology with Super Lift Luo converter. Thus, resulting
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in the development of an optimal DC-DC converter design with excellent power handling capability, efficiency, transient
response and minimum component stress. Moreover, the aspect of distribution of input and output current among the
individual converters of the interleaved architecture, facilitates the reduction of current ripples in the KSK converter.
Additionally, the property of minimum component stress of the KSK converter leads to significant reduction in power
losses.
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Figure 2: The proposed 10T based PV system with KSK converter and RBFNN MPPT
The KSK converter duty cycle signal is generated by RBFNN MPPT, which in turn ensures the maximum power
extraction from PV system. This process is accomplished by the RBFNN MPPT by taking the current values of Vpy,,
Iy, and temperature as inputs and determine the duty cycle required for maximum power extraction from the PV panel
as output. The predicted duty cycle is then fed to the KSK converter in the form of control signals by the PWM generator.
The parameters such are temperature, irradiance, PV voltage and PV current are sensed using sensors. These sensed real
time data are collected by Node MCU before being transmitted to the cloud.

3. PROPOSED SYSTEM MODELLING

A) PV SYSTEM MODELLING

When sunlight hits the PV array, the PV cells in the panels absorb the energy and release electrons that subsequently
flow through the connected circuitry and generate a Direct Current (DC) electricity, which is expressed as,

= st )]

Figure: Single diode model-based representation of PV cell

The fundamental principle behind the working of PV cell is studied utilizing a single diode model that is presented in
Figure 3. This model is used to design and optimize PV cells for maximum efficiency, and to predict the PV array
performance under different environmental conditions. In equation (1), the current generated by the absorption of
sunlight in the semiconductor material of the PV cell is represented as L, the current that flows through the p-n junction
of the PV cell is represented as I,, the term R,, represents the resistance that allows the flow of small amount of current
around the p-n junction and the term R, represents the resistance that occurs due to the inherent resistance of the
semiconductor material. Moreover, the terms g, T, k and A are the electric charge (1.6021 x 10719C), temperature in
Kelvin, Boltzmann’s constant (1.3805 x 10723 J/K) and dimensionless junction material factor respectively.
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B) KSK CONVERTER MODELLING

A novel KSK converter is introduced in this work to provide a more enhanced and efficient power conversion solution
to PV system. The presented KSK converter as seen in Figure 4, is obtained by interleaving SEPIC with Super Lift Luo
converter. The former is capable of improving the PV panel voltage with galvanic isolation between the input and output,
while the latter is a variant of the Luo Converter that uses a coupled inductor to achieve a high step-up voltage. Moreover,
the highly efficient Super Lift Luo converter is also known for its low input current ripple. Thus, by interleaving both
these converters, the overall efficiency and power density of the power supply system is further improved. Here, the
high step-up voltage of the Super Lift Luo converter complements the voltage conversion capability of SEPIC converter.
Furthermore, the interleaving technique distributes the input and output currents among the individual converters, which
reduces the current ripple and improves the overall efficiency. The four different modes of operation of the proposed
KSK converter are presented in Figure 5.

Vpy

Figure 4: The proposed KSK converter topology

Mode 1[t, — t4]:

During this operational mode, the switch S, is turned ON and the input voltage from the PV system is applied to the
input inductor L, which in turn leads to the subsequent ramping up of the inductor current. Here, the capacitor C;
transfers its stored charges to inductor L., resulting in its increased magnetization. The inductor L, with the increase in
its magnetic field, begins to store the dissipated energy from the capacitor. It is also noted that the switch S, is turned
OFF during this mode, resulting in the reverse biased condition of diode D,. Moreover, throughout this mode, the
diode D, is also reverse biased, while the diode D5 is forward biased and conducting. On applying Kirchhoff’s Voltage
Law (KVL) and Kirchhoff’s Current Law (KCL),

dig,

Vpy — Ly a 0 (2)
€284, =0 @3)
di
Ly— 2=V, =0 )
o
di
Voy +Ve, = Ls—2 =V, =V, (6)
av .
Cs d? +i, = )

Vpy

Figure 5: Various operational modes of KSK converter

@International Journal Of Progressive Research In Engineering Management And Science Page | 621



INTERNATIONAL JOURNAL OF PROGRESSIVE e-1SSN :
IIPREMS RESEARCH IN ENGINEERING MANAGEMENT 2583-1062

AND SCIENCE (IJPREMS) Impact
WWW.ijprems.com (Int Peer Reviewed Journal) Factor :
editor@ijprems.com Vol. 04, Issue 10, October 2024, pp : 618-633 7.001

Mode 2[t; — t,]:

The Mode 2 is the opposite of Mode 1, since the switch S; is turned OFF and the switch S, is turned ON during this
mode. Moreover, the diodes D, and D, are conducting, while the diode D5 is non-conducting. The inductors L, and L,
are discharging, while the capacitor C; is charging in this mode. Additionally, the inductor L5 and capacitor C; are also
in charging state and both attain a steady voltage level that is equivalent to that of the input PV voltage.

dir,

Vey =Ly —2+ Ve, + Vo, @)
LS 4V, =0 )
C, ‘”;jl —iy, =0 (10)
A (12)
Ly Sk =V, (12)
Cs dz% = Vpy (13)
Table 1: Switching state of KSK converter
Switches Diodes Inductors Capacitors
S1.52 D1, Do Ds Ly L, Ly C Cs
1,0 0,0,1 T T l l l
0,1 1,10 l \) T T T
0,0 1,01 l \) l T l
1,1 0,1,0 T T T l T

l —discharging, T —charging
Mode 3[t, — t5]:
In this mode, both the switches are turned OFF, while the diodes D, and D5 are conducting. The inductor L,, L, and L5
are all in discharging mode and the capacitor C; is also in discharging mode. The components that in the state of storing
charges in this mode are capacitors C; and C,. The charging and discharging states of different components of the

converter is given in Table 1.
Mode 4[t; — t,]:
In this mode, both the switches are turned ON, while the diodes D; and D5 are non-conducting owing to their reverse
biased nature. Unlike mode 3, the inductors are all in charging state along with capacitor C;. Moreover, the magnetic
field across the inductors ramps up, leading to the increase in inductor current. On the other hand, the
capacitors C; and C, discharges and dissipates its stored energy in this mode. The expression for ripple current across
inductor L, is given as,

. VpyDT VpyD
Aiy, = PL = L”l‘; (14)
Where, the terms D, T and f represents the duty ratio, time period and switching frequency respectively. The expression
for ripple current across inductor L is given as,

Vo—2Vpy (1-K)

. _ Vo—=2Vpy _ _
Aij, = S (1-K)T = w - (15)
The expression for output ripple voltage is given as,
_1o(1-D)T _ 1-D (V,
av, = = 2 () (16)
Voltage Gain

The converter voltage gain, which in general is defined as the ratio of the converter output voltage to its input voltage,
represents the amount by which the input voltage is multiplied or divided to achieve the desired output voltage. It is a
vital parameter that poses a significant impact over the operation of PV system, as it determines the efficiency, power
transfer capability, and voltage regulation of the converter.

VpyD + (Vpy = V,)(1=D) =0 17)
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The KSK converter voltage gain is estimated as,
Vo _ 2-D
“Vey 1D (18)

Semiconductor Components Voltage Stress Analysis

The analysis of voltage stress of every components plays an instrumental role in ensuring the reliable and efficient
operation of the KSK converter. The term voltage stress refers to the maximum voltage that a component experiences

during the operation of the converter. Here, the capacitor voltage values are estimated as,
Vo

Ve, = Ve, = 2D (19)

Ve, = Vo (20)
The voltage stress of both the IGBT switches is estimated as,

Vs, = Vs, = ZK—D (21)
The voltage stress of the diodes is estimated as,

Vo, =15V (22)
Vo, = Vo, = 75V (23)

On studying the above equations, it is concluded that the estimated voltage stress on the KSK converter components is
lesser than V,. Thus, by achieving lower voltage stress across the components, there is a considerable decrease in power
losses, resulting in improved overall KSK converter efficiency.

Design Considerations
The value of the inductors is given as,

_ _ Vpvmin)
Li=L,= yTA (24)

Where, the term Vpy (min) refers to the minimum input voltage.

_ Vo—2Vpy ﬂ
L =252 () 25)
The value of capacitors is given as,
IoXD
(=0 = col>><<f (26)
_ @-D)v,
G = AVofRo 27)

The proposed KSK converter, while maintaining the high efficiency, also allows for a wide range of input and output
voltages. Moreover, with lower voltage stress across the components, the lifespan of the components is potentially
extended along with improving the converter safety by overcoming the risk of electric arcing and insulation breakdown.

C) RBFNN MPPT MODELLING

The RBFNN is a type of neural network, named after the Radial Basis Function (RBF), which is a mathematical function
used to transform the input data into a higher dimensional space. The RBFNN is chosen as MPPT approach in this work
as it has several advantages over other types of neural networks, such as its ability to approximate non-linear functions
and its faster convergence rate. It is also less sensitive to the choice of the initial weights and biases, which makes it
easier to train. In the hidden layer, each neuron represents an RBF, which is a Gaussian function centred on a particular
data point in the input space. The output layer is a linear combination of the hidden layer neurons, which produces the
final output of the network. The RBFNN, when implemented as MPPT techniques, takes PV voltage (Vpy), PV current
(Ipy) and irradiance (Ir) as inputs as seen in Figure. The following equations are used for achieving the different layers
of RBFNN,

IyPV
MY = (Vypy (28)
Iry
o1 9r ox
=9 03 @] [pe(k=12,..,%)] (29)
0T 93 @x
NY =D, (y =123,..n) (30)

Where, the terms M, ¢ and N represents the three-dimensional vector of input layer, hidden layer with x RBFs and
output layer respectively. The gaussian function used is expressed as,
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(M) = exp (L2 (33)

Where, the term C;, is used to represent the centre of ¢, and the scalar quantity is specified using the term r..

Hidden Layer, n

Figure 7: Structure of RBFNN MPPT
The expression for the output layer is,
N = Yk Wia @ (MY) + by (39)
Where, the terms b, and wy,; represents the biases and weighting factors respectively. While training RBFNN for MPPT
operation, initially data regarding PV system is collected, following which these data are pre-processed by normalizing
the input and output parameters to a range of 0 to 1. Consequently, the data are divided in to training, validation and
testing sets. The RBFNN training is accomplished using the training set, while the validation set is used to adjust the
RBFNN parameters, such as hidden neurons count and the spread parameter. The testing set is adopted to evaluate the
RBFNN performance. Finally, when implemented, the RBFNN in accordance to the given input, generates the duty
cycle of KSK converter as output.

D) PV PARAMETER MONITORING USING 10T

Real-time loT-based parameter monitoring of the proposed PV system, comprising KSK converter and RBFNN MPPT
involves the continuous monitoring of various parameters such as temperature, irradiance, Vp,,, and Vp;,. The monitoring
is done using an 10T structure that includes Node MCU, MySQL database cloud service, and 0T webpage as illustrated
in Figure 8. The Node MCU is a microcontroller board that is equipped with Wi-Fi connectivity, making it an ideal
platform for loT-based applications. It is used to read the values of the various parameters from the PV system, including
the PV panel voltage and current, temperature, and irradiance. The Node MCU then sends these values to the MySQL
database cloud service. The MySQL database cloud service is used to store the values of the various parameters in a
structured manner. It allows for easy retrieval and analysis of the data from anywhere in the world, as long as an internet
connection is available.
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Figure 8: 10T based PV parameter monitoring architecture

The MySQL database is accessed through the use of APIs (Application Programming Interfaces), which allow the Node
MCU to send data to the database and retrieve data from it. The webpage is used to display the real-time data from the
PV system. It is designed using HTML, CSS, and JavaScript, and it communicates with the MySQL database cloud
service through APIs. The webpage displays the values of the various parameters in real-time, allowing users to monitor
the performance of the PV system. Thus, the loT-based parameter monitoring system is used to identify any issues with
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the PV system and take corrective action in real-time. For example, if the temperature of the PV panel exceeds a certain
threshold, the system can send an alert to the user, indicating that the cooling system needs to be activated to prevent
any damage to the PV panel. Thereby, the real-time loT-based parameter monitoring of a PV system provides an
efficient and effective way to monitor the performance of the PV system. It allows users to identify any issues with the
system and take corrective action in real-time, ensuring that the system operates at maximum efficiency.

4. RESULTS AND DISCUSSION

In this section, the results obtained using the simulation and laboratory prototype implementation of the KSK converter
with cascaded RBFNN MPPT is analysed. The evaluation techniques are employed to evaluate the performance of KSK
converter under varying operating scenarios. By simulating the KSK converter in MATLAB platform using the
specifications given in Table 1, the vital parameters like efficiency, output voltage/current ripples, stability and transient
response are assessed. The prototype implementation analysis further validates and refines the simulated results by
considering real-world factors and component limitations. Moreover, simulating the KSK converter before building a
physical prototype helps save costs and time as it allows for quick evaluation of multiple design options. Here, the
advantages of using MATLAB for simulation includes its user-friendly interface, extensive library of functions,
powerful computation capabilities, visualization tools, and community support.

Table 2: Simulation parameter specifications

Parameters Values
PV system
Total count of panels 20 panels, 100W
Power 2000 W
Isc, Voe, Vs 8.33A226V,12V
Driver circuit TLP250
Controller FPGA Spartan 6E
KSK Converter
Switching frequency f; 10 kHz
Ly, L, 5.5 mH
L, 7mH
Output capacitor C, 2200 uF
Input capacitor C;, C3 870uF
Load 100 Q
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Figure 9: PV system parameters under constant working conditions
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Initially, the working of the KSK converter is tested by keeping both the ambient temperature and irradiance at a constant
value. This test is mainly carried out to evaluate the working of KSK converter in standardized or ideal conditions and
establish a benchmark performance. On observing the waveforms provided in Figure 9, it is evident that under ideal
conditions with a fixed temperature and constant irradiance level, the PV system output remains stable without
exhibiting any variations in voltage or current.

CONVERTER OUTPUT CL T WAVEFORM CONVERTER OUTPUT VOLTAGE WAVEFORM
T T T T T T — T T ———
400 . . . .
= -
i 2
g @ 200
3 8
o 5
>
100
o
[} 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time(s) Time(s)
(@) (b)

Figure 10: KSK converter waveforms for constant working conditions (a) Output current and (b) Output voltage
As seen in the waveforms provided in Figure 10, when the stable voltage and current is provided as input to the KSK,
the obtained output voltage and current waveforms are also stable. Here, the voltage is increased from 60V to 380V,
while the current varies from 17A to 4.2A. Moreover, the voltage waveform is also seen to take 0.2s to attain a stable
value. This stabilization time represents the transient response of the converter to adjust to the new operating conditions
and reach a steady-state operation.
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Figure 11: PV system parameters under dynamic working conditions

In real-world scenarios, temperature and irradiance are rarely constant as they vary throughout the day due to weather
changes, cloud cover, shading effects, and other environmental factors. Hence, to accurately simulate the performance
of KSK converter in PV application, it is vital to consider and incorporate these variable operating conditions into the
simulation. Hence, at 0.15s, an abrupt increase is introduced in both temperature and irradiance as seen in Figure 11 to
allow for a more accurate representation of real-world scenarios. The immediate effect of these changes is clearly evident
on the output voltage and current waveforms of the PV system, as they also undergo a sharp increase at 0.15s.

@International Journal Of Progressive Research In Engineering Management And Science Page | 626



INTERNATIONAL JOURNAL OF PROGRESSIVE e-1SSN :
[IPREMS RESEARCH IN ENGINEERING MANAGEMENT 2583-1062

AND SCIENCE (IJPREMS) Impact
WWW.ijprems.com (Int Peer Reviewed Journal) Factor :
editor@ijprems.com Vol. 04, Issue 10, October 2024, pp : 618-633 7.001

NVERTER OUTPUT CURRENT WAVEFORM

CONVERTER OUTPUT VOLTAGE WAVEFORM

400 + { ! 4 1 4 i e 5r T T L

. L/\—\/—\ !
< g

=

E 200 E
i
>

100

ol
0 u_lns 0:1 n.;s 0:2 n_lzs n_‘s 0.35 o 0.05 0.1 0.15 0.2 0.25 0.3 0.35
() Time(s)
(@) (b)

Figure 12: KSK converter waveforms for dynamic working conditions (a) Output current and (b) Output voltage

The KSK converter just takes 0.2s to attain a stable output voltage level as seen from the waveform given in Figure
12(a). The presence of ripples in the KSK converter output is also noted to be a bare minimum, which in turn assures a
smooth and reliable power output from the converter. Moreover, the role of RBFNN MPPT in achieving the improved
stability and reduced ripples in the output waveform of the KSK converter cannot be understated. Since, the real-time
control signals provided by the RBFNN MPPT have effectively aided the KSK converter to mitigate the impact of
variations in operating conditions. Likewise, the quick settling time of the KSK converter ascertains for its faster
response to input condition changes and improved dynamic performance.

Hardware Analysis

The hardware analysis of the proposed approach is executed by developing a 1kW lab-scaled prototype of KSK
converter as seen in Figure 13 using FPGA Spartan 6E controller. Here, the power supply for the laboratory setup is
derived from a 15V power supply. The KSK converter in the form of a compact circuit is designed on a Printed Circuit
Board (PCB). The interleaved switches of the converter circuit provide the much-needed ripple current reduction
property, resulting in enhanced efficiency. The FPGA Spartan 6E controller in addition to controlling the switches of
KSK converter, also supports the RBFNN MPPT implementation. The programmability of the FPGA Spartan 6E
microcontroller allows for flexibility in implementing and optimizing the control algorithms, and the RBFNN MPPT
enhances the tracking accuracy of the MPP, resulting in improved energy harvesting efficiency. Moreover, the driver
circuit is responsible for providing the necessary gate drive signals to control the switching operation of the KSK
converter power switches. It interfaces between the FPGA microcontroller and the power switches, ensuring accurate
and timely control of the converter operation. The role of Digital Storage Oscilloscope (DSO) is to allow for the accurate
and detailed observation of the KSK converter input and output waveforms. It aids in troubleshooting, performance
optimization, and system validation. Furthermore, the developed hardware setup is also tested under both

PV PANEL
KSK R-LOAD
CONVERTER

DRIVIER CIRCUIT
15V POWER SUPPLY

FPGA SPARTAN 6E

CONTROLLER
DSO

Figure 13: 1kW lab-scaled prototype of PV fed DC-DC KSK converter with RBFNN MPPT
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Figure 14: PV panel voltage under ideal working scenario

The hardware setup is tested under ideal working scenario, which refers to the constant temperature and irradiance
conditions. This allows the establishment of a baseline performance measurement by supporting the evaluation of
converter efficiency, stability and power output when the environmental variables are fixed. The waveform given in
Figure 14 represents the PV output voltage in ideal working scenario. Here, under constant temperature and irradiance
conditions, the PV system operates in a steady-state condition, which in turn leads to the relatively constant output

voltage waveform. Moreover, the RBFNN MPPT ensures that the KSK converter operates at the MPP of the PV array.
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Figure 15: KSK converter output voltage under ideal working scenario
Under ideal working scenario, the output voltage from the KSK converter is also noted to be stable and constant as seen
in Figure 15. Moreover, with the support of the RBFNN MPPT, the KSK converter takes less time to deliver a constant
voltage output. Once the settling time has elapsed, the output voltage and current of the KSK converter stabilize at their
desired values. The stable output ensures that the KSK converter delivers the required power to the load consistently,
meeting the load's demands and maintaining a reliable power supply.
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Figure 16: PV panel voltage under dynamic working scenario
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Figure 17: KSK converter voltage under dynamic working scenario

Executing the laboratory setup in a dynamic working scenario is essential to evaluate the performance and robustness
of the system under real-world conditions where temperature and irradiance vary. By subjecting the setup to dynamic
scenarios, the ability of the KSK converter to adapt to changing environmental conditions and maintain stable operation
is assessed. The output voltage waveform of the PV system under dynamic condition as seen in Figure 16 is not constant.
The impact of this variable input voltage is however, very low in the output voltage waveform of the KSK converter,
which is provided in Figure 17. Here, the converter voltage recovers immediately from the momentary dip to deliver
the desired stable voltage level. Hence, it is seen that the KSK converter along with RBFNN MPPT are capable of
handling both ideal and dynamic working scenarios.

Real Time Monitoring Using 10T

The PV system is monitored real time using 10T and the parameters that are measured are displayed in the webpage as
seen in Figure 18. Here, the real time monitoring of ambient temperature, irradiance, Vp, and Ipy, is accomplished with
the aid of sensors that collect information about every incessant changes in these parameters. The Node MCU collects
data from the sensors, establishes a connection with the MySQL database in the cloud, and sends the data for storage.
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Figure 18: loT webpage that monitors solar parameters
The web application retrieves the stored data from the database and displays it on the webpage, allowing users to monitor
the PV system's performance in real-time. Here, the web application is created to retrieve the data from the database and
present it in a user-friendly format. This allows users to remotely monitor and analyse the PV system's performance,
including variables such as temperature, irradiance, PV voltage, and PV current.
Comparative Analysis with Existing technologies
The characteristics of the proposed KSK converter is studied against several other recently published converter
topologies and the obtained results are given in Table 3. The converters considered are all high gain converters and they
are evaluated in terms of component count, component voltage stress, efficiency and voltage gain.
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Table 3: Comparative analysis of several published converter
Ref T/CIDNIS Voltage gain Published Voltage Voltage Efficiency
Year stress on S stress on D
[2] 10/3/3/2/2 3+D 2023 1 2 92.5%
3—-D 3+D 3+D
[4] 14/5/2/412 2D(2 - D) 2021 1 2-D 87.5%
(1-D)? (1-D)? (1-D)?
[5] 10/3/3/2/2 1-D+ D? 2020 3D -2 2D -1 -
(1-D)? (1-D)? (1-D)?
[6] 10/3/3/2/2 1+D 2021 1+D 2 92%
(1-D)? (1-D)? (1-D)?
[7] 10/3/3/2/2 D? 2021 1 D 88.43%
(1-D)? (1-D)? (1-D)?
[11] 16/6/6/3/1 3-D 2021 D 1 97.80%
(1-D)? (1-D)? (1-D)?
[20] 14/5/6/2/1 2(2-D) 2021 D 2-D 95%
(1-D)? (1-D)? (1-D)?
[21] 12/413/3/2 D(1+ D) 2019 D D 94.9%
(1-D)? (1-D)? (1-D)?
[9] 15/6/4/4/1 (1+D)(N + D) 2019 - - 90%
(1-D)?
Proposed 11/3/3/3/2 2-D - 1 1 98.6%
1-D 2—-D 2—-D

T — Total, C — Capacitor,D — Diode, I — Inductor,S — switch, N — Turns ratio

The converters introduced in [7], [21] and [5] has the drawback of minimum voltage gain profile. Similarly, the
converters introduced in [2] and [6] have a higher voltage stress profile, which results in potential reliability issues. The
converter design in [21] in spite of offering several unique advantages, is confronted with the limitation in efficiency at
extreme duty cycle. This limitation is however, highly critical in applications with varying duty cycle. In case of
converters in [7], [4], [20] and [11], the problems like higher output voltage ripple and limited power handling ability
are widely persistent. On analysing Table 3, it is apparent that KSK converter irrespective of its interleaved architecture
has a fairly minimum component count. Moreover, it is also effective in outshining the other converter topologies with
a peak efficiency value of 98.6%. Likewise, the voltage stress profile of KSK converter is also lesser than the other
converters. According to information provided in Table 4, the KSK converter is also effective in outperforming the other
interleaved converter topologies in terms of its high efficiency. From Figure 19, it is seen that the KSK converter has
the highest voltage gain, which in turn allows it to have better compatibility with different energy sources, minimum
current stress and wide input voltage range.

Table 4: Comparative analysis of several published Interleaved converter

Ref Converter T/C/DINIS Published Year Voltage gain Efficiency
[12] Interleaved SEPIC 11/3/2/4/2 2021 D 98%
1-D
[13] Interleaved Boost 8/1/2/3/2 2019 2D(2—-D) 96%
(1-D)?
[14] Interleaved Luo 11/3/412/2 2020 3 <2 - D) 97%
1-D
[22] Interleaved Buck- 7/1/0/2/4 2022 D 95.6%
Boost 1-D
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[23] Interleaved Boost- 1414141412 2022 3+D+2N 88.43%
Cuk 1-D
[24] Interleaved Boost- 11/4/0/3/4 2019 D 96.1%
SEPIC 1-D
Proposed KSK converter 11/3/3/3/2 - 2-D 98.6%
1-D
Table 5: Comparison of MPPT
Ref MPPT Performance in varying Dynamic Sensed Efficiency
conditions response Parameters
[25] P&O with Buck Average Varies Vov, Ipy 95.3%
converter
[25] IC with Buck Average Varies Ve, Ipy 95.4%
converter
[25] FOCV with Buck Average Medium Vv, Ipy 93.5%
converter
[18] ANN with Boost Good Fast Voy, Ipy 99.35%
converter
[18] FLC with Boost Good Fast Voy, Ipy 96.57%
converter
[18] ANN-FLC with Good Fast Voy, Ipy 99.81%
Boost converter
Proposed RBFNN with KSK Excellent Very Fast Voy, Ipy 99.89%
converter
16 1 1 T T
=== Proposed converier i
------ Converter in [4]
=== (Converter in [21]
":“ II == Quadratic Boost converter
E"_L | == 2-Level Boost converier =
:a? == Boost converter
]
S8 -
S
S
E
- 4 -
0
0 0.1 02 03 04 06 07 08 09 1

From Table 5, it is seen that the RBFNN MPPT performs better than other prominently used MPPT techniques as it
operates with 99.89%. Moreover, it gives an excellent performance in varying operating conditions with quick dynamic
response. Thus, it is apparent that the RBFNN MPPT provides a powerful and adaptive modelling capability that
accurately estimates the MPP even under changing environmental conditions. The RBFNN MPPT algorithms mitigates
oscillations around the MPP and reduce steady-state error. Furthermore, the adaptive learning capability of the RBFNN
allows it to continuously update its model based on real-time measurements, leading to smoother and more stable

Duty cycle (D)

Figure 19: Comparison of converter voltage gain deviation against duty cycle

tracking of the MPP.
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5. CONCLUSION

A novel KSK converter, which is an enhanced and efficient power conversion solution to PV system is introduced in
this work. Aside from PV systems, the KSK converter is also compatible with other RESs due to its high voltage gain.
Moreover, its features of high efficiency, better voltage regulation, and versatility make it suitable for many power
conversion requirements in different industries. The tangible proof for the superior performance of the suggested KSK
converter is obtained by undertaking both simulation and lab-scaled prototype implementation. These evaluation
techniques are executed in both ideal and dynamic working scenarios with KSK converter displaying extraordinary
performance in every operating conditions. The KSK converter is also triumphant over other recently published high
gain converter topologies with minimum voltage stress profile, higher voltage gain profile and excellent conversion
efficiency. Additionally, it is also clear that the RBFNN MPPT transcends the predicaments faced by conventional
topologies by ensuring accurate MPP tracking even in dynamic operating conditions. Moreover, the proposed KSK
converter also excels over other interleaved converter topologies with its strikingly high efficiency of 98.6%.
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