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Abstract: Artificial intelligence (AI) based converter design is a model that greatly reduces the
complexity of manual calculations, accelerates the design process with reduced loss, and achieves
high efficiency. The optimized design significantly decreases the cost due to its high power density
and reduced component size. Moreover, Capacitor-Inductor-Inductor-Capacitor (C2LC) DC-DC
resonant converter for Electric Vehicle (EV) charging designed with high frequency includes complex
electromagnetic design of resonant tank parameters. There may be a chance of inaccuracy in the
design parameters due to the manual intervention and complex design parameters. Therefore, this
study focused on the optimal design of C2LC converter by using Hybrid Teaching-learning-Based
Optimization (TLBO)+Particle Swarm Optimization (PSO) algorithm for minimized total power loss
and accurate magnetic core design to operate the converter at maximum efficiency. The optimization
reduced the computational complexity of the converter design and total losses. Finally, a 48V EV
charger was implemented, and the results were explored. During the process, the efficiency of C2LC
converter with conventional design and the proposed hybrid TLBO+PSO optimized design was
compared. About 1% efficiency was higher for the optimized design of the converter than the other
for various load conditions.

Keywords: Al-based EV charger; Hybrid teaching-learning-based optimization; Resonant converter

1. Introduction

Power converters play a crucial role in power transmission systems, enabling the transformation
of voltage and current to different levels based on load requirements (Jamahori et al., 2024). The
demand for bi-directional DC-DC power converters is rapidly increasing in applications such as
energy storage systems (Attia and Suan, 2024), wireless charging (Jayalath and Khan, 2021), solid-
state transformers (Li et al, 2023), and DC grids. Among these, Dual Active Bridge (DAB)
converters are widely used for bi-directional operation capability and the ability to handle high
power at high operating frequencies (Mirtchev and Tatakis, 2022). Transformers require a higher
number of secondary turns for low-voltage applications, which leads to increased parasitic
inductances and capacitances. These parasitic elements negatively impact converter performance
by increasing power losses (Shalbaf et al., 2024). LC resonant-based DAB converters are used to
address the issue of hard switching in DAB converters, offering improved performance under
narrow input voltage variations and limited frequency control bandwidth (Liu et al., 2022). For
applications requiring wide voltage and frequency control bandwidth, Capacitor-Inductor-
Inductor-Capacitor (C2LC) converter provides a solution. The converter features an LC tank on
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both the primary and secondary sides of high-frequency transformer (HFT), improving efficiency
as well as control flexibility (FHe and Khaligh, 2017). Furthermore, the optimized design of the
transformer combined with a unified control strategy significantly improves the total performance
of the converter (Rajalakshmi and Sultana 2023; Lee et al., 2021).

Various modifications have been performed on the resonant tank section to meet specific
application requirements (Zhou et al.,, 2022). Recently, reconfigurable structures have been
introduced to enable broad voltage regulation (Nagesha and Lakshminarasamma, 2023). A main
challenge in C2LC converter is the optimal selection of LC values to achieve soft switching under
varying load conditions (Mukherjee and Barbosa, 2023). To address this, a unified design model
has been proposed to reduce the complexity of parameter selection and ensure smooth synchronous
rectification (SR) (Rajalakshmi and Sultana, 2024). Achieving natural SR relies heavily on the proper
selection of LC resonant tank values, which play a crucial role in minimizing switching transition
losses (Rajalakshmi and Sultana, 2022). A hybrid control strategy combining dual phase-shift and
duty cycle control has been proposed to further improve the efficiency of C2LC converter, though
this method adds implementation complexity (Rajalakshmi et al., 2021). Despite incorporating Al
methods into power converter control which can significantly improve performance, the design
process still requires careful attention to minimize both cost and power losses (IHajihosseini et al.,
2020). Moreover, the design of incorporated high-frequency transformers (HFTs) for cost reduction
and precise measurement of leakage inductance adds further complexity to the total system design
(Ansari et al., 2022).

The design of converters is typically performed in two phases, namely (1) mathematical
derivation and analysis of converter parameter objectives as well as constraints, and (2) evaluation
of optimized circuit parameters using iterative methods (IHasanah et al., 2024). Traditionally, these
two steps have been performed manually, a process categorized as Human-Dependent Approach
(HDA). Computer-Aided Approach (CAA) was later introduced to assist in evaluating optimized
circuit parameters. However, the traditional design method is prone to errors due to assumptions
made during analysis and is often difficult because of complex mathematical expressions (Lee et
al., 2019). CAA helps reduce this burden by using optimization algorithms for parameter evaluation
(Hannan et al.,, 2020). In recent years, the incorporation of Artificial Intelligence (AI) for the
optimization of both design and controller parameters has significantly improved the accuracy and
performance of converters modified to specific applications (Lin et al., 2024). The incorporation of
Al has further simplified the design process by fully automating both phases, leading to what is
now known as Automatic Artificial Intelligence Approach (AAIA).

The use of optimization algorithms is rapidly increasing across various fields to reduce manual
intervention and improve performance through optimal design. In the context of power converters,
metaheuristic algorithms have surfaced as viable alternatives for addressing large and complex
optimization problems related to design, control, and operation (De Leon-Aldaco et al., 2015).
Several well-established algorithms such as Genetic Algorithm (GA) (Yashin ef a/, 2020; Binay
Kumar ef al, 2018), Particle Swarm Optimization (PSO), Ant Colony Optimization (ACO), and
Artificial Immune System (AIS), have been widely implemented due to the robustness, simplicity,
universality, as well as single-solution search capabilities (Dharma and Setiawan, 2024;
Jayawardana et al., 2019). Following the discussion, the convergence speed of these optimization
algorithms often depends on the selection of initial parameter values (Mao et al., 2024). In specific
applications, such as tuning the parameters of fractional-order PID controllers for buck converters,
Fitness-Distance Balance-Based Runge-Kutta algorithm has been effectively used (Isen, 2022). For
motor design optimization, Extreme Learning Machine (ELM) algorithm has also been successfully
implemented (Song et al., 2019).

In Lin et al. (2024), a combination of Support Vector Machine (SVM), Extreme Gradient Boosting
(XGBoost), and Differential Evolution was used to optimize DAB converter design by developing
an accurate current stress model. Optimal efficiency was achieved through the incorporation of
XGBoost and PSO with a State-Based Adaptive Velocity Limit algorithm for extended phase-shift
control (Li et al.,, 2023). Moreover, the Soft Actor-Critic method that was based on Deep
Reinforcement Learning, has been used to optimally tune the nonlinear controller of a full-bridge
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converter (Fathollahi et al., 2023). An autonomous topology generator using a reinforcement
learning framework was proposed to design power converters with minimized cost and size, while
maximizing efficiency and reliability (Silva et al., 2023). PSO has been widely recognized for its fast
convergence speed, simplicity, and high accuracy (Rahman et al., 2016). However, the performance
of the model can be limited by the premature convergence problem (Priyadarshi et al., 2019). To
address the issue, Teaching-Learning-Based Optimization (TLBO) algorithm has acquired attention
for its effectiveness in a variety of scientific and engineering applications (Zhou et al., 2023). TLBO
operates in two iterative phases, namely teaching and learning—to achieve maximum accuracy in
parameter optimization (Khorashadizade and Hosseini, 2023). The algorithm has also been applied
to improve the performance of PSO by extracting optimized convergence parameters, effectively
overcoming PSO's premature convergence issue.

The hybrid TLBO+PSO optimisation is proposed in this study to overcome the challenges of
C2LC converter design from the literature survey. The analysis is structured into Section II, which
describes the challenges in the existing design method of C2LC converter for Electric Vehicle (EV)
charger. The section also explains the derivation of C2LC circuit main parameters, with modes of
operation, Zero Voltage Switching (ZVS) constraints, and total power loss equation calculation.
Additionally, Section III explains the detailed process of AAIA-based C2LC converter design using
a hybrid TLBO+PSO algorithm and electromagnetic analysis for optimal design of HFT parameters.
Section IV shows the simulation and experimental results for AAIA-based design values of the
converter, and the conclusion is written in Section V.

2. Challenges in Existing Design Method and Proposed Solution

2.1. Challenges in Existing Conventional Design Process

Figure 1 showed the block diagram of the application of a C2LC converter for an EV charger.
C2LC resonant converters were able to handle a wide range of load voltages, as well as better
regulation and reaction to load fluctuations were made possible by the resonant functioning. These
converters were suited for applications with dynamic load profiles because the models maintained
good efficiency and voltage regulation over a wide range of loads. The main issues to be considered
were the assigned and selected parameters, as the voltage gain was known to be a function of
frequency ratio, load values, and inductance ratio, which had to be carefully selected for better
converter performance. Another issue in a C2LC converter is related to holding the input voltage
bus constant without affecting the resonant waveforms.

Iout

-
Grid out

Figure 1 Role of C2LC converter in EV charging

The bi-directional C2LC converter design procedure included two significant essential steps. The
first step was the mathematical derivation as well as analysis of converter parameter objectives and
constraints to obtain an accurate model of the converter. In the second step, using the model derived
from the first step, the circuit parameters were optimized based on the defined constraints.
Traditionally, these two steps were conducted through manual intervention, which was a very
tedious process due to the complexity of the mathematical analysis and the iterative process
required to arrive at the optimized parameter values. The accurate model of the converter in HDA
was not easily obtained due to the many assumptions in the study, leading to inaccurate circuit
parameter values. Relating to the process, the human trial-and-error iterative method was time-
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consuming in the optimization step, and there was no guarantee of accurately obtaining the
optimized value.

The great development of optimization algorithms simplified the iterative process previously
performed by human intervention, reduced the burden on humans, and increased the accuracy of
circuit parameter optimization. This CAA dramatically reduced computational time with the help
of optimization algorithms and was very suitable for multi-objective parameter optimization.
Despite the assistance of CAA in the iterative process, the mathematical analysis as well as the
deduction process limited its application and was highly complicated due to the many assumptions
in the analysis. CAA became precise when mathematical analysis produced more accurate and
consistent results. Additionally, the optimization algorithm was performed based on manual
calculations, which needed to be error-free. The optimization algorithm provided the most accurate
result, building on the precise mathematical evaluation conducted earlier.

2.2. TLBO-PSO Automated Parameter Optimization

During this study, the parameters of C2LC resonant converter, transformer leakage inductances
of the primary and secondary sides, magnetizing inductance, as well as primary and secondary
capacitances were optimized using TLBO+PSO algorithm. TLBO was a meta-heuristic algorithm
that optimized the objective function based on the population present in the classroom
environment. In the classroom, the teacher worked hard to educate all the students. Moreover, the
learners then communicated with each other to change and improve the acquired knowledge. The
process included two phases, namely Teacher and Learner phase. In Teacher phase, the students
learned from teacher and acquired knowledge. In Learner phase, the students improved the
knowledge by interacting with each other, as shown in Figure 2.

Initialize population size(N).
maximum number of iterations(i).

v

r .
Calculation of fitness function value for
each learner

v

Select the best solution

v

~

|

>

Estimate the mean of the design
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Xo1d = Xnew Xold = Xnew

selection of best solution
from both phases

No

Yes

Figure 2 Flowchart of TLBO algorithm
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2.3. Circuit Analysis of C2LC Converter.

The circuit diagram of the open-loop control C2LC resonant converter for a battery charging
application was shown in Figure 3(a). The image included front-end inverter (Qi, Qz, Qs;, and Q),
isolated by HFT, with an LC resonant tank on both the primary and secondary sides, and followed
by rectifier stage (Qs, Qs, Q7, and Qs). During the process, 50% duty cycle square wave was used to
achieve higher efficiency irrespective of the sinusoidal input voltage. The resonance property
enabled the resonant tank circuit to offer lower impedance to the sinusoidal current at the resonant
frequency. In the analysis, switching frequency (f;) relative to resonant frequency (f;) determined
the performance of the converter.

H-bridge Inverter Resonant tank Rectifier
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Figure 3(a) Circuit diagram of C2LC converter, (b) Equivalent circuit of C2LC converter, (c) Input
impedance with referred to primary

The equivalent circuit to derive the impedances was shown in Figure 3(b) and (c)(Martins et al.,
2019). The primary and secondary leakage inductances and capacitances were L, Ls, as well as Cp,
Cs, and the magnetization inductance L, with turned ratio n:1. Moreover, R was the secondary side
load of the converter, Ly, Cs, and R}, were the secondary side parameters referred to as the primary
side. Equations (1-4) showed the derivation of primary side impedance (Z,), secondary side
impedance referred to primary (Z;), and magnetizing impedance (Zn) from the load resistance
referred to primary (Ry).

1 .

Z, = Torty + jwsLy, (D
Zm = jwsly 2)
1

7l = + jwsL, 3
S ](,L)SCS, ]wS S ( )
,  8n? 8n2V?

fo=Tm = 2ap )

Secondary side resonant parameters with referred to primary was derived from
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’ 2 ’ CS
Ls = n’Ls, Cs = — )

The input impedance was calculated by

Zin=17,+7Zn Il (Zs+R}) (6)
I _ Vi _ nVO (7)
p,rms \/ZZm » 7s,rms \/ZZO
The symmetrical peak magnetizing current In, under a steady state was calculated by
VinTs
Inp =—— (8)
mP T 4L,
To calculate the core loss of the transformer, the peak magnetic flux density B, was evaluated by
g = Lmimp ©)
p NpAm

Where Ts was the switching period, n, represented the number of primary winding turns, and
An signified the magnetic core cross-sectional area. The voltage gain equation for C2LC converter
derived from the equations previous was,

Vo [Zm | (Zs + Ry)] Ry,

C =V~ 2y tZn | (Z,+ RO, + R 19

2.4. Constraints for ZVS and Power Loss Equations
Small dead time (T4) was introduced between each transition to prevent cross-conduction and
to give sufficient time for the complete discharge of the switches output capacitance (Cess) in
achieving ZVS. During the analysis, the condition for ZVS was,

Td = 16Cossfsl'm (11)

The soft commutation was achieved by reserving the condition, f; < f,.. Despite the reduction by
ZVS in the switching losses, the total power losses(P:) due to conduction loss (P=Pi.c+ Pr_) and
switching loss (Ps=Pis+Prs) of both inverter as well as rectifier stages were significant in
performance for designing the converter with high efficiency. Additionally, driving loss of both
inverter and rectifier (Pa=P1_a+Pr_4) of the switches, power loss of resonant capacitance (Pc:) copper
loss (Pcu), as well as core loss (PFe) of the transformer, was also significant in performance for
designing the converter which was derived by,

Po=P;+FP+ P + P,y + Ppo + Per (12)
e Driving loss of the switches:
Py = Pi g+ Ppa =4(Q1, V1, fs + Qr,Vry fs ) (13)
e Switching loss of the Inverter and rectifier:
P = PI_s + PR_s = (nZ + 1)(112n_pT$fs)/(lzcoss) (14')
e Conduction loss:
P.=P;.+Pp.= Z(Ig,rmsRl,m + I?,rmsRR,m) (15)
e Transformer Copper loss:
P, = Izzw,rmsRT + I?,rmsRT (16)
e Transformer core loss:
Ppe = k. ‘stch (17)

e Resonant capacitances power loss:

2. tan® I%. _tanf
P — b,rms + s, rms 18
T 2nfC, 2mfC, (18)
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3. Proposed AAIA for The Design of The Converter

AAIA was proposed to automate the two phases of the design steps of the converter to handle
all the difficulties of converter design parameters. Figure 4 showed an understanding of the manual,
semi-optimized converter design process that was fully automated. During the process, the
evaluation of optimized circuit parameters by iterative method was conducted using hybrid
TLBO+PSO algorithm. This study aimed to optimize total power loss, including switching,
conduction, resonant capacitance, copper, and transformer core losses. An optimal design method
was proposed using TLBO+PSO algorithm. Moreover, the main parameters were optimized for
minimum losses, and HFT optimal leakage and magnetic inductances were obtained based on
hybrid electromagnetic analysis.

Steps for converter design HDA CAA4 AAIA
([ Mathematical derivation ) . :
and analysis of converter Manual Manual AL tool
parameter objectives and . intervention : intervention )
S constraints ) :
e \ . . .
Evaluation of optimized Manual : Metaheuristic : Metaheuristic -
circuit parameters by iterative |: intervention : algorithms : algorithms
method 4 " . .
\ T L ——_

Figure 4 Understanding of converter design process of manual, semi optimized and fully
automated

The inaccurate HAD design was rectified by CAA design, and then the remaining inaccuracy
problem was addressed with the help of an Al tool to fully automate the design process of C2LC
converter. This AAIA facilitated accurate design parameters and easy implementation after the
converter design process. The combination of Al tool models and optimization algorithms made
the design processes of various applications simple and boundless.

3.1. AAIA-based design of C2LC converter

AATJA-based open-loop C2LC resonant DC converter was detailed in this section for the
optimized total power loss, as per the equations derived in the previous Section 2.5. Two stages
were included in optimizing the method for C2LC converter design. In the first stage, the resonant
tank parameters were optimized. Additionally, the high-frequency planar transformer leakage
inductances and magnetizing inductances were designed using hybrid electromagnetic analysis in
the second stage. The proposed TLBO+PSO and PSO algorithm flowchart for the optimized design
were shown in Figure 5(a) and (b).

3.1.1. Stage 1: Parameter optimization based on total power loss (TLBO+PSO)
e Objective: To find the resonant tank parameters of C2LC converter L1, Cr1, Lio, Crz, and Lin for the
optimized minimum total power loss.

During this stage, the total power loss of C2LC converter was optimized using a hybrid Al
algorithm. The primary issue with PSO was the need for a high iteration count to achieve global
optimum value. Moreover, the manual initialization of the parameters compromised the iteration
count to get the desired accuracy. The four main factors that decided PSO algorithm efficiency were
Wt.st (weight start), Wted (weight end), Kd(kind), and Vel.max (velocity maximum). The
optimized selection of these parameters increased the convergence speed. This problem could be
solved by hybrid algorithm TLBO+PSO to optimize the parameters Wt.st, Wt.ed, Kd, and Vel.max
in decreasing the iteration count and causing reduced computational time.
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Figure 5 (a) Flowchart of the proposed TLBO+PSO algorithm, (b) Flowchart of the PSO algorithm

The improvised PSO algorithm of TLBO optimized the system, which started from TLBO
algorithm where the best student of each parameter (Wt.st, Wt.ed, Kd, and Vel.max) was sent to the
algorithm. The optimized value of the number of iterations (N) and the total power loss (Piot) of
PSO was obtained with these optimized parameters from TLBO algorithm. Relating to the process,
this value was sent back to TLBO to find the fitness value. Repeatedly, the parameter value was
optimized, and feedback was given to PSO. This process was iterated to obtain the optimized value
of those four parameters of PSO up to maximum iteration of TLBO. The optimized values of Ly, Ls,
Lm, Cp, and Cs were found for the minimum total power loss value with those optimized
parameters. The steps included in hybrid TLBO+PSO algorithm were described in the following
steps.

Step 1: Initialisation of TLBO algorithm parameters population size(N), maximum number of
iterations, TF was the teaching factor which could be 1 or 2, Rand represented the random
number of lies between 0 to 1. The TLBO algorithm optimized Wt.st, Wt.ed, Kd, and
Vel.max of PSO algorithm by finding the best student for each parameter through
simulating both the teaching as well as learners phase.

Step 2: Stimulation of PSO algorithm to find the maximum number of iterations and optimized P
for the optimized Wt.st, Wt.ed, Kd, and Vel.max from TLBO. After the execution of PSO,
N and Pt were found, the models were used to evaluate the fitness value of TLBO. The
optimized Piw: value was ensured to be in the limit based on the constraints to achieve
maximum efficiency.

Step 3: The optimized N and Py from PSOwere feedback to TLBO algorithm to evaluate the fitness
value. This process was repeated until the maximum iteration of TLBO algorithm was
reached. Finally, the optimized Ly, Ls, L, Cp, and Cs were found for the optimized Pior.

The optimized values of L;, Ls, L, Cp, and Cs were evaluated for the given power, frequency,
and voltage gain concerning the values shown in Table 1. The total power loss (Piot) results for each
iteration of the proposed TLBO+PSO algorithm were compared with PSO, GA, ACO, and BCO (Bee
colony optimization) for proving the best algorithm in Figure 6. The process showed the hybrid
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TLBO+PSO algorithm which provided best design parameter values for the lowest Pt with less
iteration count. Additionally, the iteration count for optimum Pt was shown in Table 2, proved
that the hybrid TLBO+PSO algorithm indicated better performance compared to the other
algorithms.

Table 1 Parameters of C2LC converter

Parameter Value Parameter Value
Input grid voltage 230V Ly 42.12uH
Output voltage 48V L, 32.4nH
Power 3kW Lmn 337 uH
Switching frequency 85kHz  C,, 83.3nF
Resonant frequency  85kkHz C; 108.3nF

Table 2 Power loss and iteration count of algorithms
Algorithm  Iteration number Total power loss (W)

PSO 82 18.6
GA 65 19.3
ACO 58 18.3
BCO 69 18.5
TLBO+PSO 33 17.8

wn
=

PSO

GA
TLBO+PSO
BCO

ACO

£y
=Y

[

-]

£

[ N

Total power loss(W)
; [ g W W A

A
V\/\/V'

— =
[ N

0 10 20 30 40 50 60 70 80 90
Iteration count

Figure 6 Optimised power loss for PSO, GA, BCO, ACO, Proposed

3.1.2. Stage 2: Hybrid Electromagnetic Analysis for Designing HFT Parameters (Li et al., 2022)
e Objective: To optimize the Leakage inductances and magnetizing inductances of HFT based on

winding dimensions as well as air gap between primary and secondary winding.
% Leakage inductance optimization
The leakage inductances of the transformer (L1& Lo) were used as the resonant tank inductances
to increase the power density of the power converters, which reduced the volume and weight of
the converter by reducing the number of magnetic components. The transformer winding and
insulation dimensions, as well as the distance between the primary and secondary winding, were
used to optimize the leakage inductances of HFT. Moreover, the insulation thickness (d;), primary
and secondary winding thickness (d, &d;), as well as winding distance (l) were derived to achieve
the desired leakage inductances. Figure 7(a) showed the winding configuration of the high-
frequency planar transformer and its magneto-motive force (MMF). The primary winding was
distributed over m; layered with n, number of turns. Additionally, the secondary winding was
distributed over m; layered with ns number of turns. The magnetizing inductance was optimized
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by including the aig gap parameter (I). For the current excitation of I, in the primary winding, the
magnetic energy was calculated based on MMF distribution by Eq (19).

Secondary PCB Winding Primary PCB Winding

(b)

Figure 7(a) Winding configuration of HFT (b) 3D model of HFT equivalent magnetic circuit with
airgap

(mp—1)(2m,-1)
 onmZ Wy 2m,d; + 2mgds + ————d;

" (19)
6W, + (ms—1)(2ms—1) di + 6lb

Where W4 & W, were the depth and the width of the window. From the magnetic energy
equation, the leakage inductances were calculated by

Ep

2m,d, + 2md, + T 0Cm1) 4

E Uo Urnzwd m
Llp =Ls=7= > P (20)
I 6W,, - -
P + —(m 1) (2ms—1) di + 6lb
From the previous equation, [, could be arrived for the leakage inductance value obtained from
the optimization,

_ Wyl mpdy  mgdg  (mp-1)(2mp-1) o (mg—1)(2ms—1)
lb - uournlz,wd 3 3 6m; di 6mg di (21)
% Magnetizing inductance optimization
The magnetizing inductance was optimized by adjusting the thickness of the airgap (1;). Figure
7(b) showed the 3D model of HFT equivalent magnetic circuit. In addition, the calculation of
magnetic reluctances Rci, Reo, Res, Ra1, and Ra were evaluated by,

@
o= ﬁ (22-2)
= ﬁ (22-3)
Ry: = uéi . (22-4)
Ry, = u%’ (22-5)

Where A.was the cross-sectional area of the core center leg, I and 1, were the length and height
of the core. The relation between the magnetizing inductance and the airgap was

_ Ilolerenlz)
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From the above equation, a lower value of lg increased the Li. The l; could be arrived from the
earlier equation as
_ HoAen} _ly+4l,

1
g 3Lm 3pr

(24)

ELP 64/10/50 from TDK with magnetic material N87 for the 3kW output power of the magnetic
core was selected. Table 3 was used to design the magnetic core parameters of the high-frequency
planar transformer of C2LC converter. lg and I, were calculated using Equations 21 & 24 for the
corresponding optimized value of the leakage and magnetizing inductances.

Table 3 Magnetic core parameters of HFT

Parameter Value Parameter Value Parameter Value

Ve 83000mm?3 Ae 1038mm?2 k. 3.716 x10-24
a 4.823 B 5.521 Hr 1490

Np, Ng 18 myp, Mg 5 W 20mm

dp, ds, 80pm d; 0.2mm Wy 102mm

I, I 62mm,10mm I, 0.17mm 1 8.34mm

4. Simulation and Experimental Results

A 3kW Off board EV charger for the specifications mentioned in the previous section was
simulated in MATLAB for both manual design values and proposed TLBO+PSO optimized
algorithm values. The simulation performance was validated by building a hardware setup with
the optimized design values. During the process, the hardware setup of a bi-directional EV charger
using a C2LC converter was shown in Figure 8(a). The boost converter-based power factor corrector
(PFC) circuit converted the 230V AC input into 350V DC. Relating to the analysis, the results were
obtained for the battery with a rating of 48V 60Ah. The results were obtained under 40% of State of
charge of the battery. PWM method was used with PI controller parameters of Kp= 0.0499 and Ki=
0.00499 to control PFC circuit. The open loop C2LC converter switching pulses with 85kHz were
generated using TMS320F28379D real-time digital signal processor controller. The waveforms of
switching pulses of primary side switches Q1/Qs, Q> /Qswere shown in Figure 8(b). The grid input
voltage and current and the output voltage and current were shown in Figure 8(c) the analysis
indicated that the distortion factor was very low in the current waveform, following the input
voltage waveform to maintain a high power factor.

VDC INPUT CAPACITORS

HALLEFFECT CURRENT
SH ~

b

[y SNUBBER

CAPACITOR
OVERALL[T
POWER
CIRCUIT

ATTERY SIDE
CAPACITORS
SIC_MOSFET

] DEVICE

VOLTAGE
SENSING BOARD

VOLTMETER H

BATTERY SIDE
FPGA

ARTIX-7 200T
CONTROLLER!

LINE FILTER
(FILTER THE AC
SIGNAL)

INPUT DC LINK
VOLTMETER

PROTECTION BOARD(OVER
VOLTAGE, OVER CURRENT
LIMITATION)

FAULT
DETECTION

(a)
Figure 8(a) Hardware setup of EV charger (b) Switching pulse signals Vg1 (Q1, Q4) V2 (Q2, Q3) (c)
Input AC and Output DC waveforms (d) Efficiency comparison of C2LC converter for manual and
Al-optimized design parameters



944
International Journal of Technology 16(3) 933-948 (2025)

DSO-X 30144, MY54310968: FriMar 29 17:45:01 2024

1 2 boov! 3 4 5.00v/ 39.60% 10.00%7 Stop £ Z B.B1V
- .
| MW
i Acquisition
H i High Res
[ = fussmigy e Ay ) —— b ey 20.0MSals
1 T
. N 17 o Jl 77777 77774: 77777 17 T I [ £ Ehﬂl’ll’lElS B
£ o =t ' OC 500: 1
¥ ¥ b= =t -. L)
| DC 10.0:1
! DC 500:1
I DC 10.0:1
y N el | ' Frgl;!llz?-suraments
| :
I 84 .7kHz
4 " . | , Freq(2):
= d g ¥ i ¥ r i 84 .7kHz
I
I
T
I
I
I

Clear Measurements Menu

Clear Meas 1 Clear Meas 2 ear Meas ear Meas 4 Clear
Freq(4] Freq(2] None> None> AL
(b)
DS0-X 30144, MYS4310968: Fri Mar 29 15:48:43 2024
! BO0OV/ 2 10.0A/ 3 500V 4 2004/ 9. 8002 10.00%/ Stop £ ooy
[Delay = 9.800000000ms ] w
Acquisition
) /‘—' High Res
1 500kSals
Channels
DC 500:1
DC 100:1
> DC 500:1
2 DC 100:1
Measurements
AC RMS - Cye(1):
225.9¥
. AC RMS - Cyc(2):
e — 4.103A
DC RMS - FS(4):
4y 15.74A
) DC RMS - FS(3):
48 .9V
Measurement Menu
+2 Source o Type: Add Settings Clear Meas Statistics
3 DC RAMS - FS . Measurement - - -
(©)
99.5
99 —e— Proposed
098.5 —&— Manual
_ 98
=
:_;: 97.5
Ca
g 97
£ %5
=
96
95.5
95
94.5
0 500 1000 1500 2000 2500 3000 3500
PD‘.I‘(W)
(d)

Figure 8(a) Hardware setup of EV charger (b) Switching pulse signals Vg1 (Q1, Q1) Vg2 (Q2, Q3) (c)
Input AC and Output DC waveforms (d) Efficiency comparison of C2LC converter for manual and
Al-optimized design parameters (Cont.)



945
International Journal of Technology 16(3) 933-948 (2025)

The battery charging was achieved by Constant Current control to ensure better performance
from the battery. Simulations for both manual calculation values and optimized values validated
the AAIA-based optimal C2LC converter design. The efficiency was calculated for different output
power values for both manual and optimized design values. Following the process of this study,
the models were compared in Figure 8(d). The efficiency at the peak power with 0.98 power factor
and THD of 2.3% was 96%. The constant voltage was maintained for the variation in the load and
mains. The overall efficiency depended on DC-link voltage, which affected the stresses on the
semiconductor switches. As the magnetic element losses were constant, the switch conduction and
switching losses depended on DC-link voltage. The losses could be significantly reduced by
replacing Si switches with SiC switches, respectively. ACMO018P120QNN SiC MOSFET switches
were used to minimize conduction loss to a great level. As the power level increased, the efficiency
improved, and the low power substantially decreased the efficiency.

5. Conclusion

In conclusion, this study proposed the hybrid TLBO+PSO optimized C2LC converter design for
achieving high efficiency for EV charging applications. The study focused on total power loss
minimization and hybrid electromagnetic analysis to design the optimal HFT parameters. During
the process, an EV charger was designed and implemented with these optimal design values. Due
to this implementation, accuracy was increased, and the computational burden was significantly
reduced. There was a considerable improvement in the converter performance due to this optimal
design procedure. The hybrid electromagnetic analysis, design of airgap, as well as distance
between the primary and secondary winding, majorly reduced the transformer loss. This EV
charger using a C2LC converter dramatically influenced the efficiency of the charger performance
with high power density. During the process, the experimental results validated the performance
of this study.
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