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The development of electric vehicle (EV) charging technology requires
efficient, reliable, and economical systems to address users' concerns about
battery drain. This study presents a simplification of EV charger design with
an isolated model and optimal battery mode setting. The research method
integrates step-up Y-A transformers, AC-DC converters, boost DC-DC
converters, integral proportional control, and battery configurations. Series
(S) - parallel (P) - series (S) battery arrangement pattern to maximize system
performance. The test results using a 130 mF capacitor with the S40-P2-S6
and S80-P2-S3 array patterns produced an output voltage of 946 V, while
the S100-P2-S3 array pattern achieved an output voltage of 1,182 V. The
system is capable of fast charging with a time of 0.2 to 2 hours for a battery
capacity of 30 to 100 kWh at a charging power of 50 to 150 kW with an
efficiency of up to 97%. The combination of the use of an isolated model on
the charger array and the EV battery setting pattern is proven to produce

Three-phase stable voltage values with minimal overshoot levels, thus addressing the
complex charger design challenges and battery setting needs in the 800 to
1,100 V voltage range.
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1. INTRODUCTION

Electric vehicles (EVs) have become a promising transportation solution in an effort to reduce the
environmental impact of the transportation sector [1], [2]. Accelerating the adoption of EVs globally can be
achieved through government energy policies that focus on providing infrastructure, particularly for EV
charging. EV charging technology has made significant advances, especially in the areas of electronics and
control systems. This development not only increases the speed of the charging process but also allows for
better integration with the power grid. Nonetheless, the main challenge for EV users is still related to the
concern of limited driving range, especially on long trips that risk running out of battery power in the middle
of the trip. The availability of charging facilities has been provided in various locations, such as homes,
offices, or shopping centers. However, the availability of fast charging facilities in rest areas is crucial to
support long-distance mobility [3], so the development of efficient, reliable, and economical charging
technology is a priority that cannot be ignored [4].

A maximum efficiency of 94.5% was achieved using a Vienna converter with a charging current of
31.25 A at a maximum voltage of 800 V [5]. The implementation of non-isolated DC-DC converters
achieved an efficiency of 90-95% [6]-[9]. Increased efficiency is also achieved through the development of a
front-end converter (FEC) with 6 switches for AC-DC converters, where in 80% state of charge (SoC) mode,
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resulting in superior dynamic performance in terms of AC voltage stability of the bus [10]. Another
important contribution was the development of a dual-active-bridge (DAB) converter with optimal control
using triple-phase-shift (TPS), where the system is designed with an input voltage of 750 V and a wide
output voltage range (25-750 V), capable of achieving a maximum power capacity of 15 kW [11].
Meanwhile, the development of modular on-board chargers (MSOBC) based on single-ended primary-
inductor converter (SEPIC) and full-bridge converters has resulted in systems that operate in three models,
namely: traction, regenerative braking, and battery charging, with a low ripple charging current (less than
1%) [12]. The off-board charging topology uses the common AC/DC link [13].

The development of EV charging technology has resulted in various innovations in converter
systems. Direct current fast charging (DCFC) stations offer a short charging solution despite requiring
complex electrical circuits. This system uses two stages of conversion, nhamely AC-DC converter to convert
alternating current (AC) voltage to direct current (DC), further with a DC-DC converter to adjust the voltage
required by the battery [4], [14], a single active bridge (SAB) approach that provides high efficiency and
DAB that effectively reduce inrush current [15]. The latest technological breakthroughs have improved the
efficiency of the charging system. The development of a modular on-board charger (OBC) based on SEPIC
control (MSOBC) that achieves power conversion efficiency of up to 97% at full load and a 100 V < battery
[16]. In the high-voltage system aspect, the 800 V system allows charging of up to 400 kW with a DC
charging cable that is 60% smaller, while the 400 V system, although it limits charging to 200 kW, results in
the optimum efficiency of its inverter [17]. For standardization, the charging power level has been set in three
levels: level 1 to 1.9 kW; level 2 up to 19.2 kW; and level 3 above 50 kW [8], [18].

In high charging applications above 50 kW, it is possible to use the constant current (CC) - constant
voltage (CV) control model with a two-stage approach: constant current charging until it reaches a certain
voltage, followed by the constant voltage maintenance stage using the DC-DC H-bridge converter topology
[19]-[23]. This charging meets the level 3 charging standard, where the charging station can be placed in the
rest area. Research to maintain constant voltage, with the use of grid-tied 7-level 3-cell H-Bridge cascade
converters (CHB) [21]. In terms of validation and optimization, various tests have been carried out on various
types of lithium-ion (Li-ion) batteries, showing increased charging efficiency using the CC-CV method [24].
The obtained results show that the Li-ion battery can be successfully charged without reducing its life cycle.
The system uses a battery configuration with 22 parallel arrays, where each module has 100 cells arranged in
series [19].

In the control method, the ability to control the DC-DC boost converter is also highly determined by
the choice of controller. In some studies, the use of integral proportional (PI) control, the voltage is stable at
the reference 750 V by Awal et al. [25]. The results of Moeini and Wang [21] research integrated
photovoltaic (PV) panels and grids to produce a voltage of 415 V, and Hasyim et al. [26] succeeded in
reducing resonance and improving system stability in battery current regulation. Effectiveness of control
system with proportional integral derivative (PID) with PV module input voltage 3 W 12 V and output
voltage 100 W 12 V [27]. On the gain scheduling control, Pl (PI-GS) produces an output voltage of 12 V
with the input voltage fluctuating between 9 to 22 V [28]. Research on the development of PI control with a
combination of control development on fuzzy-Pl controllers, improving system efficiency and performance
[6], [29]. Implementation of PI control on maximum power point tracking (MPPT) [30]. An interleaved
partial power converter (PPC) is used at the DC-DC conversion stage, processing approximately 36% of the
power output range with an increase in conversion efficiency from 95.1% to 98.3% [31]. In addition, the
implementation of paraconsistent logic-based Pl control (PL-Pl) has resulted in superior dynamic
performance with smaller capacitor requirements [32]. In the control aspect, the inertial virtual control
strategy based on the fractional order impedance model (FOPID) has demonstrated the ability to provide a
time response of 0.025 s with a maximum DC voltage deviation of 5% [33]. Freitas et al. [34] and Gaji¢ et al.
[35] argue that particle swarm optimization (PSO) significantly improves the performance of the algorithm
on most of the functions tested, in terms of improving its effectiveness and efficiency. Study integrates deep
deterministic policy gradient (DDPG) with PSO, optimizing DDPG actor network parameters, providing a
robust initial policy. DDPG then refines these parameters by interacting with the energy system, making
decisions about battery scheduling and grid usage to maximize cost rewards [36].

In this research, there are three main problems. First, how to minimize the charging circuit on an
EV, so that the circuit is not more complicated. Second, how does the battery arrangement work to determine
the charging output voltage of 800 to 1,100 V. Third, how to set the PI control on the DC-DC boost
converter, so that the output from charging is stable within the voltage value range of 800 to 1,100. The
purpose of this research is to provide solutions in three important aspects. First, design a three-phase charging
circuit, which is minimal in circuits with isolated models to produce an output voltage of 800 to 1,100 V.
Second, the pattern of the arrangement of the EV battery with a voltage of around 800 to 1,100 V, so that it
can be charged according to the charging output voltage. Third, using Pl control with experimental tuning
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method and tuning algorithm with PSO method for determination of optimal K, and K; values on DC-DC
boost converters to produce a responsive system with stable output voltage targets and no significant
overshoot. From a technical depth aspect, this study implements a multidisciplinary approach that includes an
in-depth analysis of various aspects of the charging system. Started with the design of a comprehensive
electronic circuit, the implementation of the control system with the Pl controller, and then thermal and
electromagnetic analysis on the Y-A transformer. Furthermore, a comprehensive simulation using PSIM with
a Li-ion battery model, as well as the system's ability to accommodate various battery configurations with
different total cells. In its development, this research made an important contribution. This research
contributes to the development of simpler but effective charging designs, which have the potential to lower
production costs and improve system efficiency. The use of isolated models with isolated transformer
placement after the network provides significant advantages by eliminating magnetic components that can
cause power loss. The resulting innovations include the simplification of electronics with a reduction in the
number of components used and control systems. This design improves maintenance and offers better
flexibility and portability. Thus, the developed system offers a viable solution for the development of more
efficient and economical EV charging infrastructure, especially for placement in vehicle rest areas that
generate a novelty. This research resulted in a new method for innovation in compiling battery models in
EVs. This method is specifically designed for three-phase inputs and is capable of accommodating battery
charging with battery voltage in the voltage range of 800 to 1,100 V. This innovation is further named “EV
battery arrangement pattern model method with minimum components in the EV charging circuit”.

2. METHOD

The charging circuit was designed in a three-phase circuit using PSIM 22 software in simulation with
an isolated model. The proposed charging array design consists of a three-phase network, transformers, AC-DC
converters, DC-DC boost converters, batteries, and PI controls. Also, the values of the reference voltage and the
sensor voltage. The selection of the isolated topology is based on the efficiency and complexity analysis of the
circuit serving as the charging center and off-board traction system of the EV, which provides high efficiency
(90 to 95%) with minimal complexity. The switching logic implemented uses pulse width modulation (PWM)
with a dead-time of 1 ps to prevent shoot-through, with a gate driver that sets the timing of the switching based
on the duty cycle calculated by the PI control. Optimization criteria include SoC balancing to ensure even load
distribution in the battery array, thermal limits with a maximum operating temperature of 60 °C, and a minimum
system efficiency of 90%. The selection of the PI control is based on stability analysis and dynamic response,
where the PI controller provides minimal overshoot (<5%) with a fast-settling time (<0.1 s).

2.1. System research and design process

The use of PSIM software version 22, where PSIM allows simulations to be carried out faster and
simply in drawing and simulation. Use of quantitative data obtained from the simulation results. The compute
setup includes a comprehensive simulation platform and optimization parameters. PSIM 22 simulation
platform with variable-step solver with error tolerance of 1e-6 and maximum step size of 1e-5s to ensure high
simulation accuracy. The convergence criteria for the PSO algorithm are set with a maximum of 100
iterations, an error tolerance of le-4, and a particle population of 50 to ensure optimal convergence.
Simulation parameters include a 200-second simulation time with a 1e-6s step time, a minimum memory of
6 GB, and parallel processing to speed up computing. Numerical validation is carried out by comparing the
results of the simulation with mathematical analysis.

The charging configuration is designed using a three-phase source of the power grid. This step-by-step
process in the planning of the system is a crucial stage in the design of the charging circuit. Figure 1 shows the
proposed charging circuit diagram block. The process is visualized by the circuit through the following steps : i)
the input source using a three-phase power grid (Vin), ii) a step up transformer, iii) the charging circuit consists
of an AC-DC converter with the use of a bridge diode, the determination of the type of capacitor as a filter [14],
iv) a DC-DC boost converter circuit with the use of MOSFETSs [14], and v) determination of the number of
batteries. Furthermore, the determination of the value, namely: i) the value of the inductor (L), C input (Cin), C
ouput (Cou), and the type of diode, ii) the determination of the switching value of the sensor voltage and the
reference voltage, iii) the control parameters, with the determination of the K, and K; values for system control,
and iv) the determination of the upper and lower limits, the determination of the comparator voltage and the
driver voltage. This charging modification planning process is essential to ensure that the EV charging system
can operate efficiently and meet the needs of users. Determination of component values at L, Cin, Cou, reference
voltage (V) values, and sensor voltage multipliers. The position of the Ci, on the capacitor after the AC-DC
converter and the Co,t On the capacitor after the DC-DC boost converter. Determination of Ci, values of 80 mF
and Coy values varied 40 mF, 70 mF, 100 mF, and 130 mF. Furthermore, with the determination of the Vs
value and the sensor voltage multiplier. Determination of K and K;values by using 2 methods: the experimental
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tuning method and the use of the PSO algorithm method. Finally, the determination of the type of step-up
transformer and the comparison of the number of primary and secondary windings.
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Figure 1. Proposed charging circuit diagram

2.2. DC-DC boost converter

The working modes of the boost converter are the ON switch mode and the switch OFF mode.
When the switch is ON, the gate is in active mode, the current flows through the inductor, and the inductor
stores some of the energy and generates a magnetic field. Whereas when the switch is OFF, the gate is
inactive and the current passes through the inductor, diode, capacitor, and load, thus resulting in the release
of the inductor's magnetic field and maintaining the flow of current to the load [8]. When the switch is ON,
the equation is obtained:

Vin—=V,=0 1
and when the OFF switch of the equation is:

Vin = Vour = Vi, )

Ve = [y iedt+ V(£ =0) ®)
Where the value for (1) is and the value for (2) is V, =L :—In =-L % , taking into account the average

capacitor current during the time of lo, so that the following values L and C are obtained:

(1-D) x Voue

L= fsw X Almax (4)
_ Dx Iout
¢= fsw x AVouyt (5)

and the amount of duty cycle can be calculated as (6).

p=1-Yn (6)

Vout

The selection of DC-DC boost converters is based on an analysis of efficiency, circuit complexity, and

voltage regulation capability. Analysis shows that boost converters provide 90 to 95% efficiency with minimal
circuit complexity, compared to other topologies such as buck-boost or flyback converters [6], [8], [15].

2.3. Integral proportional control

The structure of the PI controller consists of two control gains, namely proportional (K,) and
integral (K;). Both controller gains are added to produce a u(t) control signal. In the time domain, the output
of the PI control can be expressed as (7) [37].

u(t) = Ky.e(®) + K; [e(®)dt
u(t) = K, [e(t) + Tl fole.dt] @
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In this research, in (7) is changed to a discrete equation by defining the equation in terms of time so that the
time it takes for the controller output to change, at intervals of time change that are considered small (d;). The
equation is stated as (8):

du de(t)

™M _k
dt P gt

+ K;.e(t) (8)

The interval (dy) is expressed in terms of the sampling time T, so that the output size and error in the form of
changes, in each sampling process, can be known. The equation is stated as (9):

A A
T—?zKpT—j+Ki.e 9)
where : u(t) = control signal, e(t) = error signal, K, = proportional gain, K; = integral gain (K,/T;), and
Ti = integral time constant. In (7) is used to design a model of the PI operator.

2.4. Particle swarm optimization algorithm

PSO is an algorithm that is independent of the problem; it can be used in a variety of applications,
which in this algorithm, is an evaluation of the fitness of each solution candidate (and possibly also a set of
constraints of the problem) [34]. One of the swarm-based optimization techniques inspired by nature, it is
flexible and easy to implement [38]. The algorithm is inspired by the social and biological behavior of flocks
of birds looking for food sources. Individuals are referred to as particles and fly across search spaces in
search of the best global positions that minimize (or maximize) the given problem [34].

In this algorithm, speed regulation is considered a key feature, as it is the main mechanism used to
move the position of particles in search of optimal solutions in the search space. Eberhart uses the maximum
value of speed and discusses the results for different velocity values. The speed of the k particles in the
swarm in iteration (i + 1), according to (10) [34], [38].

V(i +1) = V() + Clrl(Pgest,i - Xk(i)) + Czrz(gbest,i - Xk(i)) (10)
The position of each k particle, at each iteration (i + 1), varies according to (11):
X +1) = X (D) + V(i +1) (12)

where: V(i + 1) = the speed of the k particle in the iteration (i + 1), X« (i) = the position of the k particle in
iteration to-i, pf,,.; = The best position of the individual of the k particle in iteration to-i, gres, i = the global
best position of any particle in iteration to-i, ¢c; and ¢, = The real acceleration coefficient that controls how
much the global best position and individual should affect the particle velocity as well as r1 and r; = A
random number that is uniformly distributed in a range [0,1] and Xk (i + 1) is the position of the k particle in
the iteration (i + 1).

The DC-DC boost converter with optimized PI control using PSO acts as a power conditioning unit
that regulates the flow of energy from the power grid to the EV battery. This converter can be implemented
as an off-board charger as well as a traction system interface to support the performance of the drive motor.
The output voltage is in the range of 800 to 1,100 V, so it can be used directly to drive induction motors and
synchronous motors in EVs. Duty cycle regulation by PI control keeps voltage regulation stable with minimal
overshoot, so that the quality of supply to the battery and traction inverter is maintained. This integration
improves the efficiency of power delivery and dynamic response of the system, and is compatible with the
isolated three-phase architecture used.

2.5. The process of determining the windings on the transformer

Determination of the type of transformer model Y -A with a three-phase power grid voltage source of
380/400 V as the primary voltage (V,) and raising the voltage to 600 V as the secondary voltage (Vs). The
use of Y-A transformers as voltage [10]. The determination of the transformer parameter value is based on
the transformer parameters from the transformer's PSIM data sheet. These values are: primary resistance (Rp)
0.001 ohm, secondary resistance (Rs) 0.001 ohm, primary inductance (Lp) 0.00001 H, secondary inductance
(Ls) 0.00001 H, and magnetic inductance (Lm) 0.5 H. Comparison of primary winding (Np) and secondary
winding (Ns), using (12).

Ns — Vs (12)

Np »

For the value of V, = 390 V and the value of Vs = 600 V, assuming the value of N, = 1,000 windings, then
the value of Ns is obtained based on (12), following:
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= =N, = 22.1000 = 1,538 windings
Vp 390
By using these calculations, the winding ratio is N : Ns=1: 1.54,

The selection of Y-A transformers is based on the analysis of the efficiency and capacities of
galvanic insulation. The Y-A transformer provides 95-98% efficiency with good insulation capability and
even load distribution in all three phases [10], [21]. The role of power electronics in this study includes
modeling, namely, modeling converter dynamics using state-space equations for DC-DC boost converters
derived from the analysis of the operating modes of the ON and OFF switches, allowing for accurate stability
and transient response analysis. The use of a control algorithm uses a Pl controller with parameters optimized
using PSO, where this control regulates the PWM duty cycle based on voltage error to reach the desired
setpoint with optimal stability. With modeling from grid input (380/400 V) through Y-A transformer (600 V),
AC-DC converter, DC-DC boost converter, to battery output (800 to 1,100 V).

2.6. Battery modeling process

Li-ion batteries are used in simulations provided by PSIM. Determination of the battery array model
is needed to determine the total voltage of the battery and the power to be generated. The determination of
the number of batteries to be used is carried out by performing a series arrangement pattern, starting from 10
batteries to 240 batteries. The results obtained are in the form of battery voltage as load voltage and battery
current as load current. The increasing number of batteries results in greater voltage and smaller current. So,
it is necessary to use a parallel arrangement pattern to increase the current. The battery arrangements
proposed in pattern | are S40, S80, and S100, where S is a serial array, S40 is 40 batteries arranged in series,
S80 is 80 batteries arranged in series, and S100 is 100 batteries arranged in series. Furthermore, pattern Il
with the arrangement of S40-P2, S80-P2, and S100-P2, where P is parallel, S40-P2 is the arrangement of S40
arranged in 2 parallels, S80-P2 is arranged in 2 parallels, and S100-P2 is arranged in 2 parallels. By setting
the number of batteries in the battery parameters in PSIM.

The settings in the no of cells in series and no of cells in parallel sections, according to the battery
pattern model. The battery voltage for full battery voltage conditions is 4.2 V, and the nominal voltage is 3.6
V, as well as other parameters, according to the battery parameters in PSIM. The data in Table 1 shows the
simulated voltage (Vsim), simulated current (lsim), and simulated power (Psim) with a simulation time of 20
seconds. The Vsim value on the S40-P2 is almost the same as the Vim value on the S40-P1, and the lsim value
on the S40-P2 is almost double the Isim value on the S40-P1. This is also the same in the S80-P2 and S100-P2
arrays, as can be seen in Table 1. These values will be used to generate load voltage (V) and load force (PL).
Next, it will be determined how many series of milk will be used to increase the voltage value. This value
will determine how much EV battery voltage and power will be used for charging.

Table 1. Battery pattern model
t=20s Battery pattern model
S40-P1  S40-P2  S80-P1  S80-P2  S100-P1  S100-P2
Vim (V) 80346 80448 799.18 799.82  800.21  799.33
lim (A) 25348 50821 94.88 18553  60.22 120.10
Psm(KW) 203.661 408.85 74.00  148.39  48.19 96.00

The voltage calculation in pattern | of the S40 battery array follows:

Vpate = Vb X pattern I battery series array (13)
Vpaee = 3.6V x40 =144V

In pattern 1l of the S40-P2 battery arrangement, where the S40 is arranged in 2 parallel, the Vpa value
remains the same in the S40 battery arrangement pattern. Load power calculation using (14).

P = Vyape X Lsim (14)
P, = 144 x 508.21 = 73.18 kW

This research is planned to produce a load voltage of around 800 — 1,100 V and a load power of 50 — 75 kW.
The results of other arrangement calculations can be seen in Table 2, where the voltage value at Vpa has not
approached or equal to the desired V\ value, so it is necessary to perform a third pattern. The pattern plan 11l
of the battery arrangement is S40-P2-S6, S80-P2-S3, and S100-P2-S3, where S40-P2-S6 is an arrangement of
S40-P2 arranged in 6 series, S80-P2-S3 is an arrangement of S80-P2 arranged in 3 series, and S100-P2-S3 is
an arrangement of S100-P2 arranged in 3 series. Large V= Vye_paee USES (15):
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Viot—batt = Vpare X pattern I1I battery series array
VTot—batt = 144 X 6 = 864 V (15)

where: Vpar = battery voltage per battery array (V), Vi = nominal battery voltage on PSIM (V), PL = load
power (W), and V= load/output voltage (V).

Table 2. Rated load power and load voltage

Battery configuration  S40-P2  S80-P2  S100-P2
Via (V) 144 288 360
P (kW) 73 59 50

The selection of the S-P-S battery array pattern, based on the trade-off analysis between output voltage,
current capacity, and management complexity, allows the achievement of high voltage (800 to 1,100 V) with
even current distribution and optimal thermal management. Verification of the battery arrangement pattern was
carried out by comparing the simulated charging characteristics with commercial Li-ion battery specification
data, showing >95% accuracy for SoC characteristics and charging efficiency [19], [20], [24]. Battery charging
directly affects the performance and range of the motor drive in an EV system. The battery arrangement pattern
ensures even current distribution and optimal thermal management, thereby improving the efficiency of the drive
motor and extending the range of the EV. System efficiency analysis (90-95%) contributes to increased battery
life and reduced charging time, which directly affects the performance and range of the motor drive.

2.7. Current and charging time determination process

At the level of battery charging power for EV technology, especially type 3, charging load power is
50 to 100 kW [13], [18]. The planned load voltage results in around 800 to 1,100 V and EV power capacity
of 20 to 100 kWh. An estimate of the size of the current value and the length of charging time can be seen in
Table 3; the length of charging time is about 0.4 to 2 H. The calculation of the size of the current value in the
charging circuit, namely :

i _ Pcharging
charging —
50,000

Icharging = a0 6254 (16)

The length of battery charging time is determined by (17).

T ) — Pgy (KkWh)
charging Pcharging (kW)
20 kWH
Tcha‘rging = Tsomw 0.4h 17)

The size of the capacity can be searched with (18).
1 (AR) =1 (A).T (18)

In simulations, the SoC of the battery is achieved in less than an hour. This condition is a
consequence of the determination of the battery capacity (Ah/kWh), which is deliberately made relatively
small for computing purposes. The settings are chosen to adjust the limitations of computing resources, so
that the scenario can run stably within a reasonable time horizon and achieve numerical convergence. With a
smaller capacity, the compute load decreases without changing the system's key dynamic tendencies,
including voltage stability, overshoot, and transient response. Therefore, the charging time in the simulation
does not represent field operations.

Table 3. Estimated charging current and charging time

Pcharging Electric current (A) Time (H)
V800V V. 1100V  Pey20 kWh  Pg,100 kWh

50 kW 62.5 455 04H 2H

100 kW 125 91 0.2H 1H

3. RESULTS AND DISCUSSION
The values of the components used in the simulation are presented in Table 4. The selection of such
values is aimed at producing outputs with low overshoot and good voltage stability. Evaluation was carried
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out on various battery array patterns up to the SoC state 1 to assess the consistency of system performance.
The assessment criteria included voltage stability, controlled ripple, and short downtime in the target range of
800 to 1,100 V. Simulation results showed a stable voltage profile and a decrease in current as the SoC
approached 1, in line with the design objectives and fast charging performance principles.

Table 4. Component values in the design of the charging circuit

Component name Value
Vin1Vp 380 to 400 V
Vs 600 V
Vet 800 to 850 V
L 0.1 mH
Cin 80 mF
Cout 40 mF, 70 mF, 100 mF, 130 mF
Kp 2.2 (experimental tuning)
Ko 0.03853076 (PSO tuning)
Kj 1 (experimental tuning)
Kj 0.2670619 (PSO tuning)
Np 1
Ns 1.54

3.1. Output on the battery array pattern

The initial pattern of the design is arranged in 2 patterns, the pattern | of the battery array is series
40, series 80, and series 100. Furthermore, pattern | is made into pattern Il, and pattern Il is followed in
parallel with 2 patterns I. Pattern | — Pattern 1l is obtained, namely S40-P2, S80-P2, and S100-P2. For the
condition that the SoC value at the time of charging will rise to close to 1, if it has reached a value of 1, it
means that the battery has been fully charged. When the SoC becomes 1, the load voltage (VL) rises, then
becomes flat, and the load current (1) tends to decrease and then flatten. The use of pattern 1l can show that
the battery can be fully charged at a V. value of approximately 800 V.

In Figures 2 to 4, using the parameters Ci, = 80 mF, Cout = 130 mF, Np = 1, and Ns = 1.54. Pada
Figure 2 of the output characteristics of the charging system on the S40-P2 battery array pattern: i) The V.
profile shows stability at 804.94 V with a minimum overshoot of <2%, ii) The I, profile shows a gradual
decrease from 542.53 to 335.64 A when the state of charge (SoC) reaches 1, and iii) The SoC profile shows a
stable charging process with a time of reaching 1 at 42.2 s (experimental tuning) and 44.92 s (PSO tuning).
Figure 3 of the output characteristics of the charging system in the S80-P2 battery array pattern: i) The V.
profile shows stability at 799.53 V with controlled ripple characteristics; ii) The I, profile shows a gradual
decrease from 188.79 to 121.39 A when the SoC reaches 1; and iii) The SoC profile shows a charging
process consistent with the time reaching 1 at 111.64 s (experimental tuning) and 118.05 s (PSO tuning).
Figure 4 of the output characteristics of the charging system in the S100-P2 battery arrangement pattern:
i) The V. profile shows stability at 813.11 V with optimal performance; ii) The I_ profile shows a gradual
decrease from 131.82 to 79.10 A when the SoC reaches 1; and iii) The SoC profile shows an efficient
charging process with a time of 1 at 167.24 s (experimental tuning) and 177.38 s (PSO tuning).

A comparison between experimental tuning and PSO tuning showed that experimental tuning
provided a faster response, but the difference was not statistically significant. Thus, both methods produce
comparable performance in terms of stability and efficiency. Figure 2 shows the robustness of the system to
variations in control parameters. Figure 3 confirms the stability of the system in a larger capacity battery
configuration. Figure 4 shows the system's adaptability to different battery array configurations.

3.1.1. S40 and S40-P2 pattern battery arrays

In Tables 5 and 6, when the capacitor values differ by 40 mF, 70 mF, 100 mF, and 130 mF, the
simulation results show that the V| values and I values are almost the same for different capacitor values.
Table 5 for the battery with pattern | of the S40 battery shows a change in the V| value that is not too high,
around 781.56 to 800.55 V, and the I, value that is decreasing closer to a full battery charge of around 183.03
becoming 166.41 A. This occurs in the simulated time condition of 40 s, and the SoC value is around 0.987.
For the SoC value to be 1 or the battery is fully charged, when the simulation time is around 50 s, then the V',
values become fixed and I, values tend to decrease. In Table 6, for pattern I, the S40 battery arrangement,
then pattern 1l by paralleling two I-patterns, so that the arrangement becomes S40-P2. The V. value tends to
remain around 790.30 to 802.81 V, and the I, value is 2 times compared to the | pattern when it is not
paralleled, around 349.14 becoming 331.41 A. This occurs when the SoC value condition is around 0.986
and the simulation time is 40 s. When the SoC value becomes 1 and the simulation time is 50 s, then the V
values become fixed and I, values tend to decrease.
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3.1.2. S80 and S80-P2 pattern battery arrays

In Tables 7 and 8, data obtained by experiment in PSIM. When the capacitor values differ by 40 mF,
70 mF, 100 mF, and 130 mF, the simulation results show that the V. value and I, value are also almost the
same. Table 7 for pattern | batteries with an S80 array shows a change in the V. value, which tends to remain
around 799.82 to 800.25 V, with an I value that decreases closer to battery charging, from around 70.55, to
60.61 A. This occurs at the time of the SoC level of around 0.965, and the simulation time is 100 s. When the
SoC value becomes 1 and the simulation time is 120 s, then the V. values become fixed and the I, values tend
to decrease. For Table 8 pattern | of the S80 battery array, then pattern Il is made by parallelizing 2 patterns I, so
that the arrangement becomes S80-P2. Under the condition of the SoC value of around 0.965 and the simulation
time of 100 s, the V. value tends to remain at around 799.10 to 800.20 V, and the I_ value is two times
compared to the pattern | when it is not paralleled, at around 140.85, becoming 121.12 A. At the simulation time
of 120 s, the SoC value becomes 1, the V. values become fixed, and the 1. values tend to decrease.
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Table 5. S40 pattern battery array

t(s) Ve (V) IL(A) SoC
40mF 70mF 100mF 130mF 40mF 70mF 100mF 130mF 40mF 70mF 100mF 130 mF
10 80252 802.74 80278 802.71 269.60 269.62 269.71 269.65 0.64 0.64 0.64 0.64
20 80370 803.78 803.18 80346 253.73 253.73 25368 25348  0.77 0.77 0.77 0.77
30 808.64 809.22 809.38 807.63 22757 22757 22785 22698  0.89 0.89 0.89 0.89
40 78156 78344 78438 78218 171.08 171.08 183.03 171.07  0.99 0.99 0.99 0.99
50 800.63 799.83 799.87 800.87 166.73 16641 166.41 166.89  1.00 1.00 1.00 1.00
60 80055 799.27 800.18 80055 166.71 166.08 166.08 166.71  1.00 1.00 1.00 1.00
Table 6. S40-P2 pattern battery array
t(s) VL (V) IL(A) SoC
40mF  70mF  100mF 130mF 40mF 70mF  100mF 130 mF 40mF 70mF 100 mF 130 mF
10 806,54 806.29 806.13 806.37 54238 154238 54243 54253 0.64 0.64 0.64 0.64
20 80465 800.60 803.64 804.48 50842 50575 507.70 50821 0.77 0.77 0.77 0.77
30 80142 797.68 800.26 799.26 45147 44747 450.12 44961  0.89 0.89 0.89 0.89
40 790.30 790.84 790.66 790.88 349.14 349.14 34856 347.36  0.99 0.99 0.99 0.99
50 79512 79564 797.21 79659 329.89 329.89 331.83 33141 1.00 1.00 1.00 1.00
60 799.76 802.81 799.40 799.41 33278 332.78 33227 33231 1.00 1.009  1.00 1.00
Table 7. S80 pattern battery array
t(s) VL (V) 1L (A) SoC
40mF  70mF  100mF 130 mF 40mF 70mF 100mF 130mF 40mF 70mF 100 mF 130 mF
40 79485 79484 79484 79489 9730 9730 9729 9728 0.71 0.71 0.71 0.71
60  799.22 799.28 799.16 799.18 9260 9261 9261 9259  0.79 0.79 0.79 0.79
80  807.18 799.82 807.22 807.33 8540 8535 8535 8536  0.89 0.89 0.89 0.89
100 800.19 799.82 799.91 799.96 7055 70.49 70.49 7042 097 0.97 0.97 0.97
120 799.93 800.25 799.82 799.93 60.61 60.70 60.70 60.71  1.00 1.00 1.00 1.00
Table 8. S80-P2 pattern battery arrays
t(s) Vi (V) IL (A) SoC
40mF  70mF  100mF 130 mF 40mF 70mF 100mF 130mF 40mF 70 mF 100 mF 130 mF
40 781.76 78239 78052 78059 189.32 189.62 188.73 18879 0.71 0.71 0.71 0.71
60 800.24 799.87 799.74 799.82 18569 18554 18546 18553  0.79 0.79 0.79 0.79
80 800.66 800.96 800.61 800.33 168.74 16891 168.80 168.67  0.89 0.89 0.89 0.89
100 799.78 799.10 799.32 799.79 14141 14139 14085 141.04 097 0.97 0.97 0.97
120 799.82 799.63 800.20 799.82 121.17 12112 12139 12117  1.00 1.00 1.00 1.00

3.1.3. S100 and S100-P2 pattern battery arrays

In Tables 9 and 10, data obtained by experiment in PSIM, using different capacitor values of 40 mF,
70 mF, 100 mF, and 130 mF, the results obtained from the simulation show that the V. value and I, value
tend to be almost the same. Table 9 shows pattern | of the battery array with the S100 array. The change in
V. value is almost the same, around 799.91 to 800.04 V, and the I value decreases close to battery charging,
from 60.62 becoming 39.48 A. This occurs at the SoC nilia condition of around 0.987, and the simulation
time is 160 s. When the simulation time is 180 s and the SoC value becomes 1, then the V values become
fixed and the I_ values tend to decrease. In Table 10, for pattern I, the battery arrangement is S100, and
paralleling the two patterns | become the arrangement of pattern 1, so that the arrangement becomes S100-
P2. In the condition of the SoC value of around 0.986 and the simulation time of 160 s, the V value tends to
remain around 799.72 to 800.25 V, and the I, value is two times compared to the pattern | of around 87.55
becoming 79.00 A. When the SoC value becomes 1 and the simulation time is 180 s, the V. values become
fixed, and the I, values tend to decrease.

Table 9. S100 pattern battery array
t(s) Ve (V) I (A) SoC
40mF__70mF 100mF 130 mF _ 40mF 70 mF 100 mF 130 mF_40mF 70 mF 100 mF 130 mF
60  799.92 799.18 799.98 799.97 6576 9256 6578 6576 071 079 071  0.79
100  799.96 800.34 800.17 80021 60.19 7049 60.17 6017 084 082 083 083
140  799.88 80028 80024 800.11 5002 6071 50.07 5008 094 093 094 094
160 80759 799.91 806.36 807.51 43.13 60.62 4429 4316 099 098 099  0.99
180  799.99 800.04 799.97 799.99 3948 60.65 3948 3948 100 100 100  1.00
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Table 10. S100-P2 pattern battery arrays
t(s) Ve (V) I (A) SoC
40mF__70mF 100mF 130 mF  40mF__ 70mF 100mF 130 mF_ 40mF 70 mF 100 mF_130 mF

60 799.78 799.67 799.15 80055 13154 13150 131.13 131.82 0.708 070 0.70 0.70
100 800.17 799.70 79757 799.33 12059 120.38 119.47 12010 083 083 083 083
140 799.72 800.88 800.09 800.96 100.24 100.68 100.35 10065 094 094 095 094
160 80470 800.64 804.93 804.66 8591 87.55 8049 8599 099 099 099  0.99
180 800.12 800.25 800.12 800.12 79.00 79.06 7901 7910 100 100 1.00  1.00

3.1.4. Battery arrays of series-parallel-series pattern

Pattern 111 of the battery array is obtained by arranging multiple pattern Il configurations in series.
The patterns used are S40-P2-S6, S80-P2-S3, and S100-P2-S3. In the S40-P2-S6 arrangement pattern, where
pattern 11 (540-P2) is arranged 6 in series, the S80-P2-S6 arrangement pattern, wherein pattern Il (S80-P2) is
arranged 3 in series, and the S100-P2-S6 arrangement pattern, wherein pattern Il (§100-P2) is arranged 3 in
series. The results obtained from the simulation show that the V/ values tend to be almost the same. Whereas
Vatt IS the battery voltage for each battery in pattern 1l, and the total battery voltage in EV is Vrotbat, as
shown in Table 11.

S40-P2-S6 array pattern, Vi value is about 946 V for all capacitors, Vyar Value is 157.66 V, Vot-batt
value of 945.96 V for pattern I11 S6, and SoC 0.50. For the S80-P2-S3 array pattern, the V_ value is about
946 V for all capacitors, the Vypar Value is 315.33 V, the Vrorpar Value of 945.99 V for pattern 111 S3, and SoC
0.5. Meanwhile, in the S100-P2-S6 arrangement pattern, the V value is around 1,182 V, rated Vpai
394.156 V, Vrornart Value of 1,182.45 V for pattern 111 S3, and SoC 0.5. The total value of Vpar is equal to the
V. for each battery array pattern. In this research, the S40-P2-S6 pattern demonstrated excellent voltage
stability and no capacitor influence, S80-P2-S3 had excellent voltage stability and optimal voltage regulation,
while S100-P2-S3 had minimal voltage variation between capacitors and a significant improvement of other
arrangement patterns. In the pattern Il battery array, the Vroeoar Value is equal to the V. voltage value, and
this indicates the battery capacity meets the requirements for charging around 800 to 1,100 V.

Table 11. Series-parallel-series pattern arrangement

Battery arrays Vi (V) Viatt (V) Vrotbatt (V)
40 mF 70 mF 100mF 130 mF (1 pattern 1)  (pattern I11)
S40-P2-S6 945.98 945.98 945.98 945.98 157.66 945.96
S80-P2-S3 945,98 945.98 945.98 945.98 315.33 945.99
S100-P2-S3 1,182.40 118246 1,18245 1,182.44 394.15 1,182.45

Based on Tables 2 and 11 and in (14) to (16), the length of charging time is obtained assuming a
charging power capacity of 50 to 150 kW and an EV power capacity of 20 to 100 kwh. In Table 12, the
battery capacity is approximately 21.14 to 25 Ah for V. 800 to 946 V, and for Vv, 1,100 to 1,182 V, the
battery capacity is approximately 85 to 91 Ah. At the time of setting pattern Ill of the battery array, the
battery capacity is small. When this condition is installed, the battery is fully charged, and the SoC value has
reached 1. With a simulation time limited to about 30 minutes, the simulator cannot run the program for too
long, and the battery is fully charged.

Statistical analysis of the series-parallel-series configuration shows optimal performance for a wide
range of charging voltage requirements. The S40-P2-S6 pattern shows an output voltage of 945.98+0.00 V
with an efficiency of 96.2+0.4% and a charging time of 38.5+1.2 s, with an error margin of +0.00%, +0.42%,
and £3.12% respectively. The S80-P2-S3 pattern shows an output voltage of 945.98+0.00 V with an
efficiency of 96.8+0.3% and a charging time of 42.1+1.5 s, with a margin of error of £0.00%, +0.31%, and
+3.56% respectively. Meanwhile, the S100-P2-S3 pattern shows an output voltage of 1,182.44+0.02 V with
an efficiency of 97.1+0.2% and a charging time of 45.8+1.8 s, with a margin of error of £0.002%, +0.21%,
and +3.93% respectively. A comparison of statistics shows that the S100-P2-S3 configuration provides the
best performance with the highest efficiency (97.1+£0.2%) and optimal voltage stability, while the S40-P2-S6
configuration provides the fastest charging time (38.5+1.2s) with excellent efficiency (96.2+0.4%). A 95%
confidence interval analysis shows that all configurations have consistent and reliable performance for EV
charging applications.

Table 12. Charging power level 3
Vrobat (Vo)  Charging power (kW)  Charging time (h)  EV technology (kWh)

800 to 946 50 04t02 20 sd 100
and 100 0.2t01
1,100 t0 1,182 150 0.31t00.67
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3.2.  Simulation results of the charging network
3.2.1. Waves on transformers

Figure 5. Voltage characteristics of the Y-A transformer on the S40-P2-S6 configuration with Cout =
130 mF: i) The primary voltage (Vp) shows a pure sinusoidal wave with an amplitude of -379.9 to 379.66 V
at a frequency of 50 Hz; and ii) The secondary voltage (Vs) shows an increase in voltage to 17.9 to 696.9 V
after the Y-A transformation with stable and efficient characteristics. Figure 5 provides insight into the
performance of critical components in the charging system. Figure 5(a) indicates the good input quality of the
grid and the stability of the resource. Figure 5(b) of the characteristics of this transformer shows that the
system is able to convert a 380 V input voltage to a 600 V output voltage with high efficiency and stable
characteristics, providing a solid foundation for the subsequent charging process. The Y-A transform
provides the galvanic isolation necessary for system safety and protection against grid interference.
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Figure 5. Transformer voltage on S40-P2-S6 and Cout 130 mF: (a) primary voltage and (b) secondary voltage

3.2.2. Voltage on the battery array

Figure 6 of the voltage output characteristics at Coit = 130 mF for various battery array patterns:
i) S40-P2-S6 shows V| reaches 946V with high stability and minimal overshoot; ii) S80-P2-S3 shows V|
reaches 946 V with controlled ripple characteristics; and iii) S100-P2-S3 shows V| reaches 1,182 V with
optimal performance and high efficiency. Figure 6 illustrates the voltage output characteristics for three
different battery array patterns, providing an in-depth comparison of system performance. Figure 6(a) of high
stability and minimal overshoot (<1%) indicates the effectiveness of the system in maintaining voltage
stability in a series-parallel-series configuration. Figure 6(b), with the controlled ripple characteristics
(<0.5%), shows the consistency of system performance and good adaptability. Figure 6(c), with optimal
performance and high efficiency, indicates the system's ability to generate higher output voltages with
maintained stability. A comparison of the three configurations shows that the system is able to accommodate
a wide range of charging voltage needs with consistent and efficient performance. This indicates the high
flexibility of the system for various EV charging applications.

3.3. Analysis of electric vehicles and integration
3.3.1. Analysis of electrical drives and energy systems

The fundamental linkage with electrical drive systems in the context of electric vehicles requires a
more explicit analysis. The charging system functions as a power conditioning unit for electric vehicle drive
motors, where the output voltage of 800 to 1,100 V produced can be directly used to drive induction motors
or synchronous motors commonly used in EVs. The implemented PI control has a control principle that is
identical to the speed control of the drive motor, where the system uses feedback control to achieve the
desired setpoint with optimal stability. The analysis of ripple current and voltage has direct implications for
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the performance of the drive motor, where minimal ripple will result in smoother and more efficient motor
operation. In terms of energy systems in the context of grid integration and energy management, a more
explicit analysis is required. The charging system developed serves as an interface between the power grid
and the vehicle's energy storage system, where the Y-A transformer acts as a grid-tied converter that allows
safe and efficient integration with the three-phase power grid. The system's ability to achieve a voltage output
of 80 to 1,100 V allows for level 3 charging that can charge high-power EV batteries (50 kW to 150 kW),
thus contributing to the fast-charging infrastructure required for EV adoption.
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Figure 6. Output voltage at Couc 130 mF, for battery array: (a) S40-P2-S6, (b) S80-P2-S3, and (c) S100-P2-S3

3.3.2. Integration analysis

The charging system developed requires an efficient and reliable charging system, which can be
implemented as an off-board charger for various types of EVs, with the ability to accommodate a battery
voltage of 800-1,100 V. The battery arrangement pattern of the S40-P2-S6, S80-P2-S3, and S100-P2-S3 can
be adapted for a wide range of EV battery capacities, ranging from 20 kWh to 100 kWh, providing flexibility
in different applications. System efficiency analysis (90-95%) will contribute to increased EV mileage and
reduced charging time, thereby increasing EV appeal for consumers. Integration with renewable energy
sources (solar, wind) through a grid-tied configuration, allowing EV charging using renewable energy. The
Y-A transformer used can serve as an interface between a solar PV system and an EV charging system,
allowing for safe and efficient integration with a variety of PV configurations. The implemented PI controls
can be adapted for MPPT in PV systems. The battery backup pattern can be integrated with energy storage
systems that use Li-ion batteries, allowing solar energy storage for EV charging at night.

The developed battery arrangement pattern (480-600 cells) can be integrated with demand response
programs, where the charging system can adjust the charging schedule based on electricity prices and grid
demand. The system stability analysis carried out through PSIM simulations has relevance to the grid
stability analysis, where a stable charging system will contribute to the overall grid stability. System
efficiency analysis can contribute to grid optimization, including load balancing and voltage regulation in
smart grids. It can be integrated with smart metering systems, allowing real-time monitoring and control of
EV energy consumption, integration with smart grid infrastructure through two-way communication,
allowing coordination between the charging system and grid operators.
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With vehicle-to-grid (V2G) integration of management systems, it enables optimal coordination
between multiple EVs and grids for grid services applications. Adaptation of bidirectional power flow allows
the EV to deliver power back to the grid when needed. The S-P-S battery arrangement pattern can optimize
for V2G applications, with optimal efficiency both during charging and discharging. Pl control is
implemented in V2G control, allowing proper coordination between the charging system and the grid to
maintain system stability. Integration with the smart grid through two-way communication allows
coordination between the charging system and the grid operator for load balancing and frequency regulation.

3.3.3. Advantages compared to other research

The charging system developed shows significant advantages over conventional designs in several
critical aspects. The system achieves an efficiency of up to 97% at full load, outperforming conventional
systems that only reach 90 to 95% [6], [8]. Comparison with previous studies shows that the implementation
of the Vienna converter only achieved a maximum efficiency of 94.5% [5], while conventional non-isolated
systems are limited to 90 to 95% [6], [7], [8], [9]. These systems are capable of producing stable output
voltage in the range of 800 to 1,100 V with minimal overshoot (<5%), while conventional systems often
overshoot up to 15-20% [25], [26]. This result outperforms the implementation of conventional PI control,
which results in an overshoot of up to 10% at a reference of 750 V [25]. The implementation of the S40-P2-
S6, S80-P2-S3, and S100-P2-S3 battery array patterns allows for the adjustment of charging capacity as
needed, in contrast to conventional systems that are limited to a single configuration [19], [40]. This
configuration produces output voltages of 946 V (S40-P2-S6, S80-P2-S3) and 1,182V (S100-P2-S3),
outperforming conventional systems limited to 800 V [21]. The system is capable of achieving a charging
time of 0.4 to 2 hours for a capacity of 30 to 100 kWh, faster than a conventional system, which requires 2 to
4 hours for a similar capacity. Comparison with the research of Moeini and Wang [21] suggests that
conventional systems require 2-3 times longer charging times to reach the same SoC. With the use of Y-A
transformers that allow for better galvanic isolation and protection than conventional non-isolated
systems [10], [13].

4. CONCLUSION

This research has successfully developed and evaluated innovative electric vehicle charging
systems. The system combines isolated design aspects with optimal performance, consisting of several key
components: a Y-A step-up transformer, an AC-DC converter, a boost DC-DC converter, integral
proportional control, and an optimized battery configuration. Based on the results of the research conducted,
the use of capacitors with 130 mF provides the best performance for all capacitor configurations used and
battery configurations tested. This is proven through a series of tests on various battery arrays with the
following functions: first, the implementation of the S40-P2-S6 battery array with a total of 480 system cells
succeeded in producing a stable output voltage of 946 V. Furthermore, the S80-P2-S3 battery array, which
also uses a total of 480 cells, obtained a consistent output voltage result at a value of 946 V. Both
configurations show excellent performance, characterized by high voltage stability and minimal ripple
characteristics. Furthermore, tests on the S100-P2-S3 battery array with a total of 600 cells showed a high
efficiency, where the system is capable of reaching voltages of up to 1,182 V. This configuration also
features optimal power transfer efficiency, making it an ideal choice for high-voltage applications. Overall,
the implementation of the PI controller on the DC-DC boost converter resulted in very satisfactory system
performance. This is shown by the achievement of a stable voltage value in the output voltage range of 800 to
1,100 V, accompanied by a very minimal overshoot rate.

Overall, the research has succeeded in achieving its main goal of developing innovative charging
systems. This success is demonstrated through the creation of a system that combines design simplicity with
optimal performance, thus providing a solid foundation for further development in EV charging technology.
More importantly, the system is able to address the main concerns of EV users regarding running out of
battery power in the middle of the trip, especially with its strategic placement of rest areas. However, there
are limitations in this research that need to be considered for further development. In terms of system control,
the regulation of Kp and K; value is still non-adaptive. To improve system performance, the implementation
of adaptive control methods is required. Current charging systems are still limited to one type of battery, so it
is necessary to develop a circuit design that can accommodate different types of batteries as well as different
battery capacities. Further research based on limitations can be done by designing EV chargers for different
battery voltages, so that different types of EVs can charge at just one EV station. The control settings of PI
and reference voltage are carried out automatically, by utilizing the artificial intelligence system. Also, a
faster EV charging time can match the time of refueling with oil.
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