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Abstract - The increasing adoption of electric vehicles has led to an increased demand for high-efficiency, flexible bidirectional
power conversion systems capable of providing two-way energy flow. This work presents an independent MATLAB/Simulink
implementation and performance analysis of a high-efficiency bidirectional DC-DC converter for electric vehicle applications.
The study investigates the converter’s characteristics, including voltage conversion capability, semiconductor utilization factor,
voltage stress on the switches, switching behavior, and efficiency under bidirectional operating conditions. A conventional PI-
based closed-loop control is employed to ensure stable converter operation in both buck and boost modes. The performance of
the converter is analysed through MATLAB/Simulink simulations in buck and boost modes to evaluate its response during vehicle
charging and discharging operations. A 400 W system with a conversion range of 48 V to 200 V is modelled and simulated to
examine its performance under key operating parameters such as power transfer capability, switching behaviour and efficiency.
The results validate stable operation under varying operating conditions while achieving peak efficiency of 97.3% in buck mode
and 96.9% in boost mode. The obtained results independently validate the performance characteristics of the investigated
topology and provide insight into its suitability for use in electric vehicle and energy storage applications, where efficient energy

exchange and reliable operation are essential.
Keywords - Modelling and simulation, Non-isolated topology, Voltage stress optimization, High voltage gain.

power electronic interface is responsible for bidirectional
energy transfer between the EV battery and the high voltage
DC bus or the grid, and has to be efficient, safe, and cost-
effective. Since EV batteries typically operate at relatively low
voltages, a high voltage gain, high efficiency converter is

1. Introduction

With the world's energy grid shifting toward cleaner and
greener sources, the electrification of transportation has
become a key pillar of global decarbonization efforts [1].
Vehicle to Grid (V2G) technology plays a key role by

connecting Electric Vehicles (EVs) to the power network and
transforming them from energy consumers to dynamic
resources that support the grid [1, 2]. V2G allows EV batteries
to act as distributed energy storage, charging when there is low
demand or excess renewable generation and discharging there
is peak demand [3]. This allows for improved grid stability
through faster frequency response and spinning reserve, while
also providing long-term benefits such as peak shaving and
valley filling, which consequently enhance overall energy
system efficiency and reliability [1, 4, 5].

One of the key enabling technologies of V2G and its
counterpart (as illustrated in Figure 1), Grid to Vehicle (G2V)
operation, is the bidirectional DC-DC converter [6]. This

required to step up the battery voltage to the higher voltage
levels required by charging infrastructure or the grid. The
adjustable turns ratio of coupled-inductors makes coupled-
inductor-based topologies particularly attractive because they
can provide considerable high voltage gain [7, 8]. Yet they are
usually limited by problems like leakage inductance, voltage
overshoot on switches, and Electromagnetic Interference
(EMI), especially without employing special snubber circuits
[9-13].

Owing to their high voltage gain capability, coupled-
inductor-based converters are the preferred option for
industrial applications where safety and low Electromagnetic
Interference (EMI) are significant concerns [14]. However,
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many existing bidirectional converter topologies satisfy only
one or two practical requirements simultaneously. Some
topologies provide a high voltage gain but require a large
number of components and suffer from high capacitor voltage
stress, whereas others have a simple structure but are confined
to narrow voltage conversion ranges. For example, some
conventional converters provide a step-down gains up to 0.5
and a step-up gains starting from 2 [15-19] whereas others
provide narrower gain ranges, such as 0-1/3 and 3-0 [8, 20-
22] or 0-1/4 and 4-co [23]. These limited gain profiles reduce
the flexibility and versatility of such converters for use with
different EV voltage levels.
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Fig. 1 Outline of EV chargmg setup

Additionally, some topologies create significant voltage
stress across the switches, thereby increasing system cost and
reducing reliability [24]. Quadratic-gain converters provide
high gain, but they use more components and suffer from high
capacitor stress [10, 12, 24]. Most of the existing designs lack
a common problem of a shared ground, which leads to dv/dt
issues, finally results in degrades overall system performance.

To address these challenges, the present study evaluates
the performance of a high-gain converter architecture reported
in [22] specifically designed for Electric Vehicle (EV)
application with grid-to-vehicle integration capability.
Additionally, the reported converter reduces the voltage stress
across the switches and offers a wide high voltage gain range,
with a simple and compact topology. Furthermore, the
maximum switch voltage stress is limited to four times the
high-voltage-side voltage; these features make the converter
highly suitable for the dynamic and efficient EV grid
interfacing in real situations.

In summary, the adopted converter topology offers
several desirable characteristics for EV power conversion,
including a wide and continuous voltage conversion range,
common ground, reduced switch voltage stress and high
semiconductor utilization. Motivated by these features, the
present work presents an independent MATLAB/Simulink
implementation of reported converter for a 400-W,48 V/200
V voltage configuration. The converter is analyzed under
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Continuous Conduction Mode (CCM) using a conventional
Pl-based closed-loop controller. The study investigates the
converter's steady state and dynamic performance in both
buck and boost operating modes, with emphasis on voltage
conversion capability, switching behavior, power transfer
characteristics and conversion efficiency.

This paper is organized as follows: Section 2 is about the
literature review of relevant bidirectional DC-DC converters
and identifies the research gap. Section 3 presents the circuit
diagram, its operating principles and corresponding governing
equations. Section 4 describes the converter modeling and
simulation using MATLAB/Simulink. Section 5 presents an
in-depth comparison with state-of-the-art converter
topologies. Finally, Section 6 concludes the research with
future directions.

Research Gap and Novelty: Although several
bidirectional DC-DC converter topologies have been
investigated for EV applications, previous studies have mainly
focused on converter development, analytical investigations
and advanced control techniques. However, further evaluation
of reported converter topologies under diverse operating
conditions and system specifications remains necessary for
implementation and suitability for EV charging applications.
Accordingly, the present work addresses this need through an
independent MATLAB/Simulink implementation and
detailed performance evaluation of a reported high-gain
bidirectional converter topology under different operating
conditions and system specifications.

In particular, there remains a need to investigate the
behavior of established converter topologies at different
power ratings and voltage levels using widely adopted
simulation-based approaches to facilitate system-level
analysis, performance verification, and future controller
development.

To address this gap, the present work adopts the high-gain
bidirectional DC/DC converter topology and presents its
independent MATL AB/Simulink implementation for a 400-W
EV charging application with a 48 V/200 V operating
configuration. While [22] investigated both CCM and DCM
operation using a dead-beat controller, the present study
focuses on CCM operation and employs a conventional PI-
based closed-loop controller. The PI controller was selected
due to its simple structure, ease of implementation and
widespread use on practical power electronic applications.
Although deadbeat control can provide faster transient
response, it generally needs accurate modeling and higher
computational complexity. Therefore, the adopted control
strategy provides a balance between implementation
simplicity and dynamic performance for the considered EV
application. The extension of the analysis to DCM operation
is identified as a potential direction for future work.
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The work further provides a comprehensive performance
assessment of the converter in both buck and boost modes,
including voltage conversion characteristics, switching
behavior, power transfer capability and conversion efficiency
under the selected operating conditions.

These investigations provide an independent validation of
the converter performance and enable an evaluation
comparative understanding of the adopted converter topology
under different operating specifications. The obtained results
provide useful information to establish a simulation
framework for future studies involving advanced control
strategies and practical hardware implementation of
bidirectional EV charging systems.

2. Literature Review

A wide variety of bidirectional DC-DC converter
topologies have been reported in the literature for electric-
vehicle and energy-storage applications. Broadly, these can be
classified into isolated and non-isolated structures. Isolated
topologies, such as the Dual Active Bridge (DAB) and CLLC
resonant converters, provide galvanic isolation together with
bidirectional power flow and are widely preferred for high-
power on-board chargers; their capability to achieve soft
switching contributes to high efficiency over a broad operating
range. However, the use of high frequency transformers and a
relatively large number of switches, which increases size, cost,
and control complexity making these topologies less attractive
for compact and medium power applications.

Non-isolated topologies are attractive for compact and
cost-sensitive applications. Conventional cascaded and
interleaved buck/boost converters provide a simple structure,
but provide a limited voltage conversion ratio. Coupled
inductor-based converters can achieve a high voltage gain
through an adjustable turn’s ratio, but they are affected by
leakage-inductance effects, voltage overshoot across the
switches, and electromagnetic interference unless additional
snubber circuits are employed.

To overcome this limitation, several enhanced non-
isolated topologies have been developed. Coupled-inductor
converter offers improved voltage-gain capability through
magnetic coupling.

However, their performance is influenced by leakage
inductance, which can cause voltage overshoots across the
semiconductor devices and increase electromagnetic
interference; consequently converter needs auxiliary clamp or
snubber circuits to reduce these effects. Switched-capacitor
and switched-quasi-Z-source converters have been developed
to extend the gain range, however many reported
configurations operate effectively over a limited voltage gain
regulation only, which reduces their suitability for
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applications requiring continuous wide range voltage
regulation [22]. Quadratic-gain converters offer a very high
gain capability but at the expense of an increased component
count and high capacitor stress, while several reported
topologies lack a common ground, leading to dv/dt problems
that degrade overall performance.

A consolidated comparison of these representative
topologies, including their voltage-gain expressions, gain
ranges, power levels, switching frequencies, and reported
efficiencies, is presented in Table 2, and a comparison of their
circuit complexity and application suitability is given in Table
3. The literature survey indicates that existing bidirectional
converter topologies offer distinct advantages on intended
application while trade-offs among a wide continuous voltage
range, low semiconductor stress, high efficiency and circuit
complexity. In view of these observations, present work
focuses on independent validation and detailed evaluation of
reported converter to examines its performance.

3. Circuit diagram of the converter and related
operational analysis
3.1. Overview of the Converter Design

Figure 2 illustrates the bidirectional DC/DC Converter
topology adopted in study. The converter serves as an efficient
power conversion interface between the electric vehicle’s
battery (Low voltage side, denoted as Vv ) and a high voltage
side DC link or storage unit (high voltage side denoted as
Vhuv) [22]. Consequently, the converter supports both Grid-to-
Vehicle (G2V) charging and Vehicle-to-Grid (V2G)
discharging. The main components of the converter circuit are
mentioned as follows:

5 switches: Sy, Suz»> Sq1, Saz, and Sg3
4 capacitors: Cy, C,, C5, and C,
2 inductors: L; and L,

These switches work together to control the direction and
amount of power transfer. Their body diodes also conduct
current during the switching time (Ts). In a practical setup, the
converter is connected to the AC grid through a full bridge
inverter of single-phase. This allows power to flow in both
directions, enabling V2G/G2V integration.

Such bidirectional operation allows battery charging as
well as the return of stored battery energy to the grid during
peak demand. Consequently, overall grid flexibility is
improved while energy utilization is managed more
effectively. Depending on the operating mode, different
switch groups are employed for synchronous rectification.
During the step-up operation, this function is carried out by
switches. S,; and S,,, , whereas during step-down operation,
switches S;1, S42, and Sy3 perform same function.
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Fig. 2 Presented bidirectional DC-DC converter connected to grid through Inverter

3.2. Step-Up (Boost) Mode Operation

Under boost mode operation, power flows from the EV
battery (V) to the high-voltage side (V). Two operating
cases are defined under Continuous Conduction Mode
(CCM):

Case1:0<t<T,,
As depicted in Figure 3, switches S,; and S,,, are in the

+ ! 1
l K
| {

conducting state, whereas switches Sy1, Sg2, and Sz stay
inactive.

During this period:

The inductor L; charged by the EV battery.

Capacitors C; and C, discharge their stored energy into
the inductor L.

Fig. 3 Current flow direction in step-up/boost mode when Switches Su; and Su, in ON state for equivalent circuit

The voltages are represented by following equations:

ai
VU1 =L1%= Viy (H

Ci

f»—fm

“ et

L2

vy =L, i Va + Ve 2

Case2: Ty, <t < T

Fig. 4 Corresponding current flow direction in the step-down/buck mode when Switches Sul and Su2 are in OFF state. body diodes of switches Sd;, Sd,
and Sd; conducts

As depicted in Figure 4, switches S,; and S,,, are in the
non-conducting state, whereas the body diodes of switches
Sa1»> Saz, and S5 remain in the conducting state.

Here:
e  The inductor L, transfers its stored energy to capacitor C,.

e The inductor L, transfers energy to the high-voltage
terminal Vyy .
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The governing equations are given in (3) and (4).

di

V= Ve + Vi =~V + V= L1f 3)
di

Vi = +ve; — Vgy = +vey + Vgy = Ly d_Ltz 4

From (3) & (4), it can be seen that v, = v¢1. Applying

volt-second balance, the following equations are obtained:
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Vo)D + (Vy = Ve )(A=D) =0 (5) Ty AL )

Vir Mpoost = (1-D)2
(Ver +Ve)D + (Vv + Ve )1 =D) =0 (6) 3.3. Step-Down (Buck) Mode Operation
In step-down mode, power is transferred from the high-

voltage side (V) to the EV battery (V). This operation also
consists of two cases under CCM:

Solving (5) and (6) gives the following equation:

v
Ver =Ve = (1_;;) @)

Case A:0<t<T,,

Thus, the voltage boost ratio for step-up mode for
continuous conduction operation is given in Equation (8).

Y Vet

™ Ci . T Vv

P ) >

Fig. 5 Current flow direction in the step-down/Buck mode when Switches Sd;, Sd; and Sd; are in ON state

As illustrated in Figure 5, switches S;;, S42, and Sy are The equations are given in (9) and (10).
in the conducting state, whereas switches S,; and S,, are
S di
remain in the OFF state. L, dil =v, = +ve — Vi = +vep — Vi 9)
Here: digy
Ly—===v,=—Vc1 +Vgy = —V2 + Vv (10)

e The inductor L, is charged by a high-voltage source Vy,
and capacitor Cj.
From Equations (9) and (10), it can be observed that

Ve2 = Ve

e  The inductor L, receives energy from a capacitor C,.

Case B: Ty, <t <T;

L2

e M

Vet
C2

T
+;— Ve

Y

Fig. 6 Corresponding current flow direction in the step-down/buck mode when Switches Sd, and Sd; are in OFF state and the body diodes of switches
Su; and Su; conduct

Similarly, as illustrated in Figure 6, switches Sg1, S4,, and During this interval:
S43 are in the non-conducting state, whereas the body diodes ) o
conduct for switches S,,; and S,. e  The stored energy of the inductor L, is shifted to the EV
battery.
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Similarly, the stored energy of the inductor L, is shifted
to the capacitors C; and C,.

The corresponding equations are given in (11) & (12):

dirq

L17 =v, =V (1D
dir
L, 2t V2 = ~Vc1 ~ Ve2 (12)

By applying volt-second balance, the following equations
can be obtained:

(V)@ =D) + (V¢y — VLV)(D) =0 (13)

(=Vez = Ve )X = D) + (Vyy — Ve (D) = 0 (14)

In this expression, parameter D represents the duty cycle.
By solving the above equations, the following expression is
obtained:

Viy

Veo =V = D

(15)
Based on Equations (14) and (15), the voltage gain of the

presented converter during buck-mode operation in

Continuous Current Mode (CCM) can be determined using

N Ton=DT;
Gate Pulse for

Equation (16).
Vv _ D2
Viy  2-D (16)

The corresponding waveforms for continuous conduction
mode are shown in Figure 7.

Mbuck =

3.4. Duty Cycle Formulation

Using the voltage gain expressions from Equations (8)
and (16), the duty cycles associated with continuous
conduction mode for step-up/boost and the step-down/buck
operations are obtained as follows:

For boost mode, the duty cycle is given in Equation (17)

as follows:
8VLVVHV+VL2V

2Vhuy

Viy+2Vyy—

(17

Dpoost =

For buck mode, the duty cycle is given in Equation (18)
as follows:

Vvt SVyvVLv+VfV

2Vyy

(18)

Dpycr =

, To=(1-D)T; |
-«

Switches Sd;, Sdy,
and Sd;

Gate Pulse for T
Switches S, and S,

Current through L,
Voltage across L;

/\; |

Current through L

Voltage across L,

Current through Sul}‘\

Voltage across Sy, | 1

Current through Sy 4

N

Voltage across Sy,

Current through Sd, ;.

fimieemmee===

Voltage across Sd,-l__,//’/__'—P

Current through Sda 4~

Voltage across Sd;l—\,—b

Current through Sd; 4

Voltage across Sd;l///-l—‘/

0

Ton Ts

Fig. 7 Time-based waveforms during buck (step-down) mode for continuous conduction operation

These expressions enable precise control of voltage
conversion in both operating modes, which is critical for
reliable EV charging and discharging in practical applications.
In this work, analytical duty-cycle control is employed to
verify the fundamental operational characteristics and voltage
conversion behavior of the topology. Since the primary goal
of this study is the evaluation of topology and its performance
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analysis, advanced closed-loop (or intelligent) control
strategies were not incorporated at this stage. However, future
studies could utilize additional techniques such as PI-
controlled feedback systems, model predictive control, fuzzy
logic control, and/or optimization-assisted controllers to
potentially improve dynamic response and robustness.
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Cantiler

Fig. 8 MATLAB/Simulink model of the presented bidirectional converter

4. Modeling and Analysis of the Bidirectional

Converter using MATLAB/Simulink

A systematic model of the presented bidirectional DC-DC
converter has been implemented with Simulink/ MATLAB to
test its functionality and performance. The complete setup of
the modelled converter circuit is shown in Figure 8. This
model accurately represents how this DC-DC converter will
behave when charging or discharging power in either mode,
i.e., step-up (boost) or step-down (buck) configurations. The
key parameters used in simulations are listed in Table 1 and
are based on a typical EV energy transfer scenario. In
particular, the converter interfaces between the LV battery (48
V) and HV/storage unit (200 V) for energy exchange in
electric vehicles.

Table 1. Simulation parameters for the presented converter

Parameters Values
Rated Output Power (W) 400W
Switching frequency (fy) 50kHz
LV and HV side voltages (Viv, Vav): 48V and 200V
Inductors L, and L, 0.39mH, 1.0mH
Capacitors Ci, Cy, Czand Cs: 1 Og(s)ﬁ%zlso%%uF

A discrete-time MATLAB/Simulink model was
implemented to simulate the presented topology and
employed a discrete-time solver with a fixed step-size of le-6
s to accurately simulate the switching dynamics associated
with the chosen 50 kHz switching frequency. Nominal initial
values of capacitor voltages and battery State-of-Charge
(SoC), representative of typical EV operating conditions, were
established.

4.1. Step-Up (Boost) Mode Operation

The next three figures show the converter’s operation in
boost mode. In this mode, the energy is transferred from low
voltage battery (EV side) to high voltage (Storage Unit (SU)
side) battery. In Figure 9, the low-side battery current and
SOC both decrease, indicating the battery on low voltage side
is discharging. As a result, in Figure 10, energy is transferred
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to the high voltage side battery, as indicated by the increasing
voltage and SOC values. Finally, Figure 11 provides insight
into the switching pattern of the converter. The switching
operation of the converter is analysed as follows. When switch
Su; is ON, switch S4; is OFF. and when Su; is turned OFF, the
current flows through the body diode of Sqi, confirming that
the converter is performing in boost mode.

4.2. Step-Down (Buck) Mode Operation

The converter transfers energy from the high-voltage
source (HV or SU) to the low-voltage battery (LV or EV). In
Figure 12, it is indicated that the low-voltage battery is being
charged as demonstrated by an increase in SOC and the
positive charge flow. In Figure 13, it is observed that the high
voltage source SOC has decreased, indicating that the SU is
providing energy to the converter. Figure 14 presents the
switching pattern during buck-mod configuration. When Sy; is
active, Sy remains OFF, and during the OFF duration, the
current flows through the body diode of S, confirming the
buck operation. This converter ensures a seamless transition
between charging and discharging in bidirectional operation,
making the presented converter highly suitable for practical
electric vehicle charging /discharging applications.

5. Results and Discussion

The comparative analysis of key bidirectional DC
converters with respect to the presented converter is shown in
Table 2. The comparison emphasizes the important
performance parameters against various existing converter
topologies. The performance variation between the present
implementation and the reported converters is influenced by
several factors, including converter topology, operating
conditions, power rating, voltage conversion range, control
strategy, and component selection. Therefore, a direct
comparison of performance parameters should be considered
carefully due to the differences in design specifications and
operating conditions. The results obtained in this work
demonstrate the capability of the adopted topology for
efficient bidirectional operation under the selected 400-W, 48-
V/200-V configuration and provide an independent evaluation
of its performance characteristics.
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Table 2. Comparison of main bidirectional DC-DC converters

Components
Topology | C: Cl;[s)iii tor, Voltage qain Voltage (.}ain G;;I(:lgf::ge Power Switching Maxi.mum
Expression Expression Output | Frequency Efficiency
Reference | L: Inductor, Buck (}) Boost (1) Buck-Boost W) (kHz) Buck. Boost
S: Switch, Range i
D: Diode
[10] 3C, 2L, 48 D? 1/(1-D)? 0to o 100 50 93.7%, 95.5%
[25] 3C, 1L, 4S D 1/(1-D) 0to o0 1000 50 <97%
[12] 3C, 2L, 48 D? 1/(1-D)? 0to o 160 30 95.0%, 96.5%
[26] 2C, 2L, 3S D/ (2-D) (1+D) / (1-D) 0to o 200 50 96.7%, 96.2%
[8] 6C, 3L, 8S D/3 3/(1-D) 0-1/3/3- 800 20 95.9%, 95.8%
[19] 4C, 1L, 4S D/2 2/(1-D) 0-0.5/2- 300 20 94.45%, 94.39%
[16] 4C, 1L, 4S D/2 2/(1-D) 0-0.5/2- 140 70 96.3%, 97.5%
[18] 4C, 2L, 4S D/2 2/(1-D) 0-0.5/2-0 | 3000 50 97.6%, 97.4%
[17] 6C, 2L, 5S D/(3-D) 2+D)/(1-D) |0-0.5/2- 400 20 94.41%, 94.09%
[24] 3C, 2L, 2D, 4S D? 1/(1-D)? 0to 200 15 88.7%, 83.2%
[20] 5C, 2L, 6S D?/(2+D) (3-D)/(1-D)> |0-1/3to3-00] 2000 100 97.4%, 97.2%
[22] 4C, 2L, 58 D?*/(2-D) (1+D)/(1-D)? 0to 500 50 97.2%, 96.8%
Presented 4C, 2L 58 D?*/(2-D) (1+D)/(1-D)? 0to o 400 50 97.3%, 96.9%
: <Current (A)>
-~ 20 —
;; IS’l
E 10~\
» [ ‘ <Voltage (V)>
52 T T =
,3 51.98
:g 5].%\( }
= 5194
51.9J i i
<SOC (%)>
) e — r
89.99998 B eSS S ————
§ 89.99996 . ——
= 89.99994 \ J \‘\\’\a
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Fig. 9 Voltage, current and state of charge during step up/ boost mode in Low-voltage (EV side) battery side
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Time
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Fig. 10 Voltage and SOC during step up /boost mode in High-voltage (SU) battery side
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Fig. 11 Switching waveform of switches Sq; and S,; during step up /Boost mode represents Voltage and current

5.1. Voltage Gain Characteristics

Figures 15 and 16 show a voltage gain comparison of the
converter with several existing bidirectional DC-DC
converters. These figures illustrate how the presented
converter performs in terms of voltage gain.

In buck mode (Figure 15), competing designs [20] show
the lowest voltage gain, but their usable operating range is
limited due to the restricted voltage gain relationship given by
(D¥(2+D)).

These limitations restrict their voltage conversion range to
0-1/3, making them less versatile for practical applications. In
contrast, the presented converter not only operates across a

lowest broader range but also achieves lower minimum buck
gains, providing enhanced operating flexibility.

Similarly, in boost mode (Figure 16), converter [20]
exhibits a minimum gain of 3 due to its (3-D)/(1-D)?
relationship, while in presented converter initiates gain from
unity, ensuring smoother and wider scalability.

Other converters, such as those reported in [10, 12, 22,
24] with quadratic gain characteristics, provide comparable
voltage gain capability; however, they offer limitations in
terms of operating range, power-handling and over-
performance trade-offs.

Clurr}ﬂn (A) |
10
< st 4
50
=3
O -5
S0 i ‘. |
<Voltage (V)>
43 T \ \
S of -
& a1 .
=
S 40l N
39} 4
| | |
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T T T T T
£ 200006/
20,0004
k]
£ 200002
% . \ | \ \ \
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Fig. 12 Voltage, current, and SOC during step down /buck mode in Low-voltage (EV side) battery side
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5.2. Normalized voltage stress

In addition to gain performance, practical considerations
such as voltage stress across switches and component
utilization also matter significantly in converter evaluation. As
shown in Figure 17, voltage stress across the semiconductor
switches, normalized to the high-side voltage (X' Vs;/ Vi), is
significantly lower in this design.

Although the stress data in [20] appears to offer slightly
better stress figures, but does not operate in the critical gain
range 1/3-1, making it less suitable for applications requiring
operation within this voltage conversion range.

5.3. Semiconductor Utilization factor

Figure 18 shows the semiconductor utilization curve of
other major compared converters with respect to voltage gain
in terms of the Semiconductor Utilization Factor (SUF). The
SUF is a crucial factor in converter design, as it directly
impacts overall cost of the system. A higher SUF indicates
more efficient utilization of semiconductor devices;

- e e
0 0.1 0.2

D

consequently, it can lower overall system cost by minimizing
the number of devices required or enabling the selection of
devices with lower ratings. The SUF can be expressed as: SUF
= (Po/2f Vg Iy, where k denotes total number of
semiconductor devices, Ijand Vs;is the maximum current and
voltages of devices j, respectively. A higher SUF can reduce
the voltage and current stress on semiconductor devices, leads
to reliability. The presented Converter again performs
remarkably well, providing higher utilization efficiency across
the operating range compared to references [10, 12, 20, 22,
24].

5.4. Efficiency
The efficiency calculation involves the ratio of output
power to the input power. Typically, a converter’s efficiency
increases with increasing output power due to reduced
switching and conduction losses. However, efficiency may
decrease at higher power levels, due to increased conduction
losses, passive component losses and voltage drops across
various components.
mA =B
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Fig. 16 Comparison of Voltage gain (M) for Boost Mode{Reference A-(11,13,25); B-(21); C-(23)}
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Figure 19 presents the efficiency curve with respect to
output power for the presented converter as a function of output
power under both buck and boost modes. It is observed that the
maximum efficiency of the converter is 97.3% and 96.9% in
buck and boost modes, respectively. This efficiency shows the
usability of the converter for demanding EV applications.

While the work provides an analytical and simulation-
based wvalidation of the presented converter, the results
indicate considerable potential performance for practical use
in EV charging/discharge applications. It can be concluded
that with its various features, such as wide voltage gain, lower
semiconductor stress, consistently high efficiency and high
SUF, this converter is especially useful in applications
requiring regular charging and discharging operations. The
efficiency difference compared with [22] is affected by several
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factors, including operating conditions, power rating,
implementation platform and the adopted control strategy.
The lower power rating in the present work may contribute to
reduced conduction losses due to lower current levels. In
addition, the use of a PI controller introduces different control
characteristics compared with the deadbeat controller
employed in [22], which may affect the converter’s dynamic
response, switching pattern and related power losses.
Consequently, the observed efficiency variation results from
the combined influence of the converter operating conditions
control strategy and implementation approach, and cannot be
attributed to topology alone. The comparison of circuit
complexity and application suitability of the bidirectional DC-
DC converters presented in Table 3 clearly indicates that the
adopted converter topology requires a reasonable number of
components, offers better performance and overall application



Yogendra Kumar Sharma et al. / IJEEE, 13(8), 99-113, 2026

suitability as compared to many existing isolated or non-
isolated topologies. In Table 3, the overall suitability rating of
the converter indicates that the rating reflects the adopted
topology rather than a new contribution, with its independent
validation done as reported in the present study. This leads to
more cost-effective and simpler design. The converter can

Table 3. Comparison of circuit complexity and application suitabili

maintain high efficiency, reduced stress on switching devices,
as well as the reliability through its ability to manage the bi-
directional of power flow. In addition, the topology allows for
both V2G and G2V operations and indicates high suitability
for Electric Vehicle (EV) applications due to its wide voltage
gain range.

of bidirectional DC-DC converters

Soft- . | On-Board Overall EV
Comp. Control P Galvanic . oL
Ref. Topology Used Method Switching Isolation Charging Application
ZVS/ZCS Facility Suitability
Interleaved Non isolated Interleaved Partial Medium (good for
[27] Buck-Boost 2C2LAS | by (ZCS) NP P low-voltage ESS)
28] CLLC Resonant 4C,2L,8S Variable Both P P Very High (preferred
Isolated Converter Frequency for high-power OBC)
Low/Medium/High
Non-Isolated Cascaded Cascaded .
[29] Buck-Boost Converter 2C,2L.,4S PWM No NP P (Limited) (losses,
complex control)
Phase-Shifted . . .
[30] Full-Bridge 2C.IL.8S Phi‘f\‘;ﬁ“ﬂ ZVs p P Hlfhéfé’E,“Z;i?riilg)h
Bidirectional Converter pow gmne
Switched Capacitor Fixed- Partial .
[31] Based Bidirectional 4C,1L,6S | Frequency (soft NP P ggi(rilltuﬁc%:r\i:tiniuvigg
DC-DC Converter PWM charge) ’ P
Coupled Inductor High Partial . o
[32] Step-Up Bidirectional | 2C,1L,4S PWM + Duty (ZCS NP P High (Suits wide
Converter Cycle Control turn-off) voltage range EV ESS)
Dual Active Bridge Phase-Shift High (Widely used in
[33] (DAB) 2G,IL.88 Modulation Both P P OBC design)
Isolated Converter &
Multi-Level Bidirectional Multi-Level High (Low ripple,
[34] DC-DC Converter 3C,1L,6S PWM ZVS P P Suited for high-Voltage
3-Level EV Chargin
ging
Non-Isolated High (High eff, wide
[22] |Bidirectional Buck-Boost| 2C,4L,5S I;B\le)\/slt(n]iz(cllé)/ Both NP P gain, low stress,500-
Converter W.,40/200V)
High-Efficiency Non- Both
Isolated PWM (Buck /| (reduced High (validated at
Presented Bidirectional 2CALSS | Boost mode) | switch NP P 400-W,48/200 V)
Buck-Boost Converter stress)
ESS: Energy Storage System; OBC: On-Board Charger; ZVS: Zero Voltage Switching; ZCS: Zero Current Switching;
Component Used-C: Capacitor, L: Inductor, S: Switch, P: Present, NP: Not Present

6. Conclusion

The paper presented the MATLAB/Simulink
implementation and performance evaluation of a converter
allowing energy flow in either direction depending on
requirement for EV charging applications. The converter was
evaluated for a 400-W system with a 48 V/200 V operating
configuration. Based on the analysis and performance
evaluation, the following conclusions can be drawn:

1.  The MATLAB/Simulink implementation successfully
demonstrates stable bidirectional power transfer in both
buck and boost operating modes, validating the
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applicability of the adopted converter topology under the
selected operating conditions.

2.  Results are in close agreement with the theoretical
analysis. The maximum efficiency of the converter is
97.3% in buck mode, and 96.9% in boost mode are
observed, indicating strong performance compared to a
conventional design.

3.  The performance evaluation verifies that the adopted
converter demonstrates competitive efficiency and
voltage gain capabilities while maintaining moderate
component count and reduced  normalized
semiconductor stress, factors important for the practical
application of EV energy transfer systems.
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6.1. Future Scope

1. Development of experimental prototypes involving
thermal analysis, controller implementation and
efficiency evaluation for hardware elements is currently
underway and will be documented in future works.

2. Al-driven Optimization: The effective charging schedule
can be developed by considering the analysis of user
behaviours, variation in charging demand, grid
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