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A Capacitor Coupled On-board Bi-directional
Vehicle-to-Vehicle Charging System

Mounika Reddimalla

Abstract—In recent times, Vehicle-to-Vehicle (V2V) chargers
have gained popularity to transfer the energy between two
Electric Vehicles (EVs). In this paper, a new direct V2V charger
is proposed that uses a capacitor coupling and an on-board
DC-DC converter in each EV to enable the energy transfer
between them. Importantly, this charger differentiates itself from
other V2V chargers by eliminating the requirement for motor
winding and inverter circuit from an EV. The charger operation
is verified through simulation studies (via MATLAB/Simulink®)
in three operating modes: Forward Boost, Reverse Buck and
Forward Buck-Boost mode for EV’s with battery voltage of
350 V and 450 V. The simulation studies are validated through
the OPAL-RT® Real-Time simulator. The proposed charger
achieves an efficiency of 96.57 % in the forward boost mode,
96.56 % in the reverse buck mode, and 96.26 % in the forward
buck-boost mode of operation at a rated power level of 20 kW,
while demonstrating a 25 % to 76 % reduction in component
count compared to existing topologies. Further, a laboratory
proof of concept is developed and tested with battery voltages of
12 V and 25.6 V in all modes of operation. Experimental results
under static and dynamic discharge currents are presented.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/10076

Index Terms—Battery charging, Bi-directional power transfer,
Conductive charging, Electric Vehicle, Vehicle-to-Vehicle (V2V)

I. INTRODUCTION

LECTRIC Vehicles (EVs) are being recognized as a

potential substitute for fuel-based automobiles to reduce
emissions of greenhouse gases in urban areas [1]-[5]. The
only energy source available to run the EV’s motors is the
battery bank. Conventionally, the battery in an EV is charged
from an AC/DC grid by using an off-board Grid-to-Vehicle
(G2V) charger [3]-[5]. Various G2V arrangements used in the
charging stations along with different levels of charging rates
are discussed in the literature [4]-[10]. Partial Power Process-
ing (PPP) based G2V topologies [11]-[14] are presented for
fast charging applications with enhanced conversion efficiency.
Off-board PPP based G2V chargers [11], [12] are designed
for DC micro grid to EV charging stations, whereas the G2V
chargers [13], [14] presented the on-board AC Grid to EV
chargers. Integrated on-board G2V charger is presented [6]
by utilizing on-board inverter and motor windings. In G2V
mode, charging a high concentration of EVs simultaneously
can strain the grid, hence leading to grid stability issues [5].
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In-order to address this issue, a bi-directional charger [8], [21]
is presented, which can also transfer the energy from Vehicle-
to-Grid (V2G) along with G2V operation. A V2G/G2V algo-
rithm [7] is proposed to co-ordinate and schedule charging
and discharging time among the connected EVs. Hence, it
reduces the overload on grid and optimize the total charging
energy and cost of an EV. Military-based EVs form a micro-
grid by V2G operation is presented in [17], which helps to
power up the military base and other ancillary activities. It
also emphasizes the Vehicle-to-Vehicle (V2V) power transfer
in combat and emergency situations. Recent times, many
commercial EVs are providing the V2V and Vehicle-to-Load
(V2L) power transfer features. For example, due to low battery
a stranded Hyundai Kona EV was supported by another EV
through V2V operation, which reduce the range anxiety of EV
owners. A review of commercial EVs with V2V features and
a communication framework required for their co-ordination
is extensively explained in [18].

The V2V chargers are broadly classified as: 1) In-direct
charging [15], [16], [19] and 2) Direct charging [16], [20]-
[29]. Indirect mode of charging involves interconnection of
two EVs via the utility grid and perform the V2G and G2V
operations using an in-built on-board charger. The architecture
typically involves a back-end DC-DC converter for the battery
interface and a front-end AC-DC converter for the power grid
interface. These multiple power conversion stages significantly
reduces the V2V power transfer efficiency [16], [19].

The direct power transfer method overcomes this limitation
by providing an architecture that facilitates direct V2V power
exchange, thereby eliminating the need for an intermediate
grid connection [16], [20]. The direct mode of charging
encompasses the connection of two EVs via the AC side of
each on-board battery charger and the DC side of each on-
board charger as presented in literature [16]. In this case, EVs
connected through the AC-link of the on-board charger involve
four conversion stages, resulting in a reduction in efficiency
compared to the DC side. Therefore, connecting the EVs to
the DC terminals is advantageous because the batteries require
DC power; eliminating the need for DC-AC and AC-DC power
conversion. This can be accomplished by either by utilizing the
on-board DC-DC converters of the two EVs and connecting
them back-to-back, or connecting the battery ports of the two
EVs using a separate DC-DC converter.

A concept of Plug-in Electric Vehicle Battery Charging Sys-
tem (PEVBCS) utilizing a bipolar DC power grid is discussed
in [19]. This method explains the V2V charging mode along
with the facility to charge the vehicle from the grid (G2V)
and deliver the power to the grid (V2G). For applications like
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fast and slow charging stations for EVs, an isolated three-port
DC-DC converter based Dual Active Bridge (DAB) converter
and a series resonant converter is discussed in literature [20].
This charging provides an isolation and reduction in switching
losses by using a resonant circuit. However, it requires an
external off-board circuit. Therefore, an increase in the number
of components results in a bulky structure, control complexity
and a significant reduction in efficiency.

A novel three-port Dual Active Bridge Series Resonant
(DABSR) converters are discussed in [21]-[23]. These three
ports facilitate the power flow between EVs, PVs, and the
grid, but it requires the effective control algorithms to transfer
power between EVs, grid and PVs based on the conditions.

A 75-kW direct V2V mobile charging system is discussed
in literature [25]. In this charger, the voltage and current stress
on the active and passive components and ripples in the output
current are lowered by utilizing the interleaved inductors, but
the size of the charger increases as the power rating increases
to meet the capacity requirement. The size of the charger plays
crucial role in automobiles as space is main concern.

Novel EV drive train and motor-integrated charging meth-
ods for V2V power transfer are discussed in literature [26],
[27]. Bi-directional capabilities of the charger [26] for forward
buck and reverse boost modes of operation are demonstrated.
The V2V charger [27] is tested only for the buck operation
and bypassed the on-board bi-directional buck-boost DC-DC
converter. Additionally, switching frequency is varied with
respect to the output power to achieve soft switching operation.
The neutral points of the three phase traction motor windings
of two EVs are connected to establish the interface and the
negative rails of drive train of the EV battery are directly
connected to one another to create a closed circuit. The high
frequency currents in the motor windings leads to the core
losses and thereby increases the temperature of the motor
windings. Additionally, the large inrush currents in the motor
windings will gradually degrades the insulation and thereby
reduces the lifespan of EV motor.

In [30], a direct V2V charger bypassing the EV motor is
presented. However, it requires a bi-directional converter and
inverter for its operation. This direct charging eliminates the
burden on the motor and the control of charging is relatively
simple. All of the stated above chargers have large components
count, control complexity and grid dependency. A direct V2V
energy-exchange framework is proposed [33] to reduce the
size, control complexity, power overloads in electric grid
systems and its associated infrastructure setting up costs.

The following are the distinctive features of the proposed
work

o Simple architecture.

« Utilization of fewer number of components in on-board
converter.

¢ Forward and reverse modes of buck, boost, buck-boost
operation.

o Coherent Control.
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II. OPERATING MODES OF A V2V APPROACH AND
ANALYSIS

The proposed direct V2V charging configuration is depicted
in Fig. 1, which uses on-board equipment and an external
capacitor C}, for the power transfer between the two EVs. It
uses only the on-board battery of voltage V3, inductor L; and
switch Sp; from EV-1. Similarly, on-board battery of voltage
Vo, inductor Lo and switch Spo from EV-2. The battery
currents are denoted by I;; and Is. The inductor currents of
L, and Ly are denoted by I1; and I,. Capacitor C}, voltage
is represented by the V.. The function of the switches Sy,
and Spo complement one another.

Assume the power flow direction as “forward” if it flows
from EV-1 to EV-2, and as “reverse” if it flows from EV-2 to
EV-1. Depending on the voltage levels of two EV batteries,
the proposed V2V charger mode of operation is classified as
follows:

e Case A: EV-1 acting as a sender and EV-2 acting as a
receiver and EV-1 voltage is lesser than EV-2 (V3,1 < Vjo),
then it is referred as “Forward Boost operating mode”.

e Case B: EV-1 acting as a receiver and EV-2 acting as a
sender and EV-1 voltage is lesser than EV-2 (V1 < Vje),
then it is referred as "Reverse Buck operating mode”.

e Case C: EV-1 acting as a sender and EV-2 acting as
a receiver and EV-1 voltage is equal to EV-2 (V,; =
Vb2), then it is referred as “"Forward Buck-Boost operating
mode”.

A. Forward Boost Mode of Operation:

In this mode, EV-1 functions as a sender and EV-2 functions
as a receiver and sender voltage is lesser than receiver (V31
< Vi2). During the dT period, switch Sp; turns ON and the
switch Spo turns OFF as depicted in Fig. 2(a). Where d is the
duty cycle and 75 is the switching time period. In this period,
the inductor L; gets charged from EV-1 battery and capacitor
C, discharges to transfer energy to EV-2 battery. In (1 —d)T
period, switch Sp; turns OFF and Sy turns ON. During this
period inductor L; gets discharged and the C}, gets charged,
as depicted in Fig. 2(b). The analytical waveforms for the
proposed charger during forward boost mode of operation are
shown in Fig. 3.

The following set of equations during the dT, period is
obtained by applying Kirchhoff’s voltage and current rules.

Vit =Vn
Vie = Vo — Vo

Ick = Ipo

— dT (D

Vit =Vou — Ver
Vio = Vi

Ick = I

= (1—-d)Ts 2)

The following equations are obtained using the volt-second
balance principle for inductors L1 and Ls.

VirdTs + (Viy — Ver)(1 — d)Ts = 0}

3
(Vi — Vor)dTs + (Vi) (1 — d)T, = 0 ®)
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Fig. 1. Proposed V2V charger [33].

solving above equations (3) these equations are obtained.

Vi Vi
Vox = —2 =2

1—-d d @)
Voo _ d
Vie 1—d

Based on the inductor slope relations, the current ripples
of Ly and Lo are evaluated. In each switching interval, the
inductor current changes as a function of the voltage applied
across the inductor and its inductance. Accordingly, the rising
and falling current slopes during the ON and OFF intervals are
used to derive the inductor current ripple expressions Al q,
Al as presented in equations (5), (6). similarly, the capacitor
voltage ripple AV equation (7) derived.

Vii = Vi
Vi d
A= 7o
Lo Js — dT, (5)
Vie = Vo — Vo
AL, = e Yex ZQVCK : fi
Vii =V — Vorx
AT Von—Vex 1-d
L= .
Ll fs
— (1 —d)T (6)
Vie = Vio ( )
1 _
1 /DT
0
Ickx =112
| DT S dT,  (7)
AVox = & / Iia(t)dt = IpodT
0
Iro.d
AVer =7

Assume the charger operates in steady-state continuous
conduction mode (CCM), the total rising current change over
the ON interval equals the total falling current change over

the OFF interval. Therefore, the peak—to—peak inductor current
ripples Al and Alp, can be computed using either the ON—
interval or the OFF—interval expressions. Therefore, the ripple
currents of I;y and Ipo are Alp; and Alps and capacitor
voltage Vo i ripple AV is expressed as follows.

Vind
Al = 222
ML
Via(1 —d
Al = bQIEQf ) (8)
Ipod
AVer = g8

B. Reverse Buck Mode of Operation:

In this mode, EV-2 functions as a sender and EV-1 as a
receiver and sender voltage is lesser than receiver (V31 < Vo).
The switch Spo turns ON and the switch Sp; turns OFF during
the dTs period as depicted in Fig. 4(a). During this period, the
inductor Ly gets charged from EV-2 battery and capacitor C},
discharges to transfer energy to EV-1 battery. In (1 — d)T}
period, switch Sp; turns ON and Spo turns OFF. During this
period inductor, Lo gets discharged and the C}, gets charged,
as depicted in Fig. 4(b). The analytical waveforms for the
proposed charger are shown in Fig. 5.

C. Forward Buck-Boost Mode of Operation:

In this mode, EV-1 functions as a sender and EV-2 functions
as a receiver and sender voltage is equal to the receiver (V31
= Vo). The mode of operation is similar to forward boost
operation. When the switch Sp; turns ON and the switch Spo
turns OFF, inductor L; gets charged from EV-1 battery and
capacitor Cj, discharges to transfer energy to EV-2 battery.
When the switch Sy turns ON and switch Sy turns OFF,
inductor L, gets discharged and the (' gets charged.

D. Battery Modeling:

The structure of the battery equivalent model is illustrated
in Fig. 6. In this model, V; represents the battery terminal
voltage, Voo denotes the open-circuit voltage, and V), cor-
respond to the voltage associated with polarization effect.



REDDIMALLA AND PRADABANE et al.: A CAPACITOR COUPLED ON-BOARD BI-DIRECTIONAL

Electric Vehicle-1(EV-1)

L,

Yy

| r —>——|
+1 1 S |
Vi = | b1

" |

|- <« — 2

—_—— —
d__ 1

292

Electric Vehicle-2(EV-2)

DC-DC CONV-1'|

Electric Vehicle-1(EV-1)

YYYy

——
g ?J: Spip!
Vi1 =1 [
hl-? Cut I

I_ __4_—-1-

Electric Vehicle-2(EV-2)

L
YYY
R —

- Vi

-

2
— -
! \d
192 |
| N I
o

DC-DC CONV-I[ L =———me——————

- — ] —— — =

= == 'IbC-DC CONV-2
k
4 1€
- — N _ 4
+ VCk -

(b)
Fig. 2. Forward boost operation (a) when Sp; is ON, (b) when Sp2 is ON.

The variable I, indicates the battery current (positive during
discharging and negative during charging). The parameters
Ry and R, represent the internal ohmic and polarization
resistances, whereas C), denote the polarization capacitance.
The mathematical representation of battery terminal voltage
Vi, and SOC equations (9) are given [31] as follows:

Voc =Vo + Rolp + V),

t
SOC(t) = SOC(to) — / ) 4 ®
o @
The battery state of charge (SOC') depends on the available
capacity and the direction of current flow. Here, SOC(t) and
SOC(ty) denote the SOC at times ¢ and ¢, respectively. The
parameter 7 represents the charging/discharging efficiency, and
@ is the maximum available capacity of the battery.

E. Stress Analysis on Switches:

The peak voltage across semiconductor devices during their
non-conduction mode of operation is known as the voltage
stress. In the proposed charger, the voltage stress on each

switch Sp1, Spe for all operating modes is expressed as
Vo _ Vie

follows:
= 10
1—-d d } (10)

The peak current that passes through semiconductor devices
during various conduction modes is known as the current
stress. In the proposed charger, the current stress on each
switch Sp1, Spo for all operating modes is expressed as

follows:
AT AT
2“) + <IL2 4 2”)} (1)

F. Design of Parameters:

In Forward boost mode of operation, the inductor’s value
is determined by the switching frequency (fs), allowable
peak-to-peak inductor current ripple, duty cycle, and input
supply voltage. Similarly, the capacitor selection is dependent
on the maximum permissible voltage ripple (AVeg) of the
capacitor’s operating voltage. To ensure proper design, the
inductor’s ripple current should be within 5 % to 10 % and
capacitor’s voltage ripple within 1 % to 5 % is taken into

VSbl,max = VSbQ,max = VCK =

IS,max = ([Ll +
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Fig. 3. Analytical waveforms of the proposed charger operating in forward boost mode (a)-(b) Inductor L; voltage and current, (c)-(d) Switch
Sp1 current and voltage, (e)-(f) Inductor Lo voltage and current, (g)-(h) Switch Spo current and voltage, (i)-(j) Capacitor C}, voltage and

current.

consideration. From equation (8), the following equation (12)
derived for forward boost mode of operation to calculate the
L1, Lo, C'i parameters.

 Vid
I = Alp fs
Vi (1 —d)
Ly = —"n—2 12
? Alpsfs (12)
 Ipad
CK B AVCKfs

Similar equations are obtained for reverse buck and forward
buck-boost mode operation based on sender and receiver
parameters.

ITII. V2V INTERFACE CONTROL MECHANISM
A. Control and Communication Workflow:

The Fig. 7 represents the proposed vehicle-to-vehicle (V2V)
power sharing algorithm. When two electric vehicles are
interconnected through a dedicated V2V cable (CHAdeMO or
CCS2), a secure communication handshake is first established
via the CAN bus interface. During this handshake, the vehi-
cles exchange essential battery parameters, including state of
charge (SOC), nominal voltage, rated capacity, C-rate limits,

and the required charging energy for the receiver vehicle. Both
vehicles also communicate their instantaneous SOC values
and predefined minimum SOC thresholds to ensure that the
donor vehicle never discharges below its safe operational limit.
Once these parameters are validated, the system commands the
closure of the power contactors, enabling controlled energy
sharing. The power transfer is maintained under continuous
monitoring of current, SOC, voltage deviations, and C-rate
constraints. The sharing process automatically terminates once
the receiver battery attains the requested charge level, or if
any safety-related maximum or minimum threshold is reached,
thereby ensuring reliable, safe, and intelligent V2V power
exchange.

B. Block Diagram of Control Scheme:

In the proposed charger, to transfer the power between
the vehicles, the inductor current of the sender vehicle is
taken as a reference. To obtain the required response from
the proposed charger, a control scheme is presented in Fig. 8.
Here, the inductor current measured at the sending vehicle
on-board charger is subtracted from the reference inductor
current. The error output from the differentiator is supplied
to the controller in order to get the controlled duty ratio. The
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Fig. 4. Reverse buck operation (a) when Sp2 is ON, (b) when Sp1 is ON.

comparator compares the duty ratio with the triangular signal
and generates the PWM pulses to switches Sp1, and Spo.

C. State Space Analysis:

The controller design and operation play a crucial role
in operating the charger effectively as per the requirements.
The state space averaging approach (SSA) is used to analyze
the stability and control viability of the proposed charger.
In accordance with requirements, the suggested direct V2V
charger functions in three modes. The inductors L, and Lo,
and coupled capacitor C}, have internal resistances are R,
Rpo and R.;. The battery-1 open circuit voltage, internal
resistance, polarization resistance and capacitance are Vi,
Ro1, Rp1, and Cp;. Similarly, battery-2 parameters are Vica,
Ro2, Rp2, and C are involved in all three modes of operation.
The battery parameters vary with the state of charge (SOC).
Therefore, the parameter values at different SOC levels are
obtained through the Hybrid Pulse Power Characterization
(HPPC) test [31], [32]. The state variables are five based on
the inductor current and capacitor voltage in each mode of
operation. The following equations are extracted during the
forward boost mode of operation.

The average rate of variation of the inductor currents %1,
and 7, and the capacitor voltages vcg, vp1, and vy during
dTs and (1 — d)Ty is represented in equations (13) and (14).
The equations are rearranged in terms of matrix as equations
(15) and (16).

The average rate of variation of state and output variables
over a cycle is expressed in the equation as (17). The equations
are perturbed around the operating point (z = X + 3A:,d =

A A
D +d,u = U + w). Substituting the perturbations in the state
equations and neglecting the non-linear terms and equating
steady state and linear terms, the following equation (18) is

derived .

T = Az + Bu

. 7)
y=Cx+ Bu
Here
x = State variable matrix,
y = Output matrix,
u = Input matrix,
A represents perturbations,
Upper case letter represents DC average value
Applying Laplace transformation to equation (17) and con-



295

IEEE LATIN AMERICA TRANSACTIONS, Vol. 24, No. 3, MARCH 2026

Virp
VCK -Vl)l b ‘1 \ ’[ 3
'Vl)l - ' ‘: t
j!LI, ________ : : ?
Y i, =Sl el 'I TN T AR L T L e T
ISbI ----- R I LImax L I?”" N
A : 17, t
VSbI/\ IL]nm.\:Er‘ ?ALImm \
Fo \ / \
Vi a | ?
Viz \ [ \ >
Vie-Vex T A I \ £

WL 2min N F \ \
VSbZ N E ‘9 E t
VC'I; """"""""""""" y h l
Ve ’ : o
VCI\ i- :
[CK/\ ill‘é ILZm(L\‘ ji ' t\
] - /
¢ -Ip; mas ! : t
DT, T, ;

N

(a)
(b)

(c)

(d)
(e)
(f)
(g)
(h)

(1)
)
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G, the s-plane. Here the order of the system is five, representing

the five number of poles. Therefore, the locations of the poles
and zeros are extracted from the transfer function presented in

(22)

(23)

(24)

T (22). From the location, it is observed that all the poles and
1+ + Vv, - v zeros lie on the left side of the s-plane, indicating that the
T - Voc Jf charger is a stable and minimum phase system.
P, P, = (—1.0452 £ 9.5627i) * 102
i 7y, Zy = (—0.1103 £ 1.0129¢) * 10°
Fig. 6. Battery equivalent circuit model [31]. Py = (—2.5444 + 0.0000i) * 102
Z3,Zy = (—0.0001 4 0.0000i) * 103
N P4 = (—0.0008 + 0.00007) * 10?
sidering duty as controlled input d(¢) in order to obtain the P5 = (—0.0007 + 0.00007) * 10
control to output transfer function, is expressed as equation
(19). Go(s) = 0.0013 4+ 214031
A ¢ )
@ =C(sI-A)"'B (19)
u(s) P, Py = (—1.2111 + 9.4739i) * 10
Here, substitute the state matrices and parameters listed in Z1, 2y = (-0.8255 + 9'05612:) +102
Table I, along with the duty ratio D as 0.617 at 3C rate Py = (_2'2815+0'0000?) 107
condition in equation (19). The control to inductor current Z3 = (_00010""0-00000 * 10
(1) transfer function is derived considering battery-1 SOC P4 = (—0.0011 + 0-0000’.) *10°
is 50 % and battery-2 is 20 % is presented in equation (20). Za = (—0.0007 + 0.0000) * 102
P5 = (—0.0007 4 0.00007) * 102

The stability of the charger depends on the location of poles in
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Fig. 7. Proposed charger control and communication flowchart .

To obtain the required response of the charger during
dynamic conditions, a Proportional Integral (PI) controller
is implemented. The difference between measured inductor
current i7,; and reference inductor current ¢z, is the error
value that is sent to the PI controller to generate the regulated
duty signal. The MATLAB Control System Designer tool is
used to tune the PI controller to get the required charger
performance. Hence, the proportional and integral gain values
K,=0.0013, and K;= 0.14031 are obtained. The controller
transfer function is presented in (23).

The bode plot Fig. 9 (a) is drawn for the closed-loop transfer
function considering battery-1 SOC is 50 % (B; 50%), and
battery-2 SOC level varied as 20 % (Bs_20%), 40 % (Ba_40%),
and 70 % (B2_70%).

Similarly, for the reverse buck mode of operation, the
charger control to inductor current transfer function (21) is
derived considering battery-2 SOC as 80 % and battery-1 as
10 %. All the poles and zeros are lies in the left half of s-

Electric Vehicle-1(EV-1) Electric Vehicle-2(EV-2)

DC-DC CONV-2

Triangular
signal

Fig. 8. Block diagram of proposed charger control scheme.

plane. The controller (23) is implemented to get the required
dynamic behavior of the charger at 3C. Moreover, the charger
performs satisfactorily during 1C and 2C discharging with the
implementation of a controller.

The Fig. 9 (b) is drawn for the closed-loop transfer function
considering battery-2 SOC as 80 % (B3 gov%), and battery-
1 SOC level varied as 10 % (B; 10%), 40 % (B1_a0%)
and 60 % (B go%)- The charger control loop displays ex-
tremely consistent magnitude and phase characteristics across
various battery SOC levels. The virtually overlapping bode
graphs demonstrate the controller’s excellent robustness by
confirming that the plant dynamics are only slightly affected
by variations in battery parameters. The system maintains
enough phase margin, smooth high-frequency roll-off and
proving stable and well-damped behavior under all operating
conditions.

IV. SIMULATION RESULTS

MATLAB/Simulink is used to model and simulate the
proposed V2V charger for different charging modes such as
forward boost, reverse buck, and forward buck-boost modes.
Using equation (12), the inductor Lq, Lo and capacitor C}
values for the proposed charger are computed. The battery
specifications and design parameters of the charger for simu-
lation study are provided in the TABLE I.

TABLE 1
SPECIFICATIONS FOR SIMULATION AND EMULATION
Parameter Value
Battery-1 Capacity (Ep1) 40 kWh
Battery-2 Capacity (Ep2) 100 kWh
Battery-1 Nominal Voltage (V1) 350V
Battery-2 Nominal Voltage (Vo) 450 V
Switching Frequency (fsw) 20 kHz
Filter Inductor (L1) 0.5 mH
L1 Internal Resistance (R1) 0.005 ©2
Filter Inductor (L2) 0.6 mH
Lo Internal Resistance (R2) 0.006 2
DC-link Capacitor (C},) 1000 puF
DC-DC converter-1 Capacitor (Cp1) 5.6 nF
DC-DC converter-2 Capacitor (Cp2) 5.8 nF
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Frequency (rad/s) 10. At 0.3 s, the inductor current reference I, is stepped from
@ 100 A to 200 A; during this change, the V}; voltage reduces
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£ 4 V to 489 V. Here, I, varies as multiples of the battery C-
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§-135 SR N IS IR R R 1 magnitude and duration increases its SOC is getting decreased.
ot 10wt 0 0 On the other side battery-2 current is negative, that means it is
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Fig. 9. Closed loop bode plot of the proposed charger (a) Forward
boost mode of operation, (b) Reverse buck mode of operation.

A. Forward Boost Mode of Operation:

In this configuration, EV-1 functions as a sender and EV-2
as a receiver with V}; as 350 V, and Vj5 as 450 V. In order to

getting charged and its SOC is increasing with the magnitude
of current and duration.

B. Reverse Buck Mode of Operation:

In this configuration, voltage Vj; is 350 V, and voltage V2 is
450 V. At 0.3 s, the inductor current reference I is stepped
from 100 A to 200 A; during this change, the Vi voltage
reduces from 482 V to 480 V, and V}; increases from 382 V
to 385. At 0.55 s the inductor current reference I is stepped
from 200 A to 300 A; during this change the Vj2 voltage
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Fig. 10. Simulation results of the V2V charger during forward boost
mode of operation (a) Battery-1 SOC, voltage, and current, (b)
Battery-2 SOC, voltage, and current.
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Fig. 11. Simulation results of the V2V charger during reverse buck
mode of operation (a) Battery-1 SOC, voltage, and current, (b)
Battery-2 SOC, voltage, and current.
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Fig. 12. Simulation results of the V2V charger during forward buck-
boost mode of operation (a) Battery-1 SOC, voltage, and current, (b)
Battery-2 SOC, voltage, and current.

reduces from 480 V to 378 V and V}; increases from 385 V
to 389 V. Here, 5 varies as multiples of the battery C-rating
(1C, 2C, and 3C). From the Fig. 11, it is observed that as
the battery-2 discharging current increases, its SOC is getting
decreased as duration increases. On the other side battery-1
current is negative, that means it is getting charged and its
SOC is increases with the magnitude of current and duration.

C. Forward Buck-Boost Mode of Operation:

In this configuration, batteries are considered with equal
voltage of 350 V and different SOC levels. At 0.3 s, the
inductor current reference I is stepped from 100 A to 200
A; during this change, the V3, voltage reduces from 375 V
to 371 V, and V}» increases from 380 V to 482 V. At 0.55 s
the inductor current reference Iy, is stepped from 200 A to
300 A; during this change the V3, voltage reduces from 371
V to 369 V and V)5 increases from 482 V to 485 V. Here, I}
varies as multiples of the battery C-rating (1C, 2C, and 3C).
From Fig. 12, it is observed that battery-1 is getting discharged
and, on the other side battery-2 is charged.

D. Performance Evaluation and Comparison Study:

The proposed charger’s working efficiency and its perfor-
mance are evaluated by quantifying the various losses such as
switching losses of the switches (Switches_swi), conduction
losses of the switches (Switches_cond) and conduction losses
of the passive components (Passive_cond) using thermal model
in PSIM software. For the output power of 10 kW, 15 kW, and



REDDIMALLA AND PRADABANE et al.: A CAPACITOR COUPLED ON-BOARD BI-DIRECTIONAL 300
TABLE 11
COMPARISON OF DIFFERENT V2V CHARGERS
Parameter [16] [19] [25] [26] [27] [29] [30] Proposed
Switches 4 8 16 12 12 8 2
Diodes 4 8 16 12 12 8 2
Inductors 2 2 2 6 4 2 2
Capacitors 2 4 4 2 6 4 3
Total Components 12 22 38 32 34 22 9
Use of motor winding No No No Yes Yes No No No
Switching frequency (kHz) 200 50 20 3.1 20 20 20
Power conversion steps 2 2 2 1 4 2 1
Bi-directional Power flow No Yes Yes Yes No Yes Yes Yes
Buck operation No Yes Yes Yes Yes No Yes Yes
Boost operation Yes Yes Yes Yes No No Yes Yes
Buck-boost operation Yes Yes Yes No No Yes Yes Yes
Direct/Indirect V2V Transfer = Direct Indirect Direct Direct Direct Indirect Direct Direct
Switching losses (kW) NA NA NA 4.1 NA 2.284 0.2 0.514
Conduction losses (kW) NA NA NA 34 NA 0.56 0.203 0.185
Motor winding losses (kW) No NA NA 4.45 NA NA NA NA
Output power (kW) 3 NA 75 130 1.5 19.4 194 20
Peak Efficiency (%) NA NA 96.7 91.5 99.47 85.34 97.92 96.6

20 kW, the various losses of the charger during the forward
boost mode, reverse buck mode, and forward buck-boost mode
of operation are presented in Fig. 13. The overall efficiency
curves of the charger during all mode of operations at different
power levels are depicted in Fig. 14. From the graph, it can
be noticed that proposed V2V charger exhibits a maximum
efficiencies of 97.12 %, 97.1 % and 97 % at the 10 kW output
power during forward boost, reverse buck and forward buck-
boost modes operations respectively.
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Fig. 13. Power loss vs Output power.
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Fig. 14. Efficiency vs Output power.

The proposed V2V charger performance is evaluated by
comparing with the various parameters of the existing V2V
chargers [16], [19], [25]-[27], [29], [30] like components
count, utilization of motor windings, power conversion steps,
number of switches in conduction and efficiency. The com-
parison study is presented in the TABLE II. The charger in
[26], [29], [30] and the proposed charger work at a switching
frequency of 20 kHz, and the components count, such as
switches, inductors and capacitors in the proposed charger, is
extremely low. This contributes to a compact size of charger,
which is beneficial in the automobile industry because of space
constraints. The number of power conversion steps for the
proposed charger is one, whereas chargers in [29] it is four
and in [16], [19], [26], [30] it is two. As the EV motors
are not involved in the power transfer between the vehicle,
various losses associated with the motors get eliminated in
the proposed, [16], [29] and [30] chargers. The proposed
converter, [29] and [30] are reported respective efficiencies
of 96.6 %, 85.34 % and 97.92 % at 20 kW output power. The
efficiency of proposed V2V charger is evaluated by conducting
thermal modeling in PSIM, whereas the [30] evaluated using
theoretical calculation and ignored thermal effects. Hence,
results in the slight difference in the efficiencies. From the
TABLE 11, it can be noticed that proposed converter provides
25 % to 76.3 % of total component reduction compared to the
[16] and [26].

V. EXPERIMENTAL RESULTS
A. Low Power Proof-of-Concept:

To confirm the proposed V2V charger’s desired perfor-
mance, a proof-of-concept is developed as depicted in Fig. 15.
Its specifications are listed in TABLE III. The control pulses
needed for the charger are produced by the TMS320F28379D
digital signal processor.

The proposed V2V charger experimental waveforms during
the forward boost mode of operation with the battery voltage
of Vi1 as 12 V and Vjy as 25.6 V are presented in Fig. 16.
The waveforms of both vehicles battery voltages Vi1, Vi,
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TABLE III

HARDWARE SETUP PARAMETERS
Parameter Value
Battery-1 Capacity (Ep1) 120 Wh
Battery-2 Capacity (Ejps) 307 Wh
Battery-1 Nominal Voltage (V1) 12V
Battery-2 Nominal Voltage (Vo) 256 V
Switching Frequency (fsw) 20 kHz
Filter Inductor (L1) 1 mH
Filter Inductor (L2) 1 mH
Dc-link Capacitor (C) 1000 pF
Mosfet Switch(IRFP150N) 100 V/42 A
Driver IC HCPL A3120

:E.‘(— Battery
(Vi) )

Fig. 15. Experimental setup of the proposed V2V charger.

and inductor currents Irq, Iy are shown in Fig. 16(a),
during 1C discharge current rate of EV-1 (i.e., Iy; = Ip1 =
10 A). The voltages Vsp1, Vspe, and currents Igp1, Igpe of
switches Sby, Sby, the firing pulse pulsegpi, and capacitor
voltage Vi, waveforms are shown in Fig. 16(b). The dynamic
performance of the charger analyzed at 0.25C, 0.5C, 0.75C,
and 1C discharging current rates EV-1 and corresponding
waveforms of battery-1, 2 voltages V1, Vi2, and inductor
currents Iy, and Iyo are shown in Fig. 16(d).

During the reverse buck mode of operation, the experimental
waveforms are presented in Fig. 17, with the battery voltage
of Vi1 as 12 V and Vjo as 25.6 V. The waveforms of both
vehicles battery voltages Vi1, Ve, and inductor currents [rq
and I are shown in Fig. 17(a), during 1C charge current
rate of EV-1 (i.e., I3 = Ir; = -10 A). The voltages Vg1,
Vspe, and currents Igp1, Ispo of switches Sby, Sbo, firing pulse
Pulsegsy1, and capacitor voltage Vo, waveforms are shown in
Fig. 17(b). The dynamic performance of the charger analyzed
at 0.25C, 0.5C, 0.75C, and 1C charging current rates of EV-
1 and corresponding waveforms of battery-1, 2 voltages Vj1,
V42, and inductor currents I, and Iy are shown in Fig. 17(d).

In a similar manner, the charger’s functionality in forward
buck-boost mode of operation is tested with the batteries volt-
age of 12 V (V1 = Vyo) for both vehicles. The corresponding
waveforms of battery-1, 2 voltage V31, Vj2, inductors current
I, I19, switches voltage Vsy1, Vspe, current Igpy, Lgpo, firing
pulse Pulsegy;, and capacitor voltage Vi, are shown in Fig.
18, at 0.25C, 0.5C, 0.75C, and 1C discharging current rates
of battery-1 of EV-1.

The Fig. 19 depicts the bi-directional operation of the
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Fig. 16. Experimental wave forms of the proposed V2V charger
during forward boost mode of operation (a) Vi1, V2, Ir1 and I
during 1C discharging rate (i.e., Battery-1 discharging at a current
of 10 A ), (b) Vss1, Vsv2, Ise1 and Igpe are switch voltages and
currents, (c) pulsesp1, Vor are switch firing pulse and capacitor
voltage, (d) Vi1, Vi, Ir1 and Ir2 during 0.25C, 0.5C, 0.75C, and
1C discharging current rate.

proposed charger. In Fig. 19(a), from ¢y to ¢; s, the power is
flowing from EV-2 to EV-1 with V}; as 12 V and Vs as 25.6
V, indicating that EV-2 is discharging and its current Iys is
positive, and EV-1 is charging and its current I is negative.



REDDIMALLA AND PRADABANE et al.: A CAPACITOR COUPLED ON-BOARD BI-DIRECTIONAL 302

- V37 (10V/div) V32 (20V/div)
) 11 (4A/div) 17> (2A/div)
@)
—__ Vsp(s0v/aw) _i Vss2(50V/atv)
Ispr0adivy  Ispo(104/div)

(b)

o

Pulse_gp;(20V/div)

o

Vex (50V/div)

il
Vi (10V/div) s F32(20V/div)

—

vl 1(aasdiv) 17> (4A/div)
0.25C
0.5C
0.75C
- _IC
G

Fig. 17. Experimental wave forms of the proposed V2V charger
during reverse buck mode of operation: (a) Vi1, Vio, Ir1 and Iro
during 1C charging rate (i.e., Battery-1 charging at a current of 10
A). (b) Vspi, Vs, Isp1 and Ispo are switch voltages and currents.
(c) pulsesy1, Vo, are switch firing pulse and capacitor voltage. (d)
Vi1, Vo, Ir1 and Ipo during 0.25C, 0.5C, 0.75C, and 1C charging
current rate.

Between ¢y and ¢; s, the mode of operation is the reverse buck
mode of operation. From ¢; to ¢, s, the power is flowing from
EV-1 to EV-2, indicating that EV-2 is charging and its current
I;5 is negative, and EV-1 is discharging and its current I
is positive. Between ¢; and ¢, s, the mode of operation is
forward boost mode of operation. Following %2 s, the power is
flowing from EV-2 to EV-1, indicating the reverse buck mode

\‘V;, 7 (10V/div) V3> (10V/div)
I} ; (4A/div) 17 > (4A/div)
@)
e
V_gb; (50V/div) V_gb? (S50V/div)
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Pulse gp;(20V/div)

p
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(©)

\Vb 1(10V/div) - ac V32(10V/div)
0.25¢ L3C VR
I;; (104/div) 4], (10A/div)

(@

Fig. 18. Experimental wave forms of the proposed V2V charger
during forward buck-boost mode of operation (a) Vp1, Ve, Ir1 and
11,5 during 1C discharging rate (i.e., Battery-1 discharging at a current
of 10 A ), (b) Vspi, Vsse, Isp1 and Ispe are switch voltages and
currents, (c) pulsesy1, Vor are switch firing pulse and capacitor
voltage, (d) Vi1, Vbe, Ir1 and Ipo during 0.25C, 0.5C, 0.75C,and
1C discharging current rate.

of operation.

Fig. 19(b) represents the bi-directional power flow with Vj;
as 12 V and Vjo as 12 V. Here, from ¢y to t; s, the power is
flowing from EV-2 to EV-1, indicating that EV-2 is discharging
and its current I7o is positive, and EV-1 is charging and its
current Iy is negative. From t; to ¢ s, the power is flowing
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Fig. 19. Experimental waveforms of the bi-directional operation of
the proposed V2V charger (a) Forward boost to Reverse buck and
vice-versa V31 as 12 V and Vo as 25.6 V, (b) Forward buck-boost
to Reverse buck-boost and vice-versa V1 as 12 V and Vi as 12 V.

from EV-1 to EV-2, indicating that EV-2 is charging and its
current I is negative, and EV-1 is discharging and its current
I1; is positive. Following t; s, the power is flowing from EV-
2 to EV-1, indicating. In this case battery ratings are equal,
and the mode of operation is called forward buck-boost mode
of operation.

: [ —
Fig. 20. Experimental setup of the proposed V2V charger.

| -

B. OPAL-RT Experimentation:

To further test the proposed V2V chargers’ real time behav-
ior with actual EV battery voltages, an OPAL-RT emulation
study is conducted. The experimental setup of the OPAL-RT
emulation along with the oscilloscope is depicted in the Fig.
20. The specifications presented in TABLE I are considered
for the emulation.

The OPAL-RT experimental results for the forward boost
mode of operation with V3; as 350 V and Vj, as 450 V are

IEEE LATIN AMERICA TRANSACTIONS, Vol. 24, No. 3, MARCH 2026

l,: (200 A /div)
—— Iz (200 A /div)
i Vi1 (200 V /div)
Vyz (200 V fdiv)
tu. tl tI
()
I (200 A /div)
I— )‘Iu (200 A /div)
ﬂlcx (500 A /div)
AVex (1 kV /div)
-tn (5] i
(b)

N I1 (40 A /div)

WWW

\C'K (500 A /div)

’/,,VCK (10V /div)

(©)

Fig. 21. Experimentation results during forward boost mode of
operation (a) Vi1, V2, Ip1 and Ipo, (b) Ir1, Ivo Ickx and Veg,
(c) ripple waveforms Ir1, Is2 Ick and Veog during 3C discharging.

depicted in Fig. 21. The waveforms of Vi1, Vio, Ip1 and Iy
are presented in the Fig. 21(a). The I11, I12, Icx and Vo
waveforms are depicted in the Fig. 21(b). In the figure from ¢
to t1 s the I; average value is 100 A, from ¢; to ¢o s is 200 A,
and after ¢y s it is 300 A, which are multiples of to the battery
C-rating. The positive value of battery current indicates that it
is getting discharged and similarly the negative battery current
indicates that it is getting charged. The ripple waveforms
of Iry, Its Icx and Veg after to during 3C discharging
are presented in Fig. 21(c). From the ripple waveforms, the
ripple values of I7; and I1o and Vo are 20.5 A, 17 A and
6.13 V respectively, which are with in the limit of designed
values. The OPAL-RT experimental results for the reverse
buck mode of operation with V;; as 350 V and V2 as 450 V
are depicted in Fig. 22. The waveforms of Vy,1, Via, Ip1 and Ijo
are presented in the Fig. 22(a). The Iy, I, Icx and Vog
waveforms are depicted in the Fig. 22(b). In the figure from
to to ty s the I average value is 100 A, from ¢ to to s is
200 A, and after ¢ s it is 300 A, which are multiples of to the
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Fig. 22. Experimentation results during reverse buck mode of opera-
tion (a) Vi1, Va2, Ip1 and Ip2, (b) IL1, In2 Ick and Ve, (c) ripple
waveforms 11,1, Iy2 Ickx and Vog during 3C discharging.

battery C-rating. The positive value of I and negative value
of Ip; confirms the reverse buck operation and energy transfer
from the EV-2 to EV-1. The ripple waveforms of I, Iro
Ick and Vog after to during 3C discharging are presented
in Fig. 22(c). From the ripple waveforms, the ripple values of
Irq and I and Vo are 21 A, 18 A and 7.9 V respectively,
which are with in the limit of designed values.

The OPAL-RT experimental results for the forward buck-
boost mode of operation with V3; as 350 V and Vj2 as 350 V
are depicted in Fig. 23. The waveforms of Vj1, Vio, Ip1 and
Io are presented in the Fig. 23(a). The Ir1, I12, Icx and
Ve i waveforms are depicted in Fig. 23(b). In the figure from
to to ty s the I, average value is 100 A, from ¢; to ¢5 s is 200
A, and after ¢, s it is 300 A, which are multiples of the battery
C-rating. The positive value of I; and negative value of Ijo
confirm the forward buck-boost operation and energy transfer
from the EV-1 to EV-2. The ripple waveforms I, I12, Iok
and Vo after o during 3C discharging are presented in Fig.
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Fig. 23. Experimentation results during forward buck-boost mode of
operation (a) Vb1, Vb2, Ip1 and Ip2, (b) Ir1, Iv2 Ick and Vek, (c)
ripple waveforms Ir1, Ip2 Ickx and Vo during 3C discharging.

23(c). From the ripple waveforms, the ripple values of Ir; and
I15 and Vog are 18 A, 15 A and 7 V respectively, which are
within the limit of designed values.

From the above OPAL-RT experimental results, the pro-
posed V2V charger real-time response with the proposed
controller is verified for all the modes of operation under
different charging rates.

VI. CONCLUSION

In this paper, a new V2V charger is presented to share
energy between two EVs. The electrical power between the
two EVs is transferred with the help of capacitor coupling and
a DC-DC converter from each EV. Unlike other V2V charging
configurations, this work neither requires motor windings nor
the inverter circuit of the EVs. The analytical waveforms
illustrating the proposed charger’s behavior in all operating
modes are presented. The small-signal modeling of the charger
is described, and the controller performance is investigated
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under different battery SOC levels and internal parameter
modifications. The associated bode charts indicate the robust
behavior of the controller. The bidirectional power transfer
in real-time with EV battery voltages of 350 V and 450 V is
verified in forward boost, reverse buck and forward buck-boost
modes of operation using MATLAB/Simulink. Additionally,
the power loss calculation and efficiency of the presented
V2V charger are evaluated using PSIM thermal modeling for
20 kW output power. The charger achieved an efficiency of
96.57 % in the forward boost mode, 96.56 % in the reverse
buck mode, and 96.26 % in the forward buck—boost mode
of operation. Additionally, it provides an 25 % to 76 %
reduction in component count compared to existing topologies.
Further, a low-power laboratory prototype for proof of concept
is developed with EV battery voltages of 12 V and 25.6 V.
Its experimental results in all the operating modes and for the
charging rates of 0.25C, 0.5C, 0.75C and 1C are presented. In
addition, bi-directional power flow from one mode to another
is demonstrated and the respective waveforms are presented.
To prove the proposed charger and its controller’s real-time
applicability, OPAL-RT experimentation was conducted with
real-world EV specifications and the respective results in all
modes of operation are presented. From the results it is evident
that the bi-directional power flow in both static and dynamic
conditions is operational.
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