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Abstract— This paper presents the design and optimization of
a Bidirectional Wireless Power Transfer (BWPT) system for
electric vehicles (EVs), enabling efficient two-way energy
exchange between the grid and vehicle. The proposed system
integrates with smart grids and renewable sources, enhancing
sustainability. Robust control strategies manage smooth
transitions between Grid-to-Vehicle (G2V) and Vehicle-to-Grid
(V2G) modes to maintain stability. Key design aspects —
including component selection with appropriate ratings,
resonant tuning, and alignment — are optimized to maximize
efficiency and minimize losses. The system is modeled and
simulated in MATLAB/Simulink under realistic conditions,
demonstrating high performance: efficiency reaches 97.4% in
G2V mode and 90.25% in V2G mode. These results highlight
the practical viability of the BWPT design for future EV
charging infrastructure.
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IPT — Inductive power transfer, Vehicle-to-Grid (V2G), Grid-to-
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I INTRODUCTION

Wireless Power Transfer (WPT) enables electrical energy
transmission without physical interactions, offering safety,
reliability, and convenience. Traditional unidirectional WPT
systems support only Grid-to-Vehicle (G2V) energy flow. In
contrast, Bidirectional Wireless Power Transfer (BWPT)
systems facilitate both G2V and Vehicle-to-Grid (V2G)
operations, and in some cases, Vehicle-to-Home (V2H),
allowing EVs to operate as distributed energy resources.
According to the International Energy Agency (IEA), global
EV sales reached approximately 14 million in 2023, marking
a 35% increase from 2022 [1]. This growth is driven by
advancements in Dbattery technologies, environmental
awareness, and favorable government policies [2]. Fig. 1
presents a simplified schematic of a wireless EV charging
system. This paper focuses on the design and development of
an efficient BWPT system, addressing key challenges and
optimizing performance for real-world applications. Inductive
Power Transfer (IPT), a widely adopted WPT technology,
employs loosely coupled magnetic fields to achieve
efficiencies exceeding 90% [6]. A bidirectional IPT system
can be constructed by adapting unidirectional IPT
frameworks. To maintain focus and technical depth, several
areas are excluded from the scope of this study:

e Thermal Management: Analysis of heat dissipation
and cooling mechanisms is beyond the scope.

e Renewable Energy Integration: While important,
modelling renewable variability is outside the
current work.

e Economic Modelling: Detailed cost-benefit analysis
and financial feasibility studies are not addressed.
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Figure 1: "Configuration of the EV wireless charging system" [11]
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The overarching goal is to propose robust control strategies
for bidirectional power flow, ensuring reliable performance
under diverse operational conditions. BWPT systems, when
integrated with energy storage and renewable resources, can
reduce grid dependency in microgrids [12]. Stationary Energy
Storage Systems (SESS) further enhance system reliability by
compensating for the intermittent nature of renewable sources
and ensuring backup during power disruptions [13].

II. LITREATURE REVIEW

Bidirectional Wireless Power Transfer (BWPT) systems
integrated with grid-connected energy storage are gaining
traction for enhancing Electric Vehicle (EV) charging and
Vehicle-to-Grid (V2G) applications. Onar et al. [7] developed
a 20 kW BWPT system using a double-sided LCC/LCC
topology, operating at 22 kHz across an 11-inch air gap to
accommodate high ground clearance. The system supports
asymmetric voltages (800 VDC/350 VDC) and achieves
92.7% grid-to-vehicle efficiency, serving as a foundational
reference for this study. [7] To address high current demands
and low coupling conditions, larger pad sizes and reduced air
gaps are employed to maximize mutual inductance. A Double-
D coil configuration, as demonstrated in [14], enhances
magnetic coupling and achieves efficiencies of 96.1% (G2V)
and 96.2% (V2G), adhering to SAE J2954 standards for air
gap and mutual inductance. Various BWPT topologies have
been explored, including LCL resonant circuits and series-
series (SS) compensation, with power ratings ranging from 1.5
kW to 20 kW [4], [6], [8]. For example, an LCL-based system
with reversible rectifiers and a 4 cm air gap showed efficient
power transfer under dynamic loads [6]. Coil design
parameters such as wire gauge and core type significantly
affect efficiency and operating range [4]. DC bus integration
and phase shift control facilitate bidirectional power flow [§].

Control strategies range from H-bridge inverters functioning
as buck/boost converters [3] to dual microcontroller systems
with PI controllers and VCOs for phase and frequency
synchronization [15]. Efficiency improvements up to 95.2%
have been achieved using zero-voltage switching (ZVS) and
multi-active-bridge  (MAB)  converters  with LCC
compensation [17]. DAB converters integrated with LCC
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networks utilize fundamental harmonic analysis (FHA) to
optimize resonant parameters within SAE J2954 frequency
standards (65—85 kHz) [18]. Systems with large air gaps (10—
40 cm) and low coupling factors (0.1-0.4) are modelled using
admittance matrix approaches for steady-state current analysis
in LCL topologies [9]. Beyond hardware, wireless V2G
applications offer benefits such as peak load shaving and
frequency regulation, while facing challenges like
infrastructure limitations, battery degradation, and regulatory
hurdles [19]. A medium-duty BWPT system integrating
stationary energy storage, EVs, and a three-phase grid using
SVPWM achieves near-unity power factor and reliable 20 kW
operation [12]. These studies collectively emphasize the
importance of coil design, resonant topology, control
strategies, and standard compliance in advancing efficient and
scalable BWPT systems for EV and grid integration.

1II. BWPT DESIGN

At the resonance frequency, the power that is transferred from
the initial coil to the secondary one can be expressed as,

P = (.l)()MIpIs (1)

Where M represents the mutual-inductance that exists
between the primary and secondary cails, I, is the root-mean-
square (rms) current of primary coil, Ig is the rms current in
the secondary coil, and w, is the resonance frequency. [21] A
coupled inductor having a magnetising inductance between
the coils can be expressed as,

Lu = k/T,Ts )

Where L, is the primary inductance, Lg is the secondary
inductance, k is the coupling coefficient, and Ly is the
magnetising inductance. The leakage inductances of the coil
is expressed as,

Ll,p = Lp — Ly 3
Ll,s =Ls—Lnm )

Where L, is the leakage inductance of primary coil and L; ¢
is the leakage inductance of secondary coil. [7] For each turn
the mutual inductance can be represented as,

= i 1/2
M = k(LpLs) )

The value of M is decided by the dimension of the charging
pads and the air gap between them. [14] The voltage induced
on the secondary coil is derived from the Faraday’s law

diy

ve =M ©)

Where vg is the induced voltage, M is the mutual inductance
between the coils, i, is the current through the primary coil.
In case of “sinusoidal quantities” the equation (6) can be
written according to Steinmetz transform as,

Vs = joyr Ml—p (7

Where Vg is the peak value of induced voltage vs, I, is the
peak value of current through the primary coil ip, wyp is the
supply angular frequency, and M is the mutual inductance.

SAE J2954 Standard

SAE J2954 specifies wireless charging requirements for light-
duty EVs, including four power classes (up to 22 kVA) and
efficiency targets. It defines a nominal frequency of 85kHz

(79-90 kHz allowed) for the inductive link. The system
efficiency as per equation 8 must meet a minimum level given
by (8) under aligned conditions. The standard requires about
85% end-to-end efficiency. Assuming 92% coil coupling
(based on [22]) implies that power electronics must achieve
very high efficiency (see (9)). These criteria guide the BWPT
design to meet industry benchmarks.

_PB
Mo = oo 2 0.80 (8)

Where i—B is the ratio between the active power fed into the

G
battery and the power discharged from the grid.
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The load resistance of the secondary side tuning network at its
output can be expressed as,
8 Vi
12 Ppaee

(10)

The comparable ac resistance at the input of resonant tank can
be expressed as,

Ry pate =

8 Vi link (11)

Ry dc-tink = 75,7

n represents the primary to secondary coil turns ratio, which is
given as,

Ls
Lp

(12)

If each system component satisfies the requirements for
resonant frequency adjustment w, as,

1

vLiic11 (13)

Wy =

And
1 1

Wy = =
0 (Lp—L11)C1z  (Ls—L22)C21

(14

Then, when the bidirectional system is in charging mode, the
associated voltage transfer functions can be stated as,

Vp,
|Mv,charge| =1z aft (15)
dc_link
2Ly C
w LMLy (16)

(1-(0/wp)2+jwczz Ry patt) (1/C21 +JwLs) +jwLaz +R1, dc link

While the bidirectional system during discharge mode, the
voltage transfer function can be stated in [7] as,

Vdc_link
Vbatt

amn

|Mv,discharge| =

_ 2Ly Cz; (18)
(1-(w/wp)2+jwe11 Ry de tink) (1/C12 +HJookp)+jo L1 +R L patt

Quality factor (Q factor) and bandwidth: Electric and
magnetic fields are detected by the currents and charges kept
in the RLC circuit. The Q factor of a circuit with resonance
frequency w, is expressed as,

Q=wyy (19)

stored electricand maagnetic energy

Q=

Where p is resistive losses of power, W is net energy stored in
electric and magnetic field, and w, is resonance frequency.

(20)

energy dissipated during one periode



[23] In WPT systems, smaller energy losses are generally
indicated by higher Q-factors, which results in increased
efficiency. Therefore, considering Q factor is crucial. The
mutual inductance is explained in equation (5) and the
coupling coefficient k is expressed in [24] as,

M

K irors (21)
Where M is mutual coupling between the coils, L; and L, are
self-inductances. The coupling coefficient k, which denotes
the degree of coupling between the coils, has a major impact
on a WPT system's efficiency. The equivalent impedances at
resonance frequency can be expressed in [24] as,

Z; = R+ Ry, (22)
Z; =Ry + Ryae (23)

Where Ry, and R,,. arethe seriesresistance of primary and
secondary coil, Rg and R, are the source and load resistance.

IV. SIMULINK DESIGN FOR UNIDIRECTIONAL POWER
TRANSFER

Fig. 2 illustrates the unidirectional WPT model. The grid-side
AC input is rectified by a diode bridge to DC, then converted
by a PWM-controlled H-bridge inverter into high-frequency
AC. This AC drives the LCC resonant network (loosely
coupled inductors and capacitors) tuned to the operating
frequency, maximizing transfer efficiency. On the vehicle
side, the high-frequency AC is rectified back to DC and then
processed by a DC-DC converter (with a freewheeling diode)
to regulate the charging voltage. The freewheeling diode
provides a current path when a switch is off. This setup
demonstrates one-way G2V charging; enabling bidirectional
flow would require replacing these stages with bidirectional
converters and appropriate control logic.
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Figure 2: Simulink model of Unidirectional wireless power transfer system.

V. SIMULINK DESIGN OF BPWT SYSTEM

Fig. 3 illustrates the Simulink model of the primary side
(gridinterface), which represents the first half of the proposed
Bidirectional Wireless Power Transfer (BWPT) system.
Correspondingly, Fig. 4 presents the Simulink model of the
secondary side (vehicle interface), completing the BWPT
system architecture. The proposed system enables
bidirectional energy transfer between the electric grid and
electric vehicles (EVs), supporting both Grid-to-Vehicle
(G2V) and Vehicle-to-Grid (V2G) modes. In G2V mode, the
grid delivers energy to charge the EV battery. Conversely, in
V2G mode, the energy stored in the EV battery can be

supplied back to the grid, contributing to smart grid
balancing, frequency regulation, and peak load shaving.
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Figure 3: Simulink model of primary side of the BWPT system.

Additionally, a stationary energy storage system (battery)
connected to the primary-side DC bus can supplement power
delivery or absorb excess power, enhancing system flexibility
and stability. Bi-directional power control is achieved by
intelligent switching and modulation strategies. In G2V
mode, energy flows from the grid to the EV. While in V2G
mode, the roles of the power electronics are reversed: The
three-phase converter on the grid side operates as a rectifier
in G2V and as an inverter in V2G. The H-bridge inverter on
the primary side functions as an inverter in G2V and as a
rectifier in V2G. The vehicle-side rectifier becomes an
inverter in V2@, sending energy from the EV back to the grid.
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Figure 4: Simulink model of secondary side of the BWPT system.

Fig. 5 illustrates the circuit diagram of the resonant stage,
detailing the configuration of the WPT coils and associated
resonant components (LCC compensation). This resonant
interface is central to maintain high efficiency across a wide
range of power levels and operating frequencies, by resonant
components (LCC compensation). By enabling bidirectional
energy flow and  incorporating  grid-interactive
functionalities, the proposed BWPT system supports the
broader adoption of smart, sustainable, and resilient
energy infrastructure for the future of electric mobility.
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Figure 5: “LCC /LCC resonant stage of wireless power link.” [7]




VI. METHODOLOGY

The BWPT system is modeled in MATLAB/Simulink using
the parameters listed in Table 1. Key components include:

e Grid-side AC Source: 480V
nominal.
e Grid-side Rectifier: Six-switch (IGBT/diode) AC—
DC converter.
e DC-Link Capacitor: Smooths and buffers the
rectified voltage.
e Bidirectional Switches: Digital-controlled
switches that select G2V or V2G mode.
e H-Bridge Inverter: Four-switch converter
generating high-frequency AC for the wireless link.
e Resonant Transformer (LCC Network):
Inductors and capacitors providing compensation
for efficient coupling.
e Vehicle-side Rectifier:
received AC back to DC.
e EV Battery: 320400V pack storing energy
(charging in G2V, discharging in V2G).
e PWM Control: Generates gate signals for all
power-electronic switches.
For simulation purposes, the EV battery is modeled with an
estimated capacity of 22kWh and a nominal voltage of
400 V, representing typical mid-range electric vehicles. This
assumption aligns with the observed SOC variations under a
rated power transfer of 20 kW, enabling a practical evaluation
of energy flow dynamics during G2V and V2G operation
within realistic timeframes.
Table 1: System parameters [7]

Three-phase,

H-bridge converting

Parameter Value
Three-phase voltage 480 V
source
Grid side battery 320-400V
Nominal power (for both 20 kW
V2G and G2V)
Dc link voltage 350V
L11 52.1 uH
L22 37.6 uH
Cl11 1 pF
C12 0.67 pF
C22 1.33 uF
C21 0.57 pF
Lp 129.95 uH
Ls 125.4 uH
Vehicle side battery 320-400V
Battery Capacity 22KWh
Resonance frequency 22 kHz

Table 1 provides all inductance, capacitance, voltage, and
power values used in the model and Fig. 6 provides a
flowchart of the proposed design.
Bidirectional Switches: Two ideal switches are included to
control the direction of power flow. These switches will be
governed by clock signals:
e Clock signal “1” enables the G2V mode by
allowing current from the grid to the vehicle.
e Clock signal “0” disables G2V and enables V2G
mode, isolating the grid input while allowing energy
to flow from the vehicle to the grid.

A. Modes of Operation

Grid-to-Vehicle (G2V) Mode: In G2V mode, the grid
supplies power to the EV. The grid-side rectifier and inverter
converts AC to high-frequency AC for the transmitter coil,
and the receiver coil at the vehicle side receives AC voltage
which is rectified back to DC to charge the battery. In this
mode, the grid converter functions as an inverter (supplying
power) and the vehicle converter acts as a rectifier. Control
signals enable current flow toward the EV battery and block
reverse flow. Clock logic: The rectifier receives clock
signal “1”, enabling current flow. The inverter switches are
disabled (clock signal “0”), preventing reverse power flow.
Vehicle-to-Grid (V2G) Mode: In V2G mode, the EV battery
becomes the power source. The vehicle-side inverter
generates high-frequency AC sent through the resonant link,
and the grid-side rectifier (now acting as a converter) captures
this AC and returns DC to the grid or grid-side storage. The
converter roles are swapped: the grid-side converter now
rectifies incoming energy, and the vehicle-side converter acts
as inverter. Switching signals ensure safe and efficient power
transfer back to the grid. Clock logic: The inverter receives
clock signal “1” to operate. The rectifier is disabled (clock
signal “0”), preventing AC injection back into the vehicle-
side DC bus.

Grid (three-phase ac
source)

Rectifier (grid side)

Converts ac to dc power

De link capaditor, switches, and Battery
(stationary energy storage system in the grid
side) stores the energy.

I

Inverter — converts dc to ac
power

| |

Transformer consisting LCC/LCC drcuit
which transfers power wirelessly

|

Rectifier (vehicle side) converts
high voltage ac power to dc

G2V mode V2G mode
Vehicle battery

Figure 6: Flowchart of the proposed design.

VII. RESULTS AND DISCUSSION

This section presents the simulation results of the proposed
Bidirectional Wireless Power Transfer (BWPT) system,
designed to facilitate both Grid-to-Vehicle (G2V) and
Vehicle-to-Grid (V2G) power flow. The simulation was
carried out using MATLAB/Simulink, utilizing the key
system parameters outlined in Table 1. The model captures
the complete bidirectional operation, including the behaviour
of power electronic converters, the resonant wireless link
(LCC/LCC circuit), and the dynamic response of energy
storage elements at both the grid and vehicle ends. All the
graphs are simulated on a second time scale considering the



complexity of the simulation except for the BWPT V2G
mode where the discharge to grid from vehicle happens at a
faster rate for the chosen battery capacity.

A. Result of Unidirectional Wireless Power Transfer

Fig. 7 presents the simulation results of the Unidirectional
Wireless Power Transfer (WPT) system, focusing on three
critical performance metrics: State of Charge (SOC),
Charging Current, and Battery Voltage.

State of Charge (SOC): The SOC plot exhibits a steady
upward trend for 10 sec, indicating continuous energy
transfer from the grid to the vehicle.

Charging Current (A): The current profile initially displays
high charging current that gradually decreases over time. This
behavior aligns with standard battery charging protocols,
where current tapers off as the battery approaches full
capacity to prevent overcharging and ensure safety.

Battery Voltage (V): The voltage curve initially rises and
then stabilizes or slightly declines. This plateau or minor drop
is attributed to internal battery resistance and specific
charging characteristics, potentially influenced by factors
such as temperature, battery age, or chemistry.

Figure 7: SoC, Current and Voltage Profile of UWPT with time(sec)in x-
axis.

B. Results of BWPT on V2G

Once the battery reaches a lower SOC threshold, the voltage
stabilizes, maintaining consistent energy delivery to the grid.
These results verify the correct operation of the BWPT
system under V2G mode, demonstrating its ability to reliably
and efficiently return power to the grid while maintaining
safe battery discharge conditions.

State of Charge (SOC%): Fig. 8 shows the SOC declining
from 90% to 75%, confirming battery discharge during V2G
operation.

Current (A): The green curve peaks at ~200 A and stabilizes
around 0 A, reflecting the transition from steady-state
discharge to cut-off at mentioned limit

Voltage (V): The grey trace drops from 350V to ~286V,
consistent with typical lithium-ion battery discharge
behaviour as SOC decreases.

C. Results of BWPT on G2V

Fig. 9 presents the simulation outcomes for the Bidirectional
Wireless Power Transfer (BWPT) system during Grid-to-
Vehicle (G2V) operation. This mode facilitates the energy
flow from the grid to the electric vehicle (EV) battery, as
evidenced by the increasing State of Charge (SOC) and
supporting current and voltage behaviors. The plots validate
the charging dynamics at the grid-side battery interface.
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Figure 8: SoC, Current and Voltage Profile of BWPT on V2G with
time(min)in x-axis.

State of Charge (SOC%): The SOC (blue trace) increases
from 90.000% to ~90.015%, confirming G2V charging. The
small rise reflects the short simulation window.

Current (A): The green curve holds steady at 200 A, and
reduces to 0 as voltage takes control indicating consistent
energy transfer and controlled charging behavior of Constant
Current - Constant Voltage method

Voltage (V): The grey trace raises from ~310V to 350V,
then stabilizes—typical of transient settling during battery
charging.
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Figure 9: SoC, Current and Voltage Profile of BWPT on V2G with
time(sec)in x-axis.

VIII. CONCLUSION

This research focuses on the design and simulation of a
Bidirectional Wireless Power Transfer (BWPT) system,
targeting enhanced efficiency and reliable bidirectional
energy exchange between the power grid and electric vehicles
(EVs). A robust control strategy was developed and
implemented to enable seamless transitions between Grid-
to-Vehicle (G2V) and Vehicle-to-Grid (V2G) operation
modes. This approach presents a practical framework for
integrating EVs as active components within modern smart
grids. The system was tuned to operate at a resonant
frequency of 22 kHz, with appropriately selected inductance
and capacitance values to achieve efficient resonant inductive
coupling. This enabled the WPT system to maintain high
performance under various operating conditions. Simulation
of the proposed system was conducted using
MATLAB/Simulink, validating theoretical models and
demonstrating its feasibility for real-world application.

The simulation outcomes confirmed the high efficiency of the
system, achieving:

o 97.4% efficiency in G2V mode, and
e 90.25% efficiency in V2G mode.

Additionally, a unidirectional WPT system was also
simulated to benchmark performance, further reinforcing the
superiority of the bidirectional configuration. Overall, the



findings underscore the technmical viability and practical
relevance of bidirectional wireless power transfer systems for
future smart mobility and energy infrastructures.
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