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HIGHLIGHTS

e Bidirectional EV wireless interfaces
enable power flow in both directions.

e Modular design ensures high efficiency
under wide operating conditions.

e A ground assembly supports interopera-
bility with three vehicle assemblies.
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ABSTRACT

The rapid growth of electric vehicle ownership and advancements in vehicle-to-grid (V2G) technologies have
created an urgent demand for bidirectional charging-discharging interfaces. Wireless power transfer (WPT)
technology, known for its convenience, safety, and flexibility, is a promising solution for energy transfer between
vehicles and the grid. This paper presents the design and demonstration of a highly interoperable and high-
efficiency bidirectional WPT system, addressing key challenges such as wide voltage output adaptation, multi-
power level compatibility, and efficient operation over a broad power range. The front-end converter uses a
power module combining a three-phase fully controlled rectifier and a cascaded buck converter to provide a wide
DC voltage range. Modular activation technology ensures the grid interface operates efficiently under varying
power demands. For the bidirectional inductive power transfer (BIPT) link, an integrated scheme for the resonant
networks in the ground assembly (GA) with cross-frequency compatibility is proposed, and its performance is
validated through calculations and simulations. A bidirectional power flow control strategy is implemented, with
voltage regulation and operation mode switching as the main method. Experimental results demonstrate inter-
operability between the same grid-side equipment and different vehicle-side equipment rated at 6, 11, and 30 kW.
Under specified operating conditions at the aligned position, the system achieves a grid-to-battery efficiency from
91.7% to 94.3%, and a battery-to-grid efficiency ranging from 89.5% to 93.5%.
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1. Introduction

With the global focus on clean energy and sustainable development,
electric vehicle (EV) ownership has experienced rapid growth over the
past decade. According to the International Energy Agency (IEA), global
EV ownership exceeded 40 million at the end of 2023 [1]. This trend
suggests technological advancements, supportive policies, and height-
ened public environmental awareness.

However, the large-scale adoption of EVs presents challenges such as
grid load management, particularly during peak-hour charging. Vehicle-
to-Grid (V2G) technology offers a promising solution by enable energy
flow between EVs and the grid. This technology allows EVs to act as
mobile energy storage units, feeding stored electricity back into the grid
during peak demand and drawing power during off-peak hours. This
dynamic interaction helps balance grid loads, improve energy utilization,
and integrate renewable energy sources more effectively.

In recent years, bidirectional wireless power transfer (BWPT) systems
have gained increasing attention as an attractive interface. Leveraging
the principle of electromagnetic induction, these systems enable con-
tactless power transmission. Unlike traditional conductive charging
methods, BWPT technology eliminates manual plugging and unplugging,
offering a seamless and intelligent mechanism for automatic power ex-
change between the grid and EVs.

A typical two-stage BWPT system consists of a grid interface converter
and a bidirectional inductive power transfer (BIPT) link. The literature on
bidirectional EV wireless charging and discharging highlights the ability
of BIPT links to control bidirectional power flow, and diverse compen-
sation topologies, coil types, and control strategies have been developed
and applied [2-7]. However, research has largely focused on the BIPT
link itself, with limited attention given to the overall performance on the
bidirectional charge—discharge interface [8-10]. The primary technical
challenge lies in achieving joint control of multi-stage power conversion
and multiple control variables to ensure flexible power flow adjustment
and high efficiency over a wide operating range.

The prototypes developed in these studies are often tailored to spe-
cific power levels or vehicle models. However, a BWPT system that can
accommodate various vehicle models with a wide voltage range and
multiple power levels is still lacking. The main technical challenge lies in
ensuring interoperability between the ground assembly (GA) and various
vehicle assemblies (VAs), particularly in transferring the target power
between devices with differing voltage, power, air gap, and other
parameters.

The interoperability of wireless charging systems refers to the capa-
bility of different transmitter and receiver devices to realize information
interaction and satisfy performance and functional requirements [11],
primarily categorized into communication, magnetic, and electrical
interoperability [12]. In this work, the system performance of the GA and
various VAs under different gaps and voltage levels serve as the key
criteria for evaluating interoperability, particularly in terms of output
power and efficiency.

The purpose of this work is to develop wireless bidirectional charging
and discharging equipment that is adaptable to multiple vehicle types,
and realize efficient transmission and conversion of electric energy over a
wide operating range. Specifically, the proposed BWPT system offers the
following key features:

1) A modular adaptive switching grid interface converter that adjusts
the number of active modules based on the required output, enabling
efficient operation across a wide voltage and power range;

2) The GA integrates two sets of resonant networks operating at different
frequencies, providing compatibility with multiple VAs at various
power levels by enabling each set independently;

3) A modulation and control strategy, incorporating multiple variables
and operation modes, enables flexible control over power flow di-
rection and magnitude, ensuring high-efficiency power transmission
and conversion.
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Table 1

Specifications of the three target vehicles.
Vehicle No. 1 2 3
Power level/kW 6 11 30
Battery voltage range/V 380-440 600-700 420-610
Nominal battery voltage/V 400 660 550
Ground clearance range/mm 190-210 160-180 270-290
Operating frequency/kHz 85 85 20

The paper is organized as follows: Section 2 outlines the requirements
of this study and presents the design of each key component; in Section 3,
the operation mode and control methods for the system are analysed,
which consists of multiple power conversion stages; Section 4 showcases
the prototype of the developed system and the experimental results under
various test conditions; and finally, Section 5 concludes the work.

2. System design

This section begins with an analysis of the requirements and main
challenges of the target vehicle models. Using the concept of task
decoupling, the design considerations for the grid interface converter,
compensation circuit, and magnetic coupler are presented successively.

2.1. Requirements analysis for different vehicles

Three target vehicles were selected with different battery voltage
ranges, ground clearance, and power requirements, as summarized in
Table 1. Upyt-min, Uout-noms and Upyt-max denote the minimum voltage,
rated voltage, and maximum voltage of the vehicle power battery,
respectively. The system is designed to achieve full power output using
the rated voltage. For ground clearance, the distance between the chassis
and the ground at the VA installation site is considered, taking into ac-
count factors such as tire pressure and other potential influences.

According to the technical requirements for wireless charging (power
transmission) equipment issued by the Ministry of Industry and Infor-
mation Technology of China, the operating frequency for wireless
charging equipment for electric vehicles with a rated transmission power
between 22 and 120 kW is 19-21 kHz, while equipment with a rated
transmission power of 22 kW or less operates at 79-90 kHz. Therefore, a
central frequency of 85 kHz is selected for 6 and 11 kW equipment, and
20 kHz is selected for 30 kW equipment. Consequently, the power level
and operating frequency for each VA are determined. For the GA, if a
single resonant network is required to operate across two widely sepa-
rated frequency bands, it would necessitate structural or parameter ad-
justments to the compensation network, significantly increasing design
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Fig. 1. Topology of the grid interface converter.
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and control complexity. To address this, two separate resonant networks
with distinct operating frequencies, each independently enabled, can be
integrated to meet the VA's charging and discharging requirements. The
difficulty lies in the integration and driving mechanism of these resonant
networks.

2.2. Grid interface power converters

This section focuses on the grid interface converters. In a BWPT sys-
tem, the AC-DC converter on the grid side typically requires a power
factor correction (PFC) function to improve power factor and reduce
current harmonic distortion. During forward operation, it converts the
grid power-frequency AC into DC. Conversely, in reverse operation, it
converts the DC from the BIPT link into AC and returns it to the grid.

In this work, the grid-side interface converter topology is shown in
Fig. 1. It consists of a rectifier circuit, a buck circuit, and filtering com-
ponents C,, Cp, C¢, La, Lp, Le, Ciy, Cr, and Ly,. For forward power flow, the
three-phase AC input from the grid is transmitted to the rectifier circuit
through the filtering network composed of C,, Cy, Cc, La, Lp, and L.. The
rectifier circuit uses a three-phase six-switch topology, consisting of three
bridge arms, with each bridge arm made up of two power switches with
complementary switching states (e.g., T1 and T form one bridge arm). A
sinewave pulse width modulation (SPWM) technique is used to make the
input current follow the input voltage, ensuring the input current remains
sinusoidal, achieving power factor correction, and providing a stable DC
output voltage Vj.

By controlling the combination of the on-off states of the switching
devices in the three bridge arms, the output voltage can be effectively
regulated. This enables the three-phase active rectifier to exhibit a boost
voltage characteristic and achieve output voltages exceeding 538 V (i.e.,
the peak line-to-line voltage of a 380 V grid). If the output voltage Vj is
directly used as the input to the BIPT link, although adjusting control
variables such as phase shift angles and frequency can modify the output
voltage, this method may reduce efficiency, or become infeasible under
extreme voltage conditions. To enhance flexibility as well as accommo-
date a wide output voltage range of 380-700 V, additional power con-
version stages are required. Therefore, a buck circuit is added after the
rectifier circuit to step down the rectified output voltage V to the DC-link
voltage V;. It consists of power switches T; and Tg, an output filter
inductor Ly, and a DC bus capacitor C,. The output voltage is adjusted by
controlling the duty cycle of power switch T5.

Achieving efficient operation over a wide power range is another
challenge, as most power converters suffer from low efficiency at light
loads. To address this issue, this work uses the concept of module
adaptive switching technology. The front-end converter is designed in
parallel with four low-power modules. Depending on the output power
level, the appropriate number of modules is activated, ensuring that the
operating modules remain within their high-efficiency operating range.

2.3. Compensation topology

SS and LCC-LCC are the most commonly used compensation topol-
ogies in existing BWPT systems. The choice of topology depends on two
main factors. The first is the feasibility of achieving the desired in-
ductances. Once the voltage, frequency, and power level are determined,
the required self-inductance or mutual inductance can be estimated. For
instance, if SS topology is used for the 30 kW system, the required mutual
inductance is approximately 65 pH, and the self-inductance would likely
exceed 300 pH. Given the size constraints of the VA, achieving this is
challenging, and SS topology is therefore abandoned.

The second factor depends on the topology characteristics and
application scenarios. The SS topology is simple, with few passive com-
ponents, resulting in lower conduction losses in resonant networks.
Systems based on SS topology offer high efficiency in applications with
enough magnetic couplings and low misalignment tolerance re-
quirements [13]. However, for EV wireless charging, which typically
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involves varying airgaps and misalignments leading to decrease in the
coupling coefficient, the efficiency is significantly reduced and additional
precautions are necessary to avoid overcurrent risks [14]. In contrast,
LCC topology is less sensitive to changes in the coupling coefficient and
load variations on both the primary and secondary sides [9]. Further-
more, as the coupling coefficient decreases, the current in the coils also
decreases, eliminating the need for additional current-limiting measures.
Therefore, the LCC-LCC compensation configuration is more suitable for
EV wireless charging.

Compared to the traditional single-coupled LCC-LCC topology, the
dual-coupled LCC-LCC topology may be a better choice, featuring addi-
tional power transmission paths in addition to the main coils. The mag-
netic couplings of compensation inductors help improve output
performance under misaligned conditions [15,16]. Therefore, the
dual-coupled LCC-LCC topology is finally selected as the compensation
topology, and the BIPT link is shown in Fig. 2. V; and V; represent the
dc-link voltage and battery voltage, respectively. Cp and Cp are the
dc-link capacitors. S;~S4, and Q; ~Q4 are the power MOSFETs of the full
bridge (FB) converters on the grid side and vehicle side, respectively. Cy,
Co, Cr1, and Cyy are compensation capacitors. L, and Ly are the main coils,
while Lg and L, are the compensation inductors. Myo and My ¢ are the
mutual inductance of the main coils and the compensation inductors,
respectively. vap and v,, are the output voltages of the full bridge
converters.

The topology parameters are designed by the following equations to
achieve a constant resonant angular frequency @

LyCh =1/, LpCp = 1/0?

(L] —L“)Cl = 1/602, (Lz _L[2)C2 = 1/(1)2 (1)

The equivalent circuit of the resonant network is presented in Fig. 3.
Using fundamental harmonics approximation (FHA) for analysis, Uag and
Uyp represent the RMS values of the fundamental components of the
excitation voltages. I, I, In, Ity represent the current flowing through
the coils. Rp1, Rp1, Rp2, Reo are the equivalent series resistance (ESR) of
each branch.

By applying the Kirchhoff Voltage Law, the current through the
compensation inductors and main coils can be given as

. JM Uy M1 Ung
Iy = y I =

@(Lit L + MMy @(Lit L + MMy @
i = JEr2Uap T, = JEe1Uap

o(Lei Ly + MpxMpg)’ @ (Li1 Ly + MiaxMipo)

Fig. 3. Equivalent circuit of the resonant network.



B. Zhang et al.
AY g i
0 [0 -5
Hitt e ottt LI == |
L)X P} TP
L ‘ ‘
(@) (b) (c)

Fig. 4. Three integrated coil schemes.

Once the voltage combination and power level are determined, the
desired Ir; and I, are limited to within a narrow range and should be
achieved by adjusting the four inductances (L¢;, Lgp, M1, and My ¢2). The
values of I; and I, then depend on the ratio of the compensation induc-
tance L (Lgp) to the main mutual inductance Myo.

Similarly, the voltage stress across the coils and capacitors are also
related to the four inductances, and they are expressed as

 LuMnpUy _ LpMpUag
Upy=———F7—— Up=+—"7~"—"-—""—
L Ly + Mo Mgy, L Liy + MpMip, 3
Uro = LiyLyUag _ L1 LUy,
w=7—7—"———Up=—7—"-"———
L Liy + My My, L Ley + My My,
Ly \/M%ZUib +L?zU/Z\B LfZVM%ZU?\B +L?1U§b
Ueni = sy Upp =—F—F——"7T——"
L Liy + MpMpp, Ly Ley + MpMiip, )

(Ll - Lfl)LfZUAB

(Ly = L) Ly Uy
T LoLo + MMy,

U, P iy
“ ¢ Ly Liy + M;Myp>

2.4. Magnetic couplers

For practical applications, integrating both the compensation
inductor and the main coil within the GA or VA is preferable to enable
miniaturization. According to the magnetic flux distribution patterns of
unipolar and bipolar coils, several integrated coil schemes have been
proposed [17-19]. These schemes can effectively minimize same-side
cross-coupling when arranged as shown in Fig. 4. Notably, DD coils
offer approximately 1.7 times higher inductance per turn compared to
similar rectangular coils [20]. Under specific self-inductance re-
quirements, using DD coils can reduce the external dimensions or the
number of turns, thereby meeting compact design requirements and
reducing material consumption. Consequently, the integrated coil
scheme (c) is adopted.

The internal layout of magnetic couplers is illustrated in Fig. 5. The
coils are mounted on 1 mm thick plastic coil formers, stacked sequen-
tially. The 30 kW coils are placed in direct contact with ferrite cores
within the GA for a shorter heat conduction path. Heat is transferred to
the aluminum backplate via potting adhesive and dissipated by the heat
sink fins. For the VAs, the cooling methods include liquid cooling for the
11 and 30 kW equipment, and natural cooling for the 6 kW equipment.

The Mn-Zn Ferrite cores of a DMR95, specifically model EI 40(1),
were selected for their high permeability and low core loss
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characteristics. The resonant capacitor is formed from CELEM conduc-
tion-cooled capacitors, which are well-suited for high-power applica-
tions. The selection process follows these principles: first, prioritize
existing specifications; second, minimize the number of capacitors used,
if the required voltage rating exceeds the capacity of a single capacitor,
multiple capacitors of the same model are connected in series to handle
higher voltage stress; and third, ensure a safe margin of at least 10% for
both voltage and current limits.

To minimize skin-effect loss, AWG 38 wire with a strand diameter of
0.1 mm was selected. The Litz wire has a voltage limit of 3,000 Vs, and
a current density of 4 A/mm? is used to calculate the required number of
strands. In addition to the electrical constraints outlined above, there are
mechanical constraints, primarily concerning the maximum size of the
magnetic couplers. Since the GA generally has more available space
compared to the limited area under the vehicle chassis, and to ensure that
the VA remains compact and lightweight, an asymmetric parameter
design is used, with L1> L. The values of Lg; and Lg, can be set equal to
simplify the design and reduce variable complexity. Once the outer di-
mensions and airgaps of the coils are determined, the coupling co-
efficients ki and ki can be estimated using finite element analysis
(FEA) simulations. Based on the available chassis space of the three ve-
hicles, the external dimensions of the VA are set to 590 mm x 448 mm,
576 mm x 460 mm, and 800 mm x 610 mm, respectively, while the GA
external dimensions are fixed at 1,064 mm x 910 mm.

Fig. 6 presents the parameter design procedure used in this study. The
process starts with determining C¢ and Ls. Subsequently, the required
ranges for mutual inductance M;5 and My ¢ are estimated, allowing for a
set of L and C values to be derived using the coupling coefficients ob-
tained from finite element simulations. It is then assessed as to whether
the desired inductance can be realized within dimensional constraints,
and if the required capacitance can be obtained through a series
connection. If feasible, the structural parameters of each winding are
designed to achieve the target inductance values. The number of strands
is determined first; second, the dimensions of the coil and magnetic cores
are designed to ensure the coupling coefficient k approaches the target
value; third, the number of turns and turn spacing are incrementally
adjusted to verify whether the self-inductance and mutual inductance
meet the requirements. The current and voltage stresses are rhencalcu-
lated to ensure they remain within allowable limits. If any condition is
not met, the process reverts to the parameter selection stage, repeating
the steps until all criteria are fulfilled.

The placement of the two GA coil sets presents another design
consideration. Fig. 7 illustrates two integration schemes, both incorpo-
rating the 30 kW coils arranged as shown in Fig. 5(c). In the first scheme,
the low-power coils also follow Fig. 5(c), while in the second scheme, the
low-power coils are rotated by 90°.

As shown in Fig. 8(a), when the GA uses the first integration scheme,
the 20 kHz resonant network is activated for pairing with the 30 kW VA.
Simultaneously, the 85 kHz resonant network branch of L¢; is open, while
L, C1, and Cg form a closed loop. This configuration requires consid-
eration of the same-side cross-coupling Mj;- and different-side cross-
coupling My-5. Similarly, Figs. 8(b)—(d) illustrate the mutual inductance
models for the first scheme with the low-power VA, as well as the second
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scheme with the 30 kW and low-power VAs, respectively. The first
integration scheme causes significant deviations in the self-inductance of
the main coil from its design value due to the influence of the additional
closed loop in another resonant network. This scheme is therefore dis-
carded. In contrast, the second scheme has minimal impact on the coil
self-inductance and is selected for further analysis.

The FHA analysis in section 2.3 provides approximate formulas, and it
is useful for obtaining preliminary design parameters in the early stages.
Even so, when the additional closed loop and all cross-couplings are
considered, FHA is not no longer applicable. This is because the circuit
contains multiple closed loops with different resonant frequencies,
making it not suitable to consider only the fundamental harmonic
component. The large number of cross-couplings complicates analytical
expressions and makes them difficult to apply. Therefore, this study uses
a numerical method to solve the specific time-domain model.

The resonant network when GA adopts the second integration scheme
to match 30 kW VA (Fig. 8(c)) is analyzed as an example. The equivalent
circuit is redrawn as shown in Fig. 9. Among the parameters, L., Ce and
Cr1e are the inductor and capacitors of the 85 kHz closed loop, while the
others belong to the 20 kHz resonant networks, and Ce = Cj.¢*C1-¢/(C1-¢
+ Cf1-e). The mutual inductance parameters of this circuit include the
main mutual inductances: My, and Mg o, the cross-couplings due to the
closed loop: Myfand My, and the cross-couplings at misaligned posi-
tion: My, Mo, and My-o. It should be noted that due to the decoupled
arrangement of the coils, the mutual inductances M1, Magp, and M1 are
always zero and therefore ignored in the circuit.

VA backplate

GA backplate

30-kW coils Low-power coils

(b)

Fig. 7. Finite element model of VA and GA with two integration schemes of low-power coils.
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Fig. 8. GA using the first integration scheme with (a) 30 kW VA, (b) low-power VAs and GA using the second integration scheme with (c) 30-kW VA, (d) low-

power VAs.



B. Zhang et al.

vw;'

Vab

Fig. 9. Circuit model of the dual-coupled LCC-LCC topology considering all
mutual inductances.

The solving method follows the method outlined in Ref. [21], which
presents state-space time-domain models for conventional compensation

Ly + Ly My — Miygy + Moy — Mgy Ly
My — Mg, — Mipy + Mo L, +Lp, —Ms152 + Mo
L= Ly —Msipy + Mo Ly
—Msip, — M Ly —Mip
My My + My My

topologies such as SS and single-coupled LCC-LCC. Building on this, this
work extends the analysis to the dual-coupled LCC-LCC topology,
incorporating the closed-loop and all cross-couplings.

Applying Kirchhoff Voltage Law, the following equation is obtained

simulation . . . .calculation
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di di di, di
Vit = L + My— — My <—2+%> +w

dt dt dt d
vy = Lz(jj—i: + Mlz% + Moy (% +%> + M]‘z% + v,
vas = Lt <% + %) — M (% + %) + M2fl% + Ml‘fl% +vi
Vap = L (% + %) — Miie (% + %) - Mn‘z% + Ml'f2% + v
0= Lc%""Mm (%l;+d;—;1> + My (fi—l:“"d;—jz) +M1‘zc;—it2+ Vee

)

The capacitor voltages are v = [vi(t), va(®), v11(®), va2(t), vce(D)],
capacitor currents are i = [i1(t), ia(t), i11(t), iz2(t), i1-(t)], and input voltage
of the resonant tanks are u = [vag(t), vap(t)]. The mathematical model can
be rewritten in matrix format

(6)

LCV+v =Ku
i=Cv

where L, C, and K are the inductance matrix, capacitance matrix, and
voltage-modified matrix, which are defined as

Mg, — Mg My

L My + M,
—Msip2 My (@)
Ly, My,
My, L.
C
(@)
C = Cf] (8)
Cr
C.
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Fig. 10. Waveforms using the second integrated scheme, (a) 30-kW pair, (b) 6-kW pair.
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Table 2

Design values and ratings of the resonant network components.

Green Energy and Intelligent Transportation 5 (2026) 100307

Power level /kW Parameter Value /pH Nominal/Rated I /Ay Parameter Value /nF Nominal/Rated V /Vips
GA 30 Ly 238 84/94.2 C 332.5 2,008/2,400
Ly 47.6 66/78.5 Cn 1330 716/900
6&11 Ly 181.4 22/31.4 C 25 1,670/2,000
Lg 41.2 18.2/31.4 Cp 85 724/1,000
VA 30 Ly 174.3 86/94.2 Cy 500 1,368/1,600
Ly 47.6 61/78.5 Cpx 1330 711/900
11 Ly 123.7 23/31.4 Cs 42.5 1,005/2,000
Lpy 41.2 17.5/31.4 Cp 85 724/1,000
6 Ly 175.2 18/31.4 Cy 25 1,338/2,000
Lep 35 16/31.4 Cpy 100 509/1,000
z Central point of coils Z/mm
Zmax @ — — — —
Zmin - -

Central point of coils

0 Kmax  AX/mm

Fig. 11. Diagram of the spatial test points.
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From Eq. (6), it can be seen that L, C, and K in the state equation are
known, and the outputs v and i can be obtained by providing the input u.
Therefore, determining the dual-side excitation voltage values corre-
sponding to each discrete interval in a period is crucial for solving the
time-domain model. For different modulation schemes, the excitation
voltage u can be represented as a matrix by traversing various possible
combinations of phase shift angles. By considering the periodicity and
symmetry of the waveform, the relationship between the state variables
at the beginning and end of the period is derived, allowing for the
calculation of the initial state variable values. Additionally, the iterative
relation for discrete intervals is used to obtain the state variable values at
each time step. The calculation program is written accordingly to
implement the described procedure.

In addition to the above time-domain model, a circuit simulation
model was developed to analyze the steady-state performance, both with
and without considering cross-couplings Myf; and Mj. By substituting
system parameters into both models, the calculated and simulated
waveforms over one period are shown in Fig. 10. The results indicate that
the time-domain model closely aligns with the circuit simulation model
in both specific values and trend variations. The slight discrepancy be-
tween the two models can be attributed to two main factors: the inclusion
of equivalent series resistances of passive elements and the non-ideal
behavior of power devices in the simulation model.

As shown in Fig. 10(a), when the 30 kW coils of GA are enabled, cross-
couplings induce a 17 A current in the closed loop of the 85 kHz resonant
network. This obviously distorts the waveform of i;; compared to a

conventional LCC network, while i, remains less affected due to the
relatively small value of Mj. The average charging current to the bat-
tery ipattery is increased by 1.2 A. Fig. 10(b) shows the case where the low-
power GA coils are enabled, using the 6 kW VA as an example. The closed
loop of 20 kHz resonant network generates a 4 A current, causing minor
distortion to if; and igp, with the average charging current changing by 0.9
A. Additionally, simulation results confirm that voltage and current stress
remain largely unchanged. Therefore, Egs. (2)-(4) still provide a credible
design basis. Similar performance variations were observed with the 11
kW VA.

It should be noted that the closed-loop currents impact the original
current waveforms (compared to scenarios without cross-couplings) and
reduce system efficiency. A potential solution is to incorporate relay
switches in the closed loops, which could be toggled to prevent cross-
couplings. However, this would require control signals within the GA,
increasing system cost and weight, and introducing conduction loss
during operation. On balance, the second integration scheme has a
manageable impact on the system output performance and is ultimately
adopted as the integrated solution for the GA.

After completing finite element and circuit simulations, the resulting
set of parameters are finalized and summarized in Table 2. The nominal
values represent the calculated voltage and current stresses under the
selected parameter combination, while the ratings indicate the rated
current and voltage that the chosen model can withstand. Litz wire with
1,000, 2,500, and 3,000 strands are used respectively, along with ca-
pacitors having individual values of 0.05, 0.085, 0.1, 1, and 1.33 pF.
Furthermore, under the applied excitation current, the maximum mag-
netic flux density of the cores reaches 376 mT, which remains below the
saturation thresholds of 530 mT@25 °C and 410 mT@100 °C. This val-
idates the feasibility of utilizing a ferrite plate composed of 6.5 mm
ferrite tiles.
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Table 3
Mutual inductances and current at different coordinate points.
Parameter (0, 0, (Xmax> 0, (o, (Xmaxs
Zmax) Zmax) Yimax Ymax
Zmax) Zmax)
Main coupling/pH Mo 39.5 28.4 37.3 26.9
Mg 5.5 4.6 3.3 2.7
Cross-couplings due Mip 61.8 61.7 61.5 61.4
to the closed-loop/ My 13.4 119 9.2 8.1
pH
Cross-couplings due My 0 0 0 1.3
to misalignment Mog 0 0 0 1.8
/uH My 0 0 0 4.4
Calculated average ify 60.1 43.6 58.7 43.1
value/A
Simulated average Ibattery 58.6 42.2 56.8 41.5
value/A

2.5. Misalignment analysis

Wireless charging systems are expected to maintain a certain level of
output capability within the misalignment tolerance region. In this study,
relevant standards are referenced, and three vertices are selected as
representative positions over the tolerance region, as shown in Fig. 11.
For 6- and 11-kW VAs, Xpax = 75 and Yax = 100, while for 30-kW VA,
Xmax = Ymax = 100.

Next, the 30-kW pair shown in Fig. 8(c) is analyzed as an example.
The impact of misalignment on mutual inductances and outputs is
investigated while keeping DC-link voltage and air gap constant at the
charging mode.

Seven mutual inductance values at different spatial points are ob-
tained through finite element simulation. Among them, M2, Mg 52, and
M;i ¢, decrease with misalignment, while My remains nearly constant.
Mo, Magy, and Mj-9 deviate from zero only at the coordinate point (Xmax,
Ymaxs Zmax); however, their values remain small due to the presence of
large air gap.

The calculated mutual inductance parameters are substituted into
both the time-domain model and the circuit simulation model to obtain
the average values of ir> and the charging current ipattery. The summarized
results are presented in Table 3.

The findings indicate that the output decreases obviously under
misalignment conditions, and the output current is approximately pro-
portional to M7 5. In contrast, cross-couplings M, Mag, and My-5 has less
influence on the output. Furthermore, simulation results suggest that
DC-DC efficiency at misaligned positions is reduced by approximately
0.5-2 percentage points compared to the aligned condition. Similar
analysis is also applied for other power levels, so they are not discussed in
detail here.
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3. System operation and control strategy

This section describes how the system operates and how it can be
controlled to achieve forward and reverse power flows when interfacing
multiple vehicles.

The circuit diagram of the proposed BWPT system is shown in Fig. 12.
The ground-side equipment consists of a grid-side interface converter, a
high-frequency (HF) FB converter, and a GA that integrates two sets of
resonant networks. Each of the three vehicle-side equipment consists of a
VA and a HF FB converter.

K; to K4 are high-rated current relay switches with low contact
resistance, toggled as needed to adapt to different vehicle-side equip-
ment. Prior to system operation, the vehicle side equipment needs to
transmit relevant information about VAs to the ground-side equipment
via wireless communication. When dealing with Vehicles 1 or 2 (equip-
ped with 6- and 11-kW VA, respectively), only K3 and K4 are closed,
activating the 85 kHz-resonant network on the grid side. In contrast, for
Vehicle 3 (equipped with a 30-kW VA), only K; and Kj are switched on,
enabling the 20 kHz-resonant network.

Fig. 13(a) illustrates the control block diagram of the three-phase
fully-controlled rectifier. Using a dual-loop control strategy, it simulta-
neously regulates the DC output voltage V and the gird-side AC current.
Specifically, it ensures that the DC voltage remains stable while main-
taining the input three-phase AC current in phase with the grid voltage,
thereby improving the power factor and ensuing a total harmonic
distortion (THD) of less than 5%. Fig. 13(b) shows the control diagram of

. i
Dlbteyl 35725 [FDof 25/2r
4
€abChe PLL . X
€dq €qp €
(a)
Vieer & | dp - Interleaved
\ PI |—>| Carrier |—> PWM
Vi
(®)

Fig. 13. Control block diagram of the front-end converter. (a) Three-phase
rectifier. (b) Buck circuit.
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Fig. 12. System-level schematic of the proposed BWPT system.
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Fig. 15. (a) Grid interface converter. (b) HF inverter/rectifier.

the Buck converter, where a voltage control loop is employed to adjust
the duty cycle, thereby achieving regulation of the DC voltage V;.

For the charging mode (forward power flow or G2V mode), the FB
converter on the grid side operate in inverter mode, while that on the
vehicle side function in uncontrolled rectification mode. Under this
condition, the output current Iy is proportional to the voltage Vi,
meaning the power transfer through the BIPT link is controlled by
regulating V;. Ultimately, this regulation is achieved by adjusting the
duty cycle of the Buck converter stage.

For the discharging mode (reverse power flow or V2G mode), the FB
converters on the vehicle side and grid side operate in inverter mode and

uncontrolled rectification mode, respectively. The power flowing into the
grid can similarly be controlled by adjusting the current flowing into the
grid and maintaining V;. Other alternative control methods, such as
adjusting the operating frequency and phase shift angles to control the
magnitude and direction of power flow [22-24], are not the focus of this
work and will be explored in future studies.

4. Experimental validation

This section presents the prototypes and experimental platform of the
BWPT system. The transmission performance of both grid-side and
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Fig. 16. The experimental setup of the BWPT system.
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Fig. 17. Experimental voltage and current waveforms of the 6-kW prototype (a) at charging mode, (b) at discharging mode, and the corresponding results from the

power analyzer, (c) at charging mode, (d) at discharging mode.

vehicle-side equipment is tested at different spatial positions under three
power levels, in charging and discharging modes, and under two ground
clearances.

4.1. Experimental setup

For validation purpose, the prototypes of the GA and three VAs are
built, as shown in Fig. 14. It is worth noting that the measured self-
inductance and mutual inductance values are closely align with the
designed values, and the reliability of finite element simulation is
confirmed.

Besides, the grid interface converter and HF converters are also
developed, as shown in Fig. 15. The control of the front-end converter is
implemented using digital signal processors (DSP) and field program-
mable gate array (FPGA), and a corresponding upper computer software
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has been developed. The HF-inverters are constructed using Wolfspeed-
CAS120M12BM2 modules and AgileSwitch 62EM1 electrical drivers.
Two TMS320F28335 digital signal processors function as the digital
controller and pulse-width modulation generator for both the grid-side
and battery-side FB converters. Signal transmission is enabled by the
NRF24L01 wireless communication module.

The experimental setup of the BWPT system is shown in Fig. 16.
Bidirectional DC power supply of Kewell-D2000-IV is used to simulate
power batteries. DLM5058 and WT1800 are utilized as the oscilloscope
and power analyzer, respectively.

4.2. Bidirectional performance test

Specifically, each prototype is tested at eight spatial points, including
one aligned position and three misaligned positions across two gap
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Table 4
Performance comparison with existing advanced BWPT systems.

Refs. compensation topology Power /kW Frequency /kHz Air gap /mm DC-link Battery voltage /V DC-DC efficiency System efficiency
voltage /V

[8,25]@2014 ss 22 100 136 <800 290-410 94%-95% 91%

[2,3]@2018 TMN 7 85 140-210 360~500 280-420 92%-96% /

[4]@2019 SS 20 85 170-250 750 300-450 94%-96% /

[9]@2020 LCC-LCC 20 22 280 675-800 320-420 96% 93%/89%

[5]@2021 LCC-S 3.7 85 150 400 255-403 93%-94% /

[26]@2021 LCC-S 6.6 85 140-210 390 200-420 / 92.5%

[10]@2022 SS 50 85 25 0-750 150-500 / 77%87%

[6]@2024 $-S-S 30 / 110-150 800 610-830 91.2%-96.7% /

Proposed®?°?*  Dual-coupled 30 20 185-205 200-750 420-610 93.6%-94.5% 92.5%/91.6%
LCC-LCC 11 85 71-91 600-700 94.7%-97.1% 93.1%/93.5%

6 85 101-121 380-440 94.0%-95.7% 94.3%/91.6%

distances. In addition, the test conditions include three voltage levels and
two power flow directions, resulting in a total of 48 test points.

For the 6-kW prototype, the oscilloscope's experimental cur-
rent-voltage waveforms and the respective results from the power
analyzer for G2V power transfer are shown in Figs. 17 (a) and (c),
respectively; and for the V2G power transfer in Figs. 17(b) and (d), #sys
represents the overall efficiency of the BWPT system, and #ac-pc and 7pc-
pc denote the efficiency of the grid interface converter and the BIPT link,
respectively. Similar results for the 11- and 30-kW prototypes are pre-
sented in Figs. 18 and 19, respectively. The measured waveforms are
consistent with the simulation results, which confirms the above analysis.

Under fixed DC-link voltage, battery voltage, and air gap conditions,
the transmitted power and efficiency remain stable. And the power and
efficiency of the prototypes under operating points at aligned position is
presented as a scatter plot in Fig. 20. The experimental results confirm
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that the developed system supports bidirectional power flow, with the
same GA capable for transferring the rated power for three VAs. Addi-
tionally, due to the meticulous design of the circuit topology and pa-
rameters, both the front-end converter and the BIPT link achieve high
efficiency. Overall, the system efficiency ranges from 91.7% to 94.3% for
forward transmission and from 89.5% to 93.5% for reverse transmission.

Besides, test results at misaligned positions are presented in Fig. 21.
Compared to the aligned position, the output power and efficiency at the
misaligned positions decrease, primarily due to the reduction in Mjs.
Increasing the bus voltage helps mitigate power reduction at misaligned
positions. For example, the 6-kW pair can maintain rated power output
under misalignment at charging mode. However, this approach has
limitations: the grid interface converter's output voltage is constrained by
an upper limit, and excessive voltage may cause passive components of
the resonant networks to exceed their stress limits. Additionally, in
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discharging mode, the DC-link voltage V; must not be too high; other-
wise, low reverse voltage gain may lead to discontinuous conduction
mode operation. As a result, the overall output performance in dis-
charging mode is lower than in charging mode. In spite of this, the system
efficiency of all three power-level pairs remained above 80% at the
misaligned points, meeting the standard requirements for
interoperability.

To emphasize advantages, a performance comparison of the proposed
system and existing BWPT systems is presented in Table 4. This work
demonstrates practical advancements in achieving a wide output voltage
range, compatibility with multiple power levels, and efficient bidirec-
tional energy transmission and conversion.

5. Conclusion

This work presents the design, development, and demonstrate of a
high-efficiency BWPT system for multiple vehicle applications. First, a
bidirectional charging and discharging system is proposed, integrating
multiple power conversion stages, such as Buck and full-bridge con-
verters, to deliver a wide output voltage range suitable for power bat-
teries. Second, a bidirectional grid-side interface converter with modular
on-demand operation is employed to achieve efficient electrical energy
conversion across a broad power range. Third, a GA is designed to
operate at standard-compliant frequencies and is compatible with
vehicle-side equipment across various power levels. Finally, a simple yet
robust control strategy is implemented to manage power flow through
voltage adjustment and mode switching of the converters. This design
enables the system to support multiple vehicle applications, including
vehicle-side equipment ground clearance across Z1 to Z3 classes, and
ensure compatibility with 400, 600, and 800 V battery platforms.
Experimental results confirm interoperability between the ground-side
equipment and the vehicle-side equipment. And the developed wireless
bidirectional charge-discharge interface achieves a peak system effi-
ciency of 94.3% and 93.5% in the forward and reverse power flow di-
rections, respectively.
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