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Abstract—Electric vehicle (EV) wireless power transfer (WPT) TABLE I
system is an important technical path to deal with the global energy SAE STANDARD AIRGAP AND POWER CLASS CORRESPOND TO DIMENSIONAL
crisis and reduce greenhouse gas emissions. By combining the PARAMETERS
different power classes exhibited by EVs in various scenarios, a
reconfigurable topology for the WPT system of EVs was proposed, Alrgap Z1 72 Z3
which can realize the switching of three different power classes Power class (100-150mm) (140210 mm) _ (170-250 mm)

. o . aps . . WPT1 260%260 mm 318x318 mm 420%420 mm
without designing additional parameters, and fixing inputs. The (<3.70kW) B4.5 mm 9.0 mm 5.0 mm
proposed adopts power-class interoperability among SAE WPT1 WPT2 250%250 mm 320%320 mm 380x380 mm
(<3.70 kW), WPT2 (2.96-7.70 kW), and WPT3 (6.16-11.10 kW) (2.96-7.70kW) &7.0 mm @8.0 mm @10.0 mm
power classes, and uses common unipolar and bipolar coils as WPT3 270%270 mm 320%320 mm 380x380 mm

(6.16-11.10kW) @7.0 mm @8.0 mm @10.0 mm

the magnetic coupling structure for implementation. The purpose
is to meet the power class quotas required in different charging
periods or different charging scenarios. A 1.6-kW downscaled ex-
perimental prototype was established. Under the premise of 100 V
input voltage, the maximum system dc—dc efficiency of 90.31%,
92.23 %, and 94.02 % of the three modes is achieved, respectively. By
building a full-power simulation model, regardless of which mode
the proposed system operates in, it remains within the safe range
of electromagnetic radiation. Finally, in the case of misalignment,
the function of the system in anti-misalignment is verified.

Index Terms—Electric vehicles (EVS), interoperability, power
class, reconfigurable topology, wireless power transfer (WPT).

1. INTRODUCTION

S AN important technological path to cope with the global
A energy crisis and reduce greenhouse gas emissions [1],
[2], [3], [4], [5], [6], wireless power transfer (WPT) system
for electric vehicles (EVs) [7], [8], [9] is expected to show
a significant growth in the penetration rate of its transporta-
tion system. The American Electric Power Research Institute
predicts that the penetration rate will reach 35%, 51%, and
62% in 2020, 2030, and 2050, respectively [10]. However, the
large-scale development of EVs poses a severe challenge to
the existing power distribution system: the overlap between
the centralized nighttime residential charging demand and the
traditional household load peak may lead to stability problems
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such as voltage fluctuations and power flow exceeding limits of
the distribution network [11], [12].

As more and more EV WPT systems are proposed and
gradually put into use, the ideal charging scenario also needs to
be replaced by a practical variety of application scenarios [13],
[14], [15], [16]. When the EV WPT system is used in the old
power grid or battery protection, the power class transmitted by
the system is reduced as much as possible, which can protect the
battery and extend the battery life [17]. For home or commercial
charging, the balance between economy and efficiency can be
ensured under the premise of ensuring the rated charging power
[18]. For emergency power-up or high-value service scenarios,
a higher output power class is necessary [19]. Only considers
the scenario where the input voltages are consistent, that is,
the scenario for home and commercial use [20]. However, the
multiple and complex power class scenarios mentioned above
put tremendous pressure on EV WPT systems. To alleviate
this pressure and enable the WPT system to be applicable in
various power class scenarios, the power class adaptation can be
achieved from the following perspectives.

A. Magnetic Coupling Structure

Considering the characteristics of the WPT system, the
switching between high-power-class coils and low-power-class
coils is the most direct way of power class adaptation. By using
the method of selectively energizing coils, low-power single-coil
transmission can be achieved on the basis of a 20-kW multi-coil
system [21]. Although there is a high-power multi-coil magnetic
element and a low-power single-coil that can achieve power
class adaptation mainly through magnetic couplers, it has not
been proven through experiments that their respective systems
perform well under low-power and high-power operations. In
the context of multi-coil switching, a 50-kW three-phase WPT
system with multiple coils was proposed. This system operates
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Fig. 3. Simulation model of the coupling structure.

at areduced power class (5.0-kW), which is achieved by driving
only one of the three coils on the transmitter (Tx) with a sig-
nificantly reduced dc-bus voltage [22], [23]. In the context of
power class interoperability, a balanced multicoil WPT system
that can short-circuit or open-circuit one or more coils has
advantages over an equivalent single-coil WPT system. This
has established the advantage of the multi-transmission channel
system in achieving interoperability of power classes.

B. Control Strategy

The power regulation methods within the WPT system are
mainly manifested at the bilateral control level. In addition to
using the method of adding additional switch hardware [24], the
bilateral control also utilizes the active switch on the receiver
(Rx) to regulate power. The bilateral control can adopt the form
of a robust dc side regulator [25], using the active switch on the
Rx to regulate power. It can also use a complex half/full-bridge
active rectifier, which has Rx phase-shift angle control or Rx
active bridge relative to Tx phase-shift control [26], [27], [28],
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Fig. 5.  'WPT system in Mode I. (a) Circuit topology. (b) Switching timing.
(c) Equivalent circuit.

[29]. However, the cost of bilateral control is higher than the
single-side power regulation technology, but it reduces the com-
ponent cost compared to adding additional switch hardware. At
the same time, even if zero voltage switching (ZVS) is satisfied,
not only will the efficiency presented by the system decrease,
but the loss of the switching devices will be higher than in the
case of single-side power regulation.

In the context presented above, WPT system with power-class
interoperability performance needs to be proposed in [29] and
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[30]. This system should have high efficiency energy transmis-
sion, simple control strategies, no additional switching devices,
rationality of the magnetic coupling structure, and high integra-
tion.

By summarizing the parameter data of the coupling structure
on the Rx in the content of SAE J2954 [31], the dimensions and
diameter of coil (®) of three different Rx coil structures under
power class are summarized, as given in Table . In the Z1 and
73, the size of coupling structure and ® vary greatly. Under the
premise of meeting the standard coil parameters, three different
coil structures need to be designed to meet the different power
class scenarios. In the Z2, the differences in the dimensions and
® of the three-power class coupling structures corresponding
to WPT1, WPT2, and WPT3 are negligible. The premise of
building an EV WPT system with power class interoperability
is to ensure that the air gap of the coupling structure is Z2.

WPT system in Mode II. (a) Circuit topology. (b) Switching timing.
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The above application scenarios can be divided into: low-
power battery protection (WPT1); cost-effective output of rated
power (WPT2); and high-power emergency response (WPT3).
This paper proposed a novel reconfigurable EV WPT system
with power-class interoperability, as shown in Fig. 1, which has
the following advantages.
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System loss distribution diagram. (a) Mode I. (b) Mode II. (c) Mode

1) With the power-class interoperability.

2) The coupling structure is replaceable and has a relatively

high level of scalability.

3) Simple control strategies, no additional switching devices.

4) High efficiency (>90%) energy transmission regardless of

the working mode.

The rest of this paper is organized as follows. In Section II,
the coupling structure has been presented. In Section III, the
reconfigurable topology has been proposed, which is used to
verify the power class interoperability. Section IV presents
the experimental verification. Finally, Section V concludes the

paper.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 3, MARCH 2026

II. MAGNETIC COUPLING STRUCTURE

The magnetic coupling structure adopted by the proposed
WPT system is shown in Fig. 2. Tx and Rx also contain two
kinds of coil structure, unipolar (Q) and bipolar (DD) coil, which
is stacked on top of each other. The stacking forms of Q and DD
coils are adopted.

Based on the number of coils at the Tx and Rx, the mutual
inductance between the shown coils is defined as M; (i = 1,

.,0). By building a simulation model of the corresponding
coupling structure in Maxwell, the magnetic field of the coupling
structure is visualized. When placed in the positive position, it
is shown in Fig. 3.

Using the coil parameters of the established simulation model,
namely the size of the Tx and Rx coil (/) is 300 mm x 300 mm,
airgap is 130 mm, the variation diagrams of all mutual induc-
tances of the proposed coupling structure with the misalignment
were measured and plotted, as shown in Fig. 4. When the Rx of
the proposed coupling structure offsets along the x-axis or y-axis,
M3 and M4 will not exhibit corresponding fluctuations, and the
values will be almost zero, which can be disregarded.

III. PROPOSED DUAL CHANNEL RECONFIGURABLE TOPOLOGY

According to the definition of power class in SAE standard,
mode I corresponds to WPT1 power class, Mode II corresponds
to WPT2 power class, and mode III corresponds to WPT3 power
class. The proposed reconfigurable topology further realizes the
switching of three power classes by changing the conduction
OFF state of S1-S4 without adding additional switching relays,
so as to adapt to the interoperability of WPT1~3. The self-
inductance of the coupling structure can be defined in Ly, Lo,
Lp1,and Lio. Ly and Lpo are the compensating inductances.
Cr1, Cpo2, Cp1, Cro, Cr1, and Cpro are the compensating
capacitances.

A. Mode I for WPT1

When the proposed system is working in Mode I for the WPT1
scenarios, the circuit topology is shown in Fig. 5(a). Based on the
switching timing, as shown in Fig. 5(b), the equivalent circuit is
shown in Fig. 5(c). Viny (V) and U 1, are the inverter (rectifier)
dc and fundamental ac voltages, respectively. Rgo, R72, and
R R are the corresponding equivalent series resistances (ESRs)
of Lpa, L2, and Lpa, respectively. Rgq is the equivalent load
resistance. They can be expressed as

V2 8
Urs = —Vinv, Req = S Rer. (1
m ™
The system works at the resonant angle frequency w
W= 1 _ 1 _ 1
VLri1Cr1 VLp2Cra VLRr1Cr1 @)

— 1 _ Cr+Cr
VLRr2CR2 L11Cr1Cr1

— Cra+Cro
L12Cr2Cra”
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The system output power (PouT-Mode 1) €an be expressed

When the proposed WPT system is working in Mode II for
the WPT?2 scenarios, the proposed system and equivalent circuit
are shown in Fig. 6. In this mode, when the system undergoes
offset, the cross-coupling cannot be ignored. To fit the actual
application scenarios, the cross-coupling M5 and Mg between
20 30 40 50 60 the two channels are introduced. Through KVL, and ignoring
ESRs, corresponding currents can be expressed as

o 1]-Mode I EXP """ /]-Mode I+ Cal O 77-Mode 11 EX])
— /]-Mode I Cal 7-Mode - EXP 7]-Mode III- Cal as
~~ 2
S P _ w4C’12;2 M,y U%Q 5
< OUT-Mode I = ——— 5 —— (5)
éﬁ EQ
:f’} The system dc—dc efficiency (7node 1) can be expressed as
= MMode I = Pour (6)
ode - 2 2 2 .

£ 300 0 Poursoder Exp ---e- Pouraoder: Cal FPour + Iy Rr2 + Ipp Rra + Iy Rio
2 \ 0 Pourmodern: EXp Pour-moden: Cal
5 Povr-modem: EXp Pour-modem: Cal B. Mode II for WPT2
._g
Q-‘ .
£
j=]
O .

Iy — W (My+Mg)?C2 +(My+Mg) (Ma+Ms)Cpi Cra]Urs
F1 — Riq

Ity = —jwCp1Urs
w2[(Ml+M6)(M2+M5)CF1CF2+(M2+M5)2C%2}UT2 .

Fig. 14.  System DC-DC efficiency and output power changes under different
loads.

Using Kirchhoff’s voltage law (KVL), can be expressed as Ir2 = ) Req
Ity = —jwCraUrs
Ura = (jwLrz + Rpa)Ir2 + 55— (Ir2 — I72) Ip = ‘”2[(Ml+M6)CF1;(M2+M5)CF2]UT2
: EQ
jw%m(fm — Irs) = (jwLr2 + Jw%m + Rra)I72 3) (7
—jwMsIRsy The PouT-Mode 11 Can be expressed as
JwMsylry = (jwLrs + ]w%m + Rpo + Req)Ir2

WA[(My+Mg)Cry+ (Mo + M5)Cro] U2,

Ipo, I79, and Igo are their corresponding currents, respec- Riq
tively. Ignoring ESRs, them can be expressed as ®)
The 1node 11 can be expressed as

PouT-Mode 1=

iM2C2,U
Ips = WzR—Eg2T2 Pour
Iro = — 7w CrolUps . 4 TMode T1= 3 .
T2 wszZC‘; T @ Pour+) (I3 Rpi+13;Rri) +1%(Rpi+ Rro)

UTEE ra )
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C. Mode Il for WPT3

When the WPT system is working in mode III for the WPT3
scenarios, the proposed system and equivalent circuit are shown
in Fig. 7. U is the fundamental ac voltage, which can be
expressed as

2V2

Ur, = TVINV = 2Urs.

(10)

Through KVL, and ignoring ESRs, while retaining the cross-
coupling between the two channels, corresponding currents can
be expressed as

w4 [2(M1+Mg)>C2 | +(M1+Mg)(M2+Ms5)Cr1Cra]Urs
REQ

Ip =
Ir1 = —2jwCr1Urs

w2[2(M1+Mg)(Ma+Ms)Cp1 Crat(Ma+Ms)>C2,]Urs
REQ :

Ipy =
I1y = —jwCraUrs

In = W2 [2(M;+Mg)Cri14+(Ma+Ms)CralUrs
R i

an

The PouT. Mode 111 Can be expressed as

o.)4[2(M1+M6)CF1+(M2+M5)CF2]2U72“2

PouT-Mode 111 =

REQ
(12)
The 1node 111 Can be expressed as
TMode IIT = Four
Pour+>_ 1 (I3, Rpit13, Rri) + 1% (RR1+RR(21)3)

Three modes can meet three different power class scenarios
of WPT1~.3 under the premise of keeping the input voltage and
load resistance constant. At the same time, the proposed EV
WPT system has high robustness for adding additional relay
switches and resetting complex resonant relationships.

IV. EXPERIMENTAL VALIDATION
A. Experimental Platform

A 1.6-kW downscaled WPT system was constructed to val-
idate the proposed method, as shown in Fig. 8. Meanwhile,
the key components adopted by the system have also been
marked. This section introduces multiple sets of experiments
based on the experimental system, respectively elaborating on
the verification of the downscaled prototype, power class inter-
operability, electromagnetic radiation analysis, load variability,
and misalignment tolerance characteristics. The corresponding
parameters of the final presented system are shown in Table II.
In combination with the standard parameters of the coupling
structure for different power classes in Table I, a coil with the
® of 5.0 mm is adopted here as the corresponding coupling
structure for the downscaled experimental prototype.

B. Downscaling Verification

Based on the Poyt and 7 in the Section III, the variation of
output power and system dc—dc efficiency changes with load and
input voltage are obtained, as shown in Figs. 9 and 10. Based on
the parameters of the downscaled experimental prototype, when
the input voltage is 200 V and the load is 30 €2, the calculated
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TABLE II
PARAMETERS OF EXPERIMENTAL PROTOTYPE

Symbol Parameter Value
Lp Filtering inductor on channel 1 10.0 uH
Cry Filtering capacitor on channel 1 351.70 nF
Ry Parasitic resistance of L 37.10 mQ
Lt Resonant inductor on channel 1 66.52 i H
Cn Resonant capacitor on channel 1 62.14 nF
R Parasitic resistance of Ly, 118.40 mQ
Lp> Filtering inductor on channel 2 10.0 uH
Cry Filtering capacitor on channel 2 350.30 nF
Re> Parasitic resistance of L, 37.20 mQ
Lt Resonant inductor on channel 2 76.16 uH
Cn Resonant capacitor on channel 2 52.98 nF
R Parasitic resistance of Lt 135.60 mQ
Lgy Resonant inductor on the RxQ 57.75 uH
Cri Resonant capacitor on the RxQ 60.77 nF
Ry Parasitic resistance of Ly, 102.80 mQ
Lg> Resonant inductor on the RxDD 89.31 uH
Cro Resonant capacitor on the RxDD 39.29 nF
Rro Parasitic resistance of Lz 159.00 mQ

TABLE III
EXPERIMENTAL RESULTS
Mode i [ il [ 111
Viny 100 V
Ry 30Q
f 85 kHz
Pour 163.47TW 669.63W 1605.88W
Hmax. 90.32% 92.24% 94.02%
AR N N N
. Qand Q and
Coupling Tx DD coil DD coil DD coil
Structure . Qand Qand
Rx DD coil DD coil DD coil
Scenario WPT1 WPT2 WPT3
TABLE IV

REFERENCE LEVELS FOR OCCUPATIONAL EXPOSURE TO TIME-VARYING
ELECTRIC AND MAGNETIC FIELDS (UNPERTURBED RMS VALUES)

Frequency E-field Magnetic field Magnetic flux
E (kV/m) H (A/m) B(T)
1-8 Hz 20 1.63x10%/f2* 0.2/f?
8-25 Hz 20 2.0x10Yf 2.5%10%f
25-300 Hz 5.0x10%f 8.0x10% 1.0x107
0.3-3 kHz 5.0x10%f 2.4x10%/f 0.3/f
0.003-10 MHz 1.7x10"! 80 1.0x10*

Notes: *fin Hz.

output power of modes I, II, and III is 0.75 kW, 3.30 kW, and
7.67 kW, respectively, the calculated system dc—dc efficiency of
modes L, II, and [T is 92.41%, 93.34%, and 95.27%, respectively.
The above three modes can meet three different power-class
scenarios of WPT1~3. The proposed WPT system has high
robustness for adding additional relay switches and resetting
complex resonant relationships.

C. Power Class Interoperability

Based on the downscaled experimental prototype, the exper-
imental results are shown in Table III. When the input voltage
is 100 V and the load is 30 2. When the system works in Mode
I and is in the positive position, the system output power is
163.47 W and the dc—dc efficiency is 90.31%. Meanwhile, the
current and voltage waveform of each branch of the system is
shown in Fig. 11(a), and the system realizes ZVS.
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When the system works in Mode II and is in the positive
position, the output power is 669.62 W, and the system dc—
dc efficiency is 92.23%. Meanwhile, the current and voltage
waveform of each branch of the system is shown in Fig. 11(b),
and the system realizes ZVS.

When the system works in Mode III and is in the positive
position, the system output power is 1605.88 W, and the system
dc—dc efficiency is 94.02%. At this time, the current and voltage
waveform of each branch of the system is shown in Fig. 11(c),
and the system realizes ZVS.

The power loss distributions under different working con-
ditions are shown in Fig. 12. The power lost by the system
under different working conditions is mainly concentrated inside
the Tx and Rx coils, that is, the internal circulating current is
relatively high. In the case of mode I, proposed system is affected
by cross-coupling. Not only will it generate corresponding cir-
culating losses at the Tx of channel one, but it will also cause
unnecessary losses on the Rx, thereby reducing the transmission
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efficiency of the entire system. The proposed system can not only
achieve high efficiency output of three modes under the premise
of ZVS, but also meet the system output power of WPT1~3
application scenarios.

D. Electromagnetic Radiation Analysis

Based on the output mode of the mentioned EV WPT system
itself, the electromagnetic radiation of the system is analyzed
here. First, in combination with the ICNIRP standard, the ref-
erence levels (unperturbed RMS values) of public exposure to
time-varying electric and magnetic fields as given in Table IV
were obtained [32]. By integrating the power-class interoper-
ability performance of the proposed system, the magnetic field
distribution was simulated respectively under the conditions of
adding additional shielding (aluminum plate) and for adding
additional shielding.

Based on the WPT system parameters proposed in Table II,
the visual magnetic field distribution diagrams of each working
mode at full power operation were simulated respectively (com-
pared with the power of the downscaled prototype), as shown in
Fig. 13.

By taking the magnetic field conditions at 20 cm from the edge
of the coupling structure, respectively [32], it can be concluded
that the system meets the maximum magnetic field strength
requirements in the standard without adding aluminum plate
shielding. At the same time, after adding additional aluminum
plates, the overall magnetic field strength of the system was
weakened.

E. Load Variability

To describe the transmission characteristics of the proposed
system, it can be known from (4), (7), and (11) that the proposed
system has the transmission characteristic of constant voltage
output. By changing the variations of the system load with the
100 V input voltage, the changes in the system dc—dc efficiency
and output power are shown in Fig. 14. With the linear variation
of the load resistance, the system output characteristics in the
three modes of the proposed system show a decreasing trend
with the increase of the load.

F. Misalignment Tolerance

The system dc—dc efficiency and output power changes pre-
sented when the system is offset along the x-axis and y-axis
under the working state of the proposed system in modes I, II,
and III respectively are shown in Figs. 15 and 16, respectively.
Correspondingly, the system waveform diagrams of the coupling
structures at 30, 60, and 90 mm, respectively, in each mode
are shown in Fig. 17, all of which have achieved ZVS. When
the system is offset along the x-axis, no matter which mode the
system works in, it can achieve system dc—dc efficiency of more
than 75% in the range of +120 mm [31].

When the system is offset along the y-axis, the system works
in Mode I and Mode I1, and can achieve dc—dc efficiency of more
than 75% in the range of +150 mm. When the system works in
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Fig. 17.  Waveform diagram in 30, 60, and 90 mm. (a)—(c) Mode I. (d)—(f) Mode II. (h)—(j) Mode III.

TABLE V

COMPARISON AMONG DIFFERENT TOPOLOGIES

Refs [29] [30] This Work
Topology LLC-Dual LLC Dual LCC-LCC Dual LCC-S
Rated power 50.0 kW 30.0 kW 1.6 kW
Power class interoperability N N N
Working Mode 2 3 3
The number of Inverter 12 8 4
Additional switches 0 4 0
Tx 585x560 mm 1064x910 mm 300300 mm
Magnetic 590x448 mm
. Rx 585%560 mm 576460 mm 300x300 mm
coupling 800x610 mm
structure P 10.0 mm NA 5.0 mm
Airgap 160 mm 71,101, 185 mm 130 mm
Misalignment tolerance +75 mm (x-axis) NA +120 mm (x-axis)
(7> 75%) " +100 mm (y-axis) +90 mm (y-axis)
Maximum system 92.00% (10.0 kW) 99;‘%&’ (6.0kW) 90.32% (Mode Iy
DC-DC efficiency 94.00% (50.0 kW) 70% (11.0 kW) 92.24% (Mode II)
93.60% (30.0 kW) 94.02% (Mode III)

Note: "According to the SAE J2954 standard, the efficiency of WPT1 (3.3 kW) should reach more than 75% in the case of maximum deviation, and WPT2 (7.7 kW)

should reach more than 77% [31].

Mode I1I, it can achieve more than 75% system dc—dc efficiency
transmission in the range of +90 mm.

Based on the different enabling states of the coupling structure
corresponding to different modes of the proposed system, it is
confirmed here that the coupling structure of the Q and DD coil
stacking method adopted has a certain degree of misalignment
tolerance characteristics. At the same time, the proposed system
itself has a relatively high level of scalability, which only used Q
and DD coils as the magnetic coupling structure. Subsequently,
by replacing the complex coil structure, the system can possess a

higher level of misalignment tolerance characteristics and stable
output capacity.

G. Comparisons

The results of the comparisons with existing works are shown
in Table V. The proposed WPT system, while having the perfor-
mance of power-class interoperability, has a very small number
of inverters and still ensures more power-class scenarios. The
proposed system adopts a magnetic coupling structure that only
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needs to meet the requirement of mutual decoupling, which has a
high degree of design freedom and reduces the design difficulty
at the level of coupling structure design.

This paper confirms the power-class interoperability perfor-
mance of the proposed WPT system with its output voltage
and magnetic coupling structure. In the future, by completely
eliminating cross-coupling through changes to the coil structure
and integrating it with the proposed wireless power transmission
system, it will be possible to further improve the defects existing
in the coupling structure while achieving the effects described
in this paper.

V. CONCLUSION

This paper has proposed a novel reconfigurable topology
with power class interoperability. Three modes can be switched
by the inverter timing without adding other relay switches. A
1.6-kW downscaled experimental prototype have been built.
The power-class interoperability performance with WPT1~3
scenarios was verified. The experimental results have demon-
strated the superiority of the proposed system in power class
interoperability. When the system input voltage is 100 V, the
dc—dc efficiency corresponding to the three modes of the system
is 90.31%, 92.23%, and 94.02%, respectively. Regardless of
which mode the proposed system operates in, it remains within
the safe range of electromagnetic radiation. With the offset
occurred, the system can maintain high efficiency whenever in
any operating modes.
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