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Abstract

A bidirectional Electrical Coupled Wireless Power Transfer (EC-WPT) system is suitable for energy interaction between grid and electric vehicles, or electronic
devices. Typically, the magnitude and direction of the power are controlled by the amplitude or phase angle of the voltages generated by the converters.
However, misalignment of the coupling plates and variation of the transmission distance are an inevitable issue in wireless charging systems based on
bidirectional EC-WPT technology. A change in the coupling capacitances will cause a deviation in the magnitude and transmission direction of power. This
paper proposes an inherent resonance frequency dynamic tracking method to address coupling misalignment, ensuring accurate and effective power flow
transmission. The method establishes a dynamic multivariate state-space model of the bidirectional EC-WPT system, calculates the transfer function matrix
of the fourth-order system, analyzes the amplitude-frequency characteristics, obtains the frequency corresponding to the maximum gain, and proposes an
inherent frequency dynamic tracking method for autonomously driving the bilateral converters by zero-crossing detecting the resonant currents on the
primary and the secondary sides. Finally, an experimental setup of the bidirectional EC-WPT system is established, and the experimental results verify the
feasibility and effectiveness of the proposed frequency tracking method for misalignment toleration of the coupling plates.
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Introduction

Wireless Power Transfer (WPT) technology refers to the compre-
hensive application of electrical theory, power electronics, and
control theory, which utilizes magnetic fields, electric fields,
microwaves, or lasers to transmit energy from the power grid or
battery to electrical equipment in a non-electrical manner, and
solves the problem of unsafe and inflexible energy contacts!'-4. In
the past few years, the theory and technology of Magnetic Coupled
Wireless Power Transfer (MC-WPT) have been widely studied and
applied®™¢l. However, the MC-WPT system cannot transmit energy
through metal objects due to electromagnetic shielding, and will
result in severe power lossl’l. Electrical Coupled Wireless Power
Transfer (EC-WPT) technology utilizes an electric field as the energy
transmission medium. It can transfer energy across metals regard-
less of metal interference, and the electric field of the EC-WPT
system is mainly concentrated between the coupling plates, greatly
reducing electromagnetic interference. In addition, an EC-WPT
system has unique advantages having a lightweight coupling struc-
ture, low eddy current loss, and costl®9, so it has increasingly
attracted high attention from experts and scholars. At present, EC-
WPT systems have achieved some research achievements in LED
lights, biomedical equipment, mobile robots, and EV charging.

Nowadays, an increasing number of energy interactions and shar-
ing scenarios exist showing a demand for Bidirectional Wireless
Power Transfer (BWPT) technology, such as Vehicle to Grid (V2G)
and portable device bidirectional charging applications!'-131, While
the research of EC-WPT technology is limited to unidirectional
power transmission, the unique advantages of the bidirectional EC-
WPT technology which is a type of BWPT technology make it
a potential development trend!'¥. The block diagram of a typical
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bidirectional EC-WPT system is shown in Fig. 1. Usually, the power
magnitude and direction of a bidirectional EC-WPT system are
controlled by the relative phase angle or magnitude of the voltages
generated by the primary and secondary converterst3l,

In practical application, the coupling plates will inevitably shift or
change in transmission distance, which leads to variation in
coupling capacitances (usually at the pF level), deviation in reso-
nant frequency, and reduction in the power transmission perfor-
mance. At present, some methods have been proposed and imple-
mented, mainly including compensation network tuning control,
compensation topology transformation, and power control strate-
gies. A dynamic tuning method of the capacitance matrix is
proposed to address time-varying coupling capacitors!'s.. Similarly, a
matrix charging platform and dynamically adjustable inductor are
proposed to maintain a constant output voltage by matching differ-
ent coupling capacitors®l. However, using controllable inductors
and capacitance matrices will increase the volume. Besides, a hybrid
parallel connected LCL and CL topology of the BWPT system is
proposed to achieve constant and effective charging of EVs in
coupling misalignment('6l, An LC-CLC compensation network
proposes that output power changes by less than 10% when the
coupling structure shifts within a certain rangel'’l. However, adopt-
ing these topologies is inherently complex, with a small range of
misalignment adaptation, and is susceptible to power fluctuations
without active control. In addition, a control strategy of power inter-
ference observation for the BWPT system proposes regulating the
relative phase angle by changing the power direction!'8l, which can
improve the effects of coupling detuning, but the power will fluctu-
ate continuously under the interference of phase shift angle, affect-
ing the stability of the system. A comparative analysis including
simulation and experiments between the proposed method and
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conventional methods to solve the misalignment of the coupling
plates is shown in Table 1.

Therefore, in order to cope with the coupling detuning of the
bidirectional EC-WPT system caused by the inevitable misalignment
of the coupling plates without adding additional circuit compo-
nents, complex compensation topology design, and unstable con-
trol strategy. This paper proposes an inherent frequency dynamic
tracking strategy to ensure that the system operates at the resonant
state before bidirectional power flow regulation to achieve the
preset phase-shifting power flow regulation.

Bilateral LC compensation network bidirectional
EC-WPT system

For the convenience of achieving energy interaction and sharing
among electrical equipment, the circuit topology of the bidirec-
tional EC-WPT system based on a dual LC compensation network is
shown in Fig. 2. The primary and secondary circuits use identical full-
bridge converters and bilateral LC compensation networks to
promote bidirectional power flow between electrical devices. Where
L, and L, are self-inductances of the compensation coils, C; and C,
are compensation capacitors. v, and v, are the resonant voltages
generated by the primary and secondary converters, i; and i, are the
resonant currents, E; and E, are the DC voltages, C; and C, are the
DC filtering capacitors. The coupling plates P, and P, are placed on
the primary side, while P; and P, are placed on the secondary side.
Under the interaction of the electric field, energy is wirelessly trans-
mitted between the coupling plates.

The four plates coupling structure in Fig. 2 consists of six coupling
capacitances Cy5, Ci3, Cy4, Cy3, Gy, and Cs4, which can converse to the
equivalent current source model as shown in Fig. 3.

The equivalent current source related to the voltage of the
coupling capacitance represents the coupling between the primary
and secondary metal plates. Therefore, the equivalent self-capaci-
tances and coupling coefficient can be expressed as:

Cint =C1+Cx
Cin=C2+Cp e))

ke = CM/ VCint - Cin2

where,

(C12+C14)(Ca3+C34)
Cin+Cra+Cp3+Cx
(Ci2+C3)(Cia+C34)

Co=Cur Cin+Cia+Cp3+Cx @

_ C1pC3y—C1uCys

C Cp+Ciu+Ci3+Cy

Thus, the two-port equivalent current source circuit model of the
bidirectional EC-WPT system is shown in Fig. 4.

The high-frequency full bridge converters of the primary and
secondary sides for the bidirectional EC-WPT system are driven by
two synchronous controllers. Both primary and secondary
controllers use phase shifting technology, the primary controller

Ca=Ci+

Cu
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generates an internal phase shift angle ¢, to the primary converter
and the secondary controller generates an internal phase shift angle
@, for the secondary converter to adjust the output voltage of the
primary and secondary side converters accordingly. Additionally, &
and S are the adjustable delay phase angle between the secondary
and the primary control signal. 0 is the relative phase angle between
the output voltage generated by the primary and secondary
converters. The switching sequences and resonant voltages of the
primary and secondary converters are shown in Fig. 5.

Usually, ¢, € (0, ), ¢, € (0, n), 0 € (—2m, 2x), B € (—2m, 2x). The rela-
tionship of the phase-shift angles is shown in Table 2. The general
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Fig.1 Block diagram of a typical bidirectional EC-WPT system.
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Fig. 2 Circuit topology diagram of the dual LC compensation network
bidirectional EC-WPT system.
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Fig.3 Equivalent current source model of the coupling structure.
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Fig. 4 Equivalent current source circuit model of the bidirectional EC-
WPT system.

Table 1. Comparison of critical characteristics of the proposed method and conventional methods.

Ref. Method Design complexity Adjustable precision Misalignment tolerability Power disturbance
[15] Capacitance matrix platform Medium Low Medium No
[9] Dynamic adjustable inductor Medium Low Low No
[16] hybrid parallel connected topology High Medium Low No
[17] LC-CLC compensation network Medium Low Low Yes
[18] Power-phase angle perturbation Medium Medium High Yes
This work  Autonomously track zero-crossing point of the current low High High No
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Fig. 5 Switching sequences and resonant voltages of the primary and
receiver converters.
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expression for the phase-shift angles can be obtained as:

5+%_%, 2n<B-6<(2k+ D
0= o o (k=0,£1,%£2)
5—7—7“:, Qk+Dn<p-6<2k+2)n
3

Therefore, it can be seen from Eqn (3) that the relative phase
angle @ can be controlled by any combination of ¢, ¢,, and d.

The primary and secondary converter switches (S1-54, S5-5S8) are
operated at a duty cycle of 50% and driving frequency f; to gener-
ate resonant voltages v, and v,. Therefore, the output fundamental
voltage of the full-bridge converters can be obtained as:

4E
v, = 24 cos (wyt) sin(ﬂ)
b 2 )

4E, .
v, = — cos (wst —0) sm(&)
T 2

where, w,= 2xf;.

According to the KVL equation, the relationship between the
currents and voltages of system circuit components can be derived
as follows:

Vp = j(/.)Llil + Vil

1:1 = ]:wcinlvinl +J:(UCMVin2 5 )
i2 = jwCin2Vina + jwCuyVim

Vi = jolaiz + Vi

If the frequency of the bilateral LC resonant network in the bidi-
rectional EC-WPT system is w,, then the resonance relationship of
the circuit can be obtained as follows:
CinlcinZ - CIZ\,]

CinZ
CiniCina —C2
2 inl%“in’ M
w, Lz—
¢ Cinl

So, the expression for the resonant currents of the primary and

secondary sides can be given as:

2

wcLl

=1
(©)
=1

Cin Cin
I] = —jwc%%
M (7)
I . CinlcinZ 1%
= —jw,—————
T,

Therefore, under the condition of the resonance relationship in
Eqgn (6), it can be obtained from Eqn (7) that the primary resonant
current /; has a phase difference of 90° with the secondary resonant
voltage V,, and is independent of the primary resonant voltage V.
The secondary resonant current /, has a phase difference of 90° with
the primary resonant voltage V,, and is independent of the
secondary resonant voltage V,. The power expression of the primary
and secondary sides is obtained as:
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Table 2. The relationship of the phase-shift angles.

p-o 0 ©,
B<o (=2m, -] I+ (p=p1)/2 B=o+2m

(-m, 0) 0=+ @2+ —(B-9)
p>0 (0,7 S+ (- @))/2 p-o

(m, 2m) = (@t )2 +m ~(B-d)+2n

P,=Re(V,I}} = @lnCiny vy Gng

" ®)
* wccinl CinZ .
P, =Re{V,I}} = ———2 "2y V, sing
Cy

Based on the above analysis, due to ¢,, ¢, € (0, m), under the given
circuit parameters and DC input voltage of the system, it can be
seen from Eqgn (8) that the magnitude of the transmission power
depends on the output voltage of the primary and secondary
converters and the relative phase angle of 6, while the power trans-
mission direction only depends on 6. When 6 € (0, n), P, > 0, P, < 0,
the lagging relative phase angle causes energy to be transmitted
from the secondary side to the primary side, and the system is
reverse power transmission; When 6 € (-r, 0), P,< 0, P,> 0, the lead-
ing relative phase angle transfers energy from the primary side to
the secondary side, and the system transfers power in the forward
direction. For any given voltage, when @ is + 1t/2, the reactive power
is zero, the active power reaches maximum value, and the system
achieves maximum power transmission. Figure 6 shows the relation-
ship diagram of transmission power and the relative phase angle.

However, in practice, due to the inevitable misalignment of the
coupling plates, the system may not achieve perfect resonance,
which will lead to changes in the power transmission. In this case,
Eqgn (8) is also not satisfied, so, it is very important to achieve inher-
ent resonance frequency tracking for the bidirectional system.

System dynamic model and inherent resonant
frequency analysis

According to KVL's law, the equivalent circuit differential equa-
tion of the bidirectional EC-WPT system shown in Fig. 4 can be
expressed as:

(€)

where,

A=CinCinp=Cyy (10)
X = [iy Ui Uiy i5] is the state vector of the system, u = [u; u,]" = [u, u/]"
is the input vector. So, the state space model can be expressed as:
X=Ax+Bu (11)
where, A is the system coefficient matrix, B is the system input matrix,
and can be derived as:

Co o0 Co
N0 T
IO (12)
A A
0 — 0
L,
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Considering the resonant currents i; and i, of primary and
secondary as outputs, the output equation can be expressed as:

y=Cx (14)
where,
T T
v=[w w | =i i]
co[1 000 15 (15)
1o o0 01

The transfer function matrix of G can be expressed as:

_Ye _ Cv-lp_| G Gl
Gs)= U(s) =Clsl-4) B_[ Gy (s) Gnl(s) ] (16)
where,
_h@ _ Ly
G (s)= T, Gia(s) = U, )
v b N0
Ga () = U, Gy (s) = U

Due to the fact that the frequency corresponding to the maxi-
mum gain of the transmission matrix in Eqn (17) is usually the reso-
nant frequency point in the self-excited oscillation mode of the
system['9], the system can automatically follow the zero-crossing
point of the system resonant current to drive the converters
through the self-excited oscillation mode, thereby operating at a
stable inherent resonant frequency.

For simplification, a structure, in which the coupling plates are
parallel, and the specific dimensions are shown in Fig. 7, where the
length of the coupling plates is 300 mm, the thickness is 2 mm, the
transmission distance is 10 mm, and the distance between P,-P,
and P;—P, is 150 mm. The parameters of the coupling capacitances
are given in Table 3 using the finite element simulation software of
Maxwell.

According to the circuit parameters in Table 4, the magnitude-
frequency and phase-frequency curves of the system transfer
function matrix is as shown in Fig. 8. It can be seen that the maxi-
mum gain is about 0.8, and the resonant frequency corresponds
t0 0.948 MHz.

Reverse power
transmission
2,

Forward power
transmission p
A

¥

¥

NN
SIE

v I II M1

Fig. 6 Phase relationship between transmission power and relative
phase angle.

P, P,
m P;
‘ / ‘ ; /

P
—F—

Fig.7 Structure and dimension of coupling plates.
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Table 3. The parameters of coupling capacitances.

Parameter Value Parameter Value
Gy, (pF) 91.3 G4 (pF) 90.56
Ci3(pF) 1.62 Cys (PF) 1.62
Cia(pF) 1.38 Cy3 (pF) 1.38
Cy1 (PF) 47.77 C (PF) 47.77
Cy (pF) 4477

Table 4. Circuit parameters of the system.
Parameter Value

E4(V) 100
E, (V) 100

Ly (uH) 75

Ly (uH) 75
G, (pF) 284

C, (pF) 284

Inherent resonant frequency dynamic tracking
method

According to the above analysis, the inevitable misalignment of
the coupling plates can cause the system to be in a non-resonant
state before the bidirectional power flow regulation. The proposed
control method can track the resonant frequency automatically and
stabilize operation. The simplified control diagram for frequency
dynamic tracking of the bidirectional EC-WPT system is shown in
Fig. 9, where the current detection circuit consists of a current
collected with a current transformer, differential amplification with
an operational amplifier, and zero-crossing comparation with a
high-speed voltage comparator.

The specific procedures are as follows: During the system start-up
stage, the primary and secondary controllers detect the zero-cross-
ing of the resonant currents, where the switches S1-S4 are in phase
with the output voltage signal of the primary side, and the switches
S5-S8 are in inverse phase with the output voltage signal of the
secondary side, which can ensure that the system is forward power
transmission and vice versa.

The proposed inherent resonance frequency dynamic tracking
method is shown in Fig. 10. It is worth mentioning that even if the
system dynamically changes, the system uninterruptedly tracks the
zero-crossing points of the resonant currents and drives the
converters of the primary and secondary sides to achieve dynamic
tracking of the resonant frequency.

Simulation and experiment variation

Simulation variation

To verify the effectiveness of the proposed inherent resonant
frequency tracking method, a bilateral LC-compensated bidirec-
tional EC-WPT system is constructed by SIMULINK, and the wave-
forms of the resonant voltages and currents on the primary and
secondary sides are shown in Fig. 11. Among them, Fig. 11a is the
transient response view of voltages and currents, and Fig. 11b is the
waveform diagram of the system driving the converters of primary
and secondary sides at 1 MHz operating frequency, at which the
output currents of converters oscillates periodically, mainly because
the system is driving the primary and secondary converters at a
constant frequency, and the phase of bilateral resonant voltages is
not synchronous, causing periodic changes in the relative phase
difference and continuous power oscillation. Through the inherent

Sun et al. Wireless Power Transfer 2025, 12: e004
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Fig.8 The magnitude-frequency and phase-frequency curves of the system transfer function matrix.

resonant frequency tracking method, the system operates stably at
the resonant frequency by tracking the zero-crossing point of the
resonant currents and it can be seen from Fig. 11c that the resonant
currents of the primary and the secondary sides remain stable by
the proposed method, not only is the phase synchronized, but also
the inherent resonant frequency of the bidirectional system can be
autonomously tracked.

i L Py f |P3} J& i
+ g | | -~ N
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L ]
N S L2 T T
|Drive signal| | Current Current | |Drive signal|:
generation | |detection detection| | generation
f ' i 1
Logic | |Zero-crossing|: ‘|Zero-crossing| | Logic
control | | comparation | ;| comparation | | control

Primary controller

Secondary controller

Fig.9 The proposed frequency tracking control schematic diagram of
the bidirectional EC-WPT system.

Start

Reverse power transfer

Initialize f,, f., power transmission direction

In addition, Fig. 12 shows the simulated waveform of the system
output currents. When the primary and secondary converters oper-
ate at a fixed initial frequency, the DC output currents of the primary
and secondary converters oscillate continuously and periodically.
Afterward, the system tracks the zero-crossing points of the reso-
nant currents and drives the converters, the currents gradually stabi-
lize and eventually operate stably at the inherent resonant
frequency. Besides, Fig. 13 provides an enlarged view of the trend of
the operating frequency of the primary and secondary sides chang-
ing from 1 to 0.948 MHz, which is consistent with the theoretical
modeling in Fig. 8. It can be seen that the proposed inherent reso-
nant frequency tracking method is effective.

Experimental prototype setup

To verify the feasibility of the inherent resonant frequency track-
ing control method for the bilateral LC-compensated bidirectional
EC-WPT system, a 100 W experimental setup was constructed as
shown in Fig. 14. The proposed system includes the full-bridge
converter of the primary and secondary sides controlled by two
controllers. The controller core has been fully encoded with HDL
and implemented on the Cyclone Il FPGA. The full-bridge converter
was implemented with a MHz GaN power module.

Forward power transfer

The primary and secondary operate at the
initial driving frequency

S2 and S4 are in phase with

Vpz, while S1 and S3 are in
reversed-phase with v,.;

S5 and S7 are in phase with

v,., while S6 and S8 are in ;
reversed-phase with v,.

End

Fig. 10 Procedures of the proposed frequency tracking control schematic.
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The frequency detection circuit is designed to sample the reso-
nant currents by a current transformer (CU8965-AL), a differential
operational amplifier (AD8058), and a high-speed comparator
(TL3016).

The circuit parameters of the experimental prototype are
designed symmetrically from the primary to the secondary side and
are summarized in Table 3. High voltage multilayer surface mount
device (SMD) ceramic capacitors were used for the parallel resonant

Dynamic resonance frequency tracking in bidirectional ECCWPT system

capacitors. The compensating inductors L, and L, were made of Litz
wire wound on a PVC pipe, and obtained from the resonance rela-
tion in Egn (6) at a resonant frequency of 1 MHz.

Inherent resonant frequency tracking control

Since the DC input voltage does not affect the inherent resonant
frequency of the system, the experiment is given with an input volt-
age of 30 V. Taking the transmission distance of 10 mm as an
example, the experimental waveforms of the proposed inherent
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Fig. 11

Resonant voltages and currents generated by the primary and secondary sides of the bidirectional EC-WPT system. (a) Full view of the transient

responder. (b) Zoomed-in view of the fixed-frequency driving. (c) Zoomed-in view of the frequency tracking method.
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Fig. 12 DC output currents of the primary and secondary sides.
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Fig. 14 Experimental prototype of a bilateral LC-compensated bidirectional EC-WPT system.
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Fig. 15 Resonant voltages and currents generated by the primary and secondary converters. (a) Full view of the transient responder. (b) Zoomed-in view
of the transient responder (c) Zoomed-in view of the fixed-frequency driving. (d) Zoomed-in view of thefrequency tracking method.

resonant frequency tracking method are shown in Fig. 15. Figure
15a is a complete transient view from fixed-frequency driving to
frequency tracking. When the primary and secondary converters are
driven at a fixed frequency of 1 MHz, the resonant currents of the
primary and secondary sides oscillate periodically. The enlarged
views are shown in Fig. 15b & c. Figure 15d is an enlarged view of
the inherent resonant frequency tracking stage in Fig. 15a & b,
showing that the resonant currents of the primary and secondary
sides of the system remain stable after driving the converters
through following the zero-crossing points of the resonant currents,
the resonant voltage and resonant current of the primary sides are
in phase (the direction of i; in Fig. 15 is opposite to that in Fig. 9),
and the resonant voltage and resonant current of the secondary
sides are out of phase.

At this time, the operating frequency of the system is stable at the
resonant frequency of 0.952 MHz, which is roughly consistent with
the resonant frequency of 0.948 MHz at the maximum amplitude
gain of the system shown in Fig. 13. The slight difference is mainly
due to differences in system parameters, which can prove the
consistency between theoretical modeling, simulation analysis, and
experimental results.

Conclusions

This paper proposed an inherent resonance frequency dynamic
tracking method to address the misalignment of the coupling plates
in a dual LC-compensated bidirectional EC-WPT system. The main
contributions of the proposed method are as follows:

(1) The method can effectively tolerate the issue of misalignment
of coupling plates in a bidirectional EC-WPT system and provide an
effective resonant frequency tracking strategy.

(2) The method can autonomously track the inherent resonant
frequency of the bidirectional EC-WPT system, providing support for
the application and development of a dynamic system.

Sun et al. Wireless Power Transfer 2025, 12: e004

(3) The method has a simple circuit design, is easy to implement,
and is beneficial for the operation of high-frequency bidirectional
EC-WPT systems.
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