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Phase Synchronization Method Based on
Self-Oscillation Mode for Bidirectional
EC-WPT System

Min Sun“’, Xin Dai

Abstract—Bidirectional electric-field coupled wireless power
transfer (EC-WPT) technology with bilateral physical isolation
enables energy interaction between electrical devices. Phase desyn-
chronization of the output voltages generated by the primary and
secondary converters causes issues such as periodic variations in the
relative phase difference and continuous oscillations in the output
power. Therefore, this article proposes a phase synchronization
method based on self-oscillation mode that can tolerate misalign-
ment of coupling plates in the bidirectional EC-WPT system. The
method analyzes the effect of coupling capacitances variation on the
soft-switching operating points by establishing a stroboscopic map-
ping model of the system, and provides a stable resonant frequency
operating at the maximum amplitude-frequency gain. Based on
the principle of self-oscillation, the system autonomously drives
the bilateral converters by tracking the zero-crossing points of the
resonant currents and ultimately operates at a stable resonant fre-
quency for precise phase synchronization. It operates without the
need for complicated computation, additional complex analog cir-
cuits, and is not affected by the variation of coupling capacitances.
The experimental results show good agreement with the simulation
results, validating that the effectiveness of the proposed phase
synchronization method for the bidirectional EC-WPT system.

Index Terms—Bidirectional wireless power transfer, electric-
field coupling, phase synchronization, self-oscillation.

1. INTRODUCTION

LECTRIC coupled wireless power transfer (EC-WPT)
E technology utilizes high-frequency electric field as energy
transfer carriers, and comprehensively utilizes power electron-
ics technology, electrical theory, and modern control theory
to achieve power transfer technology without direct electrical
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Fig. 1. Typical structural block diagram of the bidirectional EC-WPT system.

connection between power source and load [1]. EC-WPT tech-
nology solves the problem of unsafe and inflexible connection of
traditional cable unplugging and wiring, and has the character-
istic of power transmission through metal obstacles. EC-WPT
system adopts metal plates as the coupling structure, which has
the characteristics of light weight, low cost, variable shape, and
low eddy current loss [2], [3], [4].

However, with the continuous expansion of the application
field of EC-WPT technology, the need for bidirectional power
flow of wireless electrical devices has emerged, such as vehicle
to grid and battery to battery. However, traditional unidirec-
tional EC-WPT technology cannot satisfy the energy interaction
between power source and direct-current (dc) battery energy
storage devices. Therefore, the unidirectional power transmis-
sion of EC-WPT system is transforming to bidirectional power
transmission [5], [6]. Bidirectional EC-WPT technology can
achieve bidirectional power flow between electrical devices. As a
distributed energy storage device, electrical devices can provide
standby power for the others, flexibly deploy the energy, increase
the utility value, and facilitate energy interaction and optimal
utilization between electrical devices [7], [8].

The structural block diagram of a typical bidirectional EC-
WPT system is shown in Fig. 1, which consists of bidirectional
converters, resonant networks, coupling structure, power source,
and battery energy storage equipment.

At present, the research on the bidirectional EC-WPT tech-
nology is in the infancy. Current achievements are mainly based
on the analysis and study of the phase-shifting power flow
regulation method for bidirectional EC-WPT system with the
typical bilateral symmetrical full-bridge converters, the magni-
tude and direction of the transmitted power can be regulated
by the magnitude and relative phase difference between the
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output voltages of the primary and secondary converters [9],
[10]. However, due to the fact that two independent controllers
are usually utilized for the primary and secondary sides of
bidirectional EC-WPT system with bilateral physically isola-
tion in the engineering practice. Phase desynchronization of
the output voltages generated by the primary and secondary
converters will result in periodic variations of the relative phase
difference and sustained oscillations of power [11]. In addition,
since the operating frequency of bidirectional EC-WPT system
is usually MHz and above to reduce the size and volume of
compensation inductance, the precision of phase synchroniza-
tion needs to be controlled at the level of us or even ns in the
high-frequency environment. However, the traditional wireless
communication techniques have high latency and are susceptible
to electromagnetic interference, which affects the precision and
stability of phase synchronization in bidirectional EC-WPT
system.

Some theoretical studies on phase synchronization methods
of the bidirectional wireless power transfer system without any
wireless communication have been reported in the past. Thri-
mawithana et al. [12] proposed a phase synchronization method
based on the detection of voltage signal in the auxiliary windings,
which synchronizes the primary resonant voltage signal by the
induced voltage derived from the magnetic field generated by
the primary resonant current. However, additional auxiliary
winding and PLL or VCO increase the complexity of circuit
design. Tian et al. [13] proposed a synchronization strategy
based on power-phase angle perturbation independent of adding
additional circuit, and the desired power can be achieved by in-
terfering with the relative phase difference. However, the power
fluctuates continuously under the disturbance of the relative
phase difference, which affects the stability of the system. On
the other hand, Zhang et al. [14] and Liu et al. [15] proposed
synchronization control methods by periodically detecting and
tracking the extreme value of the output current to correct the
relative phase difference, respectively. Such solutions reduce the
complexity and cost of the system. However, the aforementioned
former control strategies cannot be implemented in case of
changing system parameters. Although the latter control strategy
can effectively overcome the misalignment tolerance of the
coupling structure, the robustness of the system is poor due to
the nonreal-time sampling of the current detection. Tang et al.
[16] proposed a zero reactive power control technique. Although
the strategy can overcome misalignment of coupling coils, it
requires complex hardware circuits (multiplier, phase shifter,
and low-pass filter), which may lead to inaccurate detection and
adverse to the stable operation of bidirectional EC-WPT system
in the high-frequency environment.

The aforementioned phase synchronization methods are ori-
ented to bidirectional magnetic-filed coupling WPT system
using magnetic fields as energy carrier, with an operating fre-
quency of around kHz, whereas the frequency of bidirectional
EC-WPT systems is usually MHz or above. Thus, the preci-
sion of phase synchronization needs to be controlled at the
level of s or even ns in a high-frequency environment. This
article proposes a simple and reliable method that achieves
precise phase synchronization at us level between primary and
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secondary sides of bidirectional EC-WPT system without any
wireless communication. The overall comparison of aforemen-
tioned phase synchronization methods and the proposed method
in terms of additional circuit, design complexity, and real-time
sampling is shown in Table I. The proposed phase synchroniza-
tion method based on self-oscillation mode is not complicated
computation, additional analog circuit, and unaffected by varia-
tion on coupling capacitances, the only hardware requirements
of the proposed method are the current detection circuit. The
experimental results of the bidirectional EC-WPT system show
that the proposed phase synchronization method is feasible and
applicable.

II. TOPOLOGY AND MODELING OF BIDIRECTIONAL
EC-WPT SYSTEM

In this article, bilateral LCLC-compensated bidirectional EC-
WPT system is shown in Fig. 2. Due to the advantages of LCLC
resonant network in reducing the current and voltage stresses on
the circuit components near the coupling plates, as well as the
proportionality between the output power and the coupling coef-
ficient [17]. Coupling exists between every two plates, resulting
in six capacitances C12—C3q4, as shown in Fig. 3. P; and P35 are
embedded in the primary side, while P and P4 are placed at the
secondary side. The coupling capacitances are simplified to the
equivalent m model, which is suitable to simplify the parameter
calculation in the circuit. Thus, Fig. 4 shows a simplified circuit
diagram of the equivalent m model for the bidirectional EC-WPT
system, and the coupling capacitances can be expressed as

{01 =Chr+Cp1 —Cuy W

02 = C7>2 + OQ:Q - C\11\4



SUN et al.: PHASE SYNCHRONIZATION METHOD BASED ON SELF-OSCILLATION MODE FOR BIDIRECTIONAL EC-WPT SYSTEM

7479

TABLE I
COMPARISON OF CRITICAL CHARACTERISTICS OF PHASE SYNCHRONIZATION METHODS

Paper Synchronization Misalignment  Additional Design Real-time ~ Computational Power
P Method tolerance circuit complexity ~ sampling complexity disturbance
[12] Auxiliary circuit No Yes High No Medium Yes
Power-phase
[13] angle No No Medium Yes Medium Yes
perturbation
[14] O.u tp}l t currer.lt No No Low Yes Low No
periodic detection
[15] Output curre'nt Yes No Medium No Low No
extreme tracking
[16] Zero reactive Yes No Medium Yes High No
power control
This -
Self-oscillation Yes No Low Yes Low No
work
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Fig.4.  Simplified circuit with equivalent 7~ model of the proposed bidirectional
EC-WPT system. <1
where Fig. 5. Resonant voltages and currents waveforms of the primary and sec-
ondary side converters.
_ (C12+C14)(C23+C34)
Cor = C3 + C124+C14+C23+C34
_ (C12+C23)(C1a+C34) 2
Caz = Coa + C124+C14+C23+C34 2
_ _C12034-C14Co3 A =
Cm = C12+C14+C23+C34 "
- 1 -
According to KVL’s law, the differential equation for the 0 Lp 0 0 0 0 0 0
equivalent w model of the system shown in Fig. 4 can be o 0 - 0 0 0 0 0
pl pl
expressed as [ —— 0o -+ 0 0 0 0
Tpa Tpa
dip _ 1, _ 1 0 0 S 0 0o S« 0 0
dt — L, dr T T, Upl CA CA
dupy; LZ _ L’L 0 0 AM 0 0 ZLl 0 0
dt = Cpi ' Cpy P2 1 1
dis 1 . 0 0 0 0 — 0 0
= Uu. 1 — — U, 1 2 r2
dt LPQ P Lp2 mn 1 1
duiny _ Cina A Cm i 0 0 0 0 0 T Ch 0 Cr1
dt Cin1Cin2—C%, P2 Cin1Cin2—C3%, 2 (3) 1
. v . 0 0 0 0 0 0 - 0
duiny _ Cyp P Cin1 i L Ly i
dt Cin1Cina—C3%, P2 Cin1Cin2—C3%, T2 5)
dipg _ 1 1.
dt — L, Url — 7 Win2 . T
dupy L, 1 Lp1 0 0o 0
it = Tl T gy B= | , ©6)
dip _ 1, _ 1, 0 0 0 7
dt — Ly v T, 4rl- §
x = [ip Upy Tpy Uin1 Wina ir2 Ury iy] is the state vector of where
T. .
the system and u = [u, wu,]" is the input vector. So, the state )
space model can be expressed as A = Cin1Cinz — Cy- (N

= Az + Bu

“)

where A is the system coefficient matrix, B is the system input

matrix, and can be derived as

According to the turn-ON and turn-OFF states of the primary
and secondary converter switches can be linearized into four
modes, the resonant voltages and currents waveforms are shown
in Fig. 5, and four modes can be given as follows.
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1) Mode I: Switches S1, S3, S6, and S8 turn-ON, S2, S4, S5,
and S7 turn-OFF, u, = Eg,u, = —Eo,u1 = [Eq —E,)",
and the steady-state duration is &7.

2) Mode II: Switches S1, S3, S5, and S7 turn-ON, S2, S4,
S6, and S8 turn-OFF, u,, = Eg,u, = Eo,uy = [Eq E,)"
and the steady-state duration is &5.

3) ModeIlIl: Switches S1, S3, S6, and S8 turn-OFF, S2, S4, S5,
and S7 turn-oN, u, = —Eg, u, = B, ug = [—Eq E,]"
and the steady-state duration is &3.

4) Mode IV: Switches S1, S3, S5, and S7 turn-OFF, S2,
S4, S6 and S8 turn-ON, wu, = —Eg,u, = —FE,,uy =
[—Eq —EO]T, and the steady-state duration is &4.

Supposing steady-state operating period of the system is T,

and the operating duration of each linear mode is &;, then

s

s

k
Te=> & (k=4). (8)
i=1
Thus, the voltage source u can be expressed as
[Ea  —EB]", te0,&)
Y [Eq  Eo]", tel&,&+&) ©
[—Bs B, tela+&a+6+E)
[~Es  —E,)|", te(&+6&+ &3, Te].
The state mapping function of each mode is obtained as
fig(@) = @i (&) + (®i (&) — 1)
x Ay By (i=1,2,3,4) (10)
where
®; (&) =M (i=1,2,3,4). (11)

Supposing x,, is the periodic initial state when the system is
in steady state, while x,, 1 is the periodic end state, then the
stroboscopic mapping model for the nth operating cycle of the
system can be expressed as

Tnt1 = fags © f3,65 0 fo.6o © fre0 (Tn)
= @4 (&) P53 (&3) B2 (&2) 1 (1) 2 + P4 (&a)
®3 (&) @2 (&2) (B1(&1) —T) A" Bug + @4 (64)
P35 (&3) (P2 (&2) — 1) A" Buy + 84 (&)

(®3(&) - 1) AilBUS + (®4(&) - 1) Aleu4
(12)

where ° represents composite mapping operator, which can be

defined as f°g(r) = f(g(?)).
The state vector of the system repeats periodically at steady
state.

13)

Tn+1 = Tn-

Thus, x,, can be derived as

Zn= (1= ® (&)@ (&) P (&) P (&)
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P (£4) P (&) P (&2) (B (&) — ) A7 'Buy
T (64) @ (&) (2 (&2) ~) A 'Buy + @ (&)
(® (&) —I) A 'Bus + (® (&) —I) A 'Buy
(14)
Since the switches ON the same side of the leg of primary and
secondary converters are 180° complementary conduction, the

corresponding relationship between each operating mode of the
system can be obtained as

522%—51753251’54252- (15)

According to Fig. 5, the relative phase difference between the
primary and secondary resonant voltages is defined as 6, and
Vi =V, 20, the relationship of 6 and &; can be given as

0

&1 16)

Therefore, the system periodic fixed-point x* is obtained as

o= (1-®(Te)

@ (TTe) @ (57 Te) @ (50T)
(®(L£T¢) —1I) A'By

+@ (50Te) @ (557e) (@ (52Te) - 1)
AilB'LLQ + AilB’U,3

P (G2Te) (@ (55 Te) — 1)
+(® (Z2T¢) —I) A"'Buy

A7)

When T¢ is considered as a variable, the periodic fixed-point
x* is regarded as a function of the period T¢. Extracting the
resonant current components of the primary and secondary sides
from the fixed-point x*, the system fixed-point function used to
analyze the ZCS soft-switching operating points can be obtained
as

for(t) = Ca*(¢) (18)
where C is the state selection matrix
1 00 0 00 OO
= (19)
0 00O0OO0OO0OTO1

C,=[10000O0GO O0.ad Co=[0 00 0
0 0 0 1].canextract the resonant current components i, and
i, from the state vector x, respectively.

In order to achieve ZCS soft-switching operation, i, and i,
should satisfy the following conditions:

ip(t)

i(1)

Thus, the ZCS soft-switching operating points can be obtained
from (20).

Besides, on the basis of the equivalent circuit of the system
shown in Fig. 4, the transfer function matrix G can be represented

0
. (20)
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_Y(s) - AVB = Gi1(s) Gia(s)
G(s) = ) =C(sI-A) B= Gor(s) Gon(s)
(21)
where
G21(S) = gp((z)),ng(s) — [?T((S)) (22)

According to (22), the magnitude-frequency and phase-
frequency relationship curves of each element in the transfer
function matrix can be obtained.

III. ANALYSIS OF COUPLING CAPACITANCES VARIATION AND
SYSTEM FREQUENCY CHARACTERISTICS

A. Analysis of Changing in Coupling Capacitances

In practical applications, the position or the transmission
distance of wireless electrical devices based on the bidirectional
EC-WPT system will inevitably change, resulting in random
changes in the coupling capacitances. In order to simplify the
analysis, this article adopts the parallel structure of the coupling
plates, and the specific dimensions are shown in Fig. 6, where the
length [ of the coupling plates P;—P, is 300 mm, the thickness
of all plates is 2 mm, the transmission distance is d, the distance
between P;-P5 and P3-P, is m.

Through the finite element simulation software of Maxwell,
Fig. 7 shows the variation curves of the coupling self-
capacitances C;1, C 2 and equivalent mutual capacitance C s
when the coupling plates is lateral movement or the transmission
distance changes. Where Fig. 7(a) shows the variation curves
of coupling self-capacitance and equivalent mutual-capacitance
with transmission distance d in the absence of lateral movement
of the coupling plates; Fig. 7(b) shows the variation curves of the
coupling self-capacitances and equivalent mutual-capacitance
with the lateral movement distance b of the coupling plates under
the transmission distance d of 10 mm. It can be obtained from the
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TABLE II
PARAMETERS OF THE SYSTEM

Parameter Value Parameter Value
E V) 100 E,(V) 100
Ly (uH) 25 Lyo(uH) 150
L (uH) 25 Lo(pH) 150
Cpi(nF) 1.184 Cpo(pF) 149.2
C,(nF) 1.184 Ca(pF) 149.2
- =T 205MIZ
Lk 2 fox=1-094MHz
~N
= 1
Z [SE—
< 09)
b  J-=0.8078MHz
0.8F
0 f=0.7062MHz
28 56 84 112 140
0(°)

Fig. 8. Curves of ZCS soft switching frequencies varies with relative phase
difference while d is 10 mm.
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Fig. 9. Curves of ZCS soft switching frequencies varies with relative phase
differences while d is 15 mm.

simulation results that C1, C,2, and Cjs decrease continuously
with the increasing of b or d. The trend of C,; and C,» are
consistent, which is due to the fact that the lateral movement
of the coupling plates and the change in transmission distance
have the same impact on the two coupling self-capacitances in
the symmetrical parallel structure of the coupling plates.

B. System Resonance Frequency Analysis

Due to the coupling capacitances vary with lateral movement
of the coupling plates or change in transmission distance. In or-
der to analyze the effect on the multiple soft-switching operating
points of the system under the variation of the coupling capaci-
tances, the parameters of the system are shown in Table II, where
the parameters of the resonant network are set as symmetric.

Taking the change in transmission distance as an example,
according to the parameters shown in Table II and (20), Figs. 8
and 9 show the curves of multiple soft-switching operating
points under the change of relative phase difference 6 for two
cases of d = 10 mm and 15 mm, respectively. It can be seen
from Fig. 8 that the ZCS frequency points changes accordingly
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and the system contains 7 ZCS soft-switching operating points
under changes in the relative phase difference 6 when d is
10 mm. Meanwhile, four of the soft-switching operating points
remain constant with the change of 6, corresponding to the
four resonant frequency points of 0.7062 MHz, 0.8078 MHz,
1.094 MHz, and 1.205 MHz, respectively. Similar to Fig. 8,
when the coupling transmission distance d is 15 mm, as shown
in Fig. 9, the four resonant frequency points of 0.7262 MHz,
0.7955 MHz, 1.107 MHz, and 1.183 MHz, respectively. Thus, it
can be seen that even though the coupling capacitances change,
the trend of the ZCS soft-switching operating points is the same,
but the corresponding ZCS soft-switching operating points are
changing due to the change of the coupling capacitances.

Besides, due to the circuit parameters of the primary and
secondary sides of the system are completely symmetrical,
the soft-switching operating points corresponding to the zero-
crossing points of the primary resonant current given in Figs. 8
and 9 are exactly the same as the soft-switching operating points
corresponding to that of the secondary resonant current.

Based on the abovementioned analysis, it can be seen that the
system has multiple ZCS soft-switching operating points under
the given circuit parameters. And the resonant frequency points
of the system are those soft-switching operating points where
the driving frequency coincides with the oscillation frequency
[18]. When the system operates in self-oscillation mode, the
bilateral independent controllers switch the converters in real
time according to the zero-crossing signal of the circuit, and
ultimately operates at a stable resonant frequency, and eventu-
ally converge to the point with the highest output gain of the
magnitude-frequency [19].

Therefore, according to (21) and (22) and the parameters of
Table II, the magnitude and phase plots of each element in the
transfer function matrix G at d = 10 mm are given, as shown
in Fig. 10, and the maximum gain point of the system is at
the resonant frequency of 0.8078 MHz. Meanwhile, Fig. 11
shows the amplitude-frequency and phase-frequency plots at
d = 15 mm, the maximum gain point of the system is at the
resonant frequency of 0.7955 MHz. Due to the system structure
and parameters are completely symmetric, G1; is similar to Goao,
and G is similar to Go;.

IV. PHASE SYNCHRONIZATION METHOD

Through the analysis in Section I11, it can be concluded that the
self-oscillation system will eventually converge automatically
to the resonant frequency point with the largest amplitude-
frequency gain, and the system can operate to the corresponding
stable resonant frequency point even when the coupling capaci-
tances change. Therefore, a phase synchronization method based
on self-oscillation mode, which is applicable to the variation on
coupling capacitances is proposed for the bidirectional EC-WPT
system with bilateral LCLC resonant networks, as shown in
Fig. 12. The control circuit of the phase synchronization method
consists of the current detection circuit, logic control circuit
and driving circuit. The current detection circuit uses a current
transformer to sample the resonant currents of the primary and
secondary sides, and the sampled current signals are fed to the
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resonant current and primary resonant voltage. (d) Secondary resonant current
and voltage.

zero-crossing comparator, which convert the resonant currents
into the square-wave synchronization signals with a duty cycle
of 50%. The logic control circuit is divided into two logic signals,
one is the driving signal of the initial frequency during the startup
stage; Another is the control signal to drive the switches based
on the zero-crossing resonant current.

The circuit schematic of the phase synchronization method
is shown in Fig. 13, where Fig. 13(a) and (b) is the primary
and secondary resonant current sampling circuits, respectively.



SUN et al.: PHASE SYNCHRONIZATION METHOD BASED ON SELF-OSCILLATION MODE FOR BIDIRECTIONAL EC-WPT SYSTEM

Jd SZ’I#

se} smz"}

ip Lyt Ly Py 44P, Lo

L iy

Ed__==Cd l P Cp1‘|' sz‘l' TCnT0N url Cr __Eo
P;PVP
A1 = Current 3T 4 Current
SJ’!}} Sﬁﬂ} detecting detecting | 7
””” T Zem, eyt
Driving comparing comparing Driving
signal Logic Logic signal
generation control control generation
3 ¥
v I
Fig. 12.  Block diagram of the phase synchronization method for the dual

LCLC resonant network bidirectional EC-WPT system.

Current Differential Zero-crossing Logic

ip | transformer amplificzltion circuit! | comparator circuit
" AMA = . »S1. 93
> . A v W Fofward 51,83
i +S2, S4
~— »S2,54

TN
Reverse= “»»S1, S3

TL3016
(a)
Current Differential Zero-crossing Logic
iy : transformer circuit

amplification circuit: | comparator
VWA~ MW =

. .
Vi

1 =857
Reverse'—:»—bS(), S8
TL3016

Fig. 13.  Schematic circuit diagram of the self-oscillation phase synchroniza-
tion method. (a) Primary side. (b) Secondary side.

During the power-ON startup stage, the primary and secondary
converters are driven according to the given initial operating
frequency, and the system starts to self-oscillate after a period
of fixed-frequency operation. At this time, the controller detects
the zero-crossing point of the square-wave voltage signal gener-
ated by the resonant current passing through the zero-crossing
comparator, the state of the primary and secondary switches
changes accordingly, and each branch operates with a duty cycle
of approximately 50%. Finally, the relative phase difference
of the resonant voltages on the primary and secondary sides
remains constant, and the resonant currents no longer oscillate
periodically, the resonant voltages and currents of primary and
secondary converters remain in the same phase, and the system
operates at a stable resonant frequency point, achieving phase
synchronization of the system.

The control flowchart of the proposed phase synchroniza-
tion method for the bidirectional EC-WPT system is shown in
Fig. 14, and the specific procedures are as follows.

1) Initialize the power transmission direction D, the initial
driving frequencies f;, and f;. of the primary and secondary
converters, and the fixed-frequency operating cycle N.

2) The primary and secondary controllers operate for N cy-
cles at initial operating frequency f, and f,., respectively.
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cycles at the initial driving frequency

v
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v
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Fig. 14.  Flowchart of the phase synchronization method.
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Fig. 15. Primary and secondary resonant currents, square wave synchroniza-
tion voltage driving signals and switches driving sequences. (a) Primary side.
(b) Secondary side.

3) After the system operated for N cycles, the sampled pri-
mary resonant current i,, passes through the primary zero-
crossing comparator to obtain the square wave voltage
signal v,,, and the sampled secondary resonant current i,
passes through the secondary zero-crossing comparator to
obtain the square wave synchronized voltage signal v,.,.

4) The primary and secondary controllers generate the driv-
ing signals of switches S1-S8 based to the power trans-
mission direction and synchronous voltage signals.

Define forward power transfer of the system when D = 1,

and reverse power transfer when D = —1. The synchronization
voltage driving signal and switches driving sequence diagram
of the proposed phase synchronization method based on self-
oscillation modeare shown in Fig. 15. Among them, Fig. 15(a)
shows the driving waveforms of the primary resonant current
ip, the synchronizing voltage signal v, output from the zero-
crossing comparator and the switches S1-S4, while Fig. 15(b)
shows the driving waveforms of the secondary resonant current
ir, the synchronizing voltage signal v,, output by the zero-
crossing comparator and the switches S5-S8.

1) When D = 1, the primary converter is regarded as an
inverter and the secondary converter as a synchronous
rectifier. When the system performs self-oscillation phase
synchronization, a square-wave synchronous voltage sig-
nal is output after sampling the resonant current and zero-
crossing comparison to drive the switches. The primary
controller controls the drive signals of the switches S1 and
S3 to be in phase with the synchronized voltage signal v,,.,
S2 and S4 to be in inverse phase with v,,.; The secondary
controller controls the drive signals of S6 and S8 to be in
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phase with the synchronized voltage signal v,.,, S5 and S7
to be in inverse phase with v,...

2) When D = —1, the secondary converter is regarded as
an inverter and the primary converter as a synchronous
rectifier. When the system performs self-oscillation phase
synchronization, the switches are driven according to the
square wave synchronization signal output from the zero-
crossing comparison of the sampled current. The primary
controller controls the drive signals of S2 and S4 to be in
phase with v,,., S1 and S3 to be in inverse phase with v,,.;
The secondary controller controls the drive signals of S5
and S7 are to be phase with v,., S6 and S8 to be in inverse
phase with v,.,.

In order to achieve precise current detection in a high-
frequency environment, several aspects are worth to be noting
as follows.

1) Common-Mode Interference. To reduce the impact of
common-mode interference on the detection circuit, a
symmetrical impedance network is adopted at the input of
the detection circuit, and the amplification of the measured
signal is achieved through a differential amplification
circuit. An isolated power supply with high resistance to
common-mode interference is used in the power supply of
the entire detection circuit, and the signal is transmitted in
isolation through a digital signal isolator.

2) Reliable Current Detection Under Low Transmission
Power. Since the voltage comparator needs to realize a
low-delay output voltage logic trigger, and the amplitude
of the input signal should be greater than a certain over-
drive threshold. Besides, when the transmission power
of the system is small, the high-frequency current of
the converter may be relatively small. Therefore, signal
amplification in the detection circuit is necessary.

3) Signal Transmission Delay. Although high-frequency de-
vices were selected, the accumulated signal transmission
delay due to the composition of multiple signal processing
circuits will inevitably affect the operation of the system
at high frequency. Therefore, an RC lead compensation
network is added to the detection circuit so that the stability
of the lead-time of the RC lead compensation network
will not be significantly affected even though the system
operates in the frequency range of around MHz.

V. EXPERIMENTAL RESULTS

In order to verify the feasibility of the proposed phase
synchronization method, an experimental setup is constructed
shown in Fig. 16. The system consists of primary and secondary
full-bridge converters controlled by two independent controllers,
and the converters using GaN power modules operates at a
switching frequency of MHz.

This article adopts a reliable high-speed signal detection
scheme to control the precision at accurate frequency, which
mainly includes the conversion link from high-frequency cur-
rent of the converter to voltage signal, voltage signal ampli-
fication processing, and high common-mode interference iso-
lation power supply. The high-frequency current transformer
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Fig. 16.  Experiment setup.

(CUB965-AL) realizes the conversion of current to voltage
signals, and the operating frequency range of the current trans-
former reaches to 1 MHz and above. In addition, a high-speed
voltage comparator (TL3016) is utilized to improve the accuracy
of the detection of the zero-crossing current, and the propagation
delay of the signal is 7.6 ns, which is much smaller than the
period of the measured current. Besides, the high-speed opera-
tional amplifier (AD8047) with sufficient bandwidth is selected
to reduce the detection error caused by high-frequency signals,
which has a bandwidth of 325 MHz and slew rate of 1000 V/us.

The experimental prototype adopts the circuit parameters
in Table II. The primary and secondary parallel compensation
capacitors C1, Cra, Cp1, and Cpo use SMD ceramic capacitors.
The primary and secondary compensation inductors L., Lo,
Ly, and Ly, are wrapped around PVC pipes with Litz wires.

In order to compare with theoretical modeling and simu-
lation analysis, the phase synchronization method based on
self-oscillation mode of the bidirectional EC-WPT system is ex-
perimentally verified for the two case of transmission distances
of 10 mm and 15 mm, respectively, and the dynamic response
and waveforms of the system tolerating misalignment of cou-
pling plates from phase desynchronization to synchronization.
The system transmission power is first set to be forward, i.e.,
D =1, and the initial fixed operating frequencies f,, and f,. of the
primary and secondary converters are | MHz. In the initial stage,
the primary and secondary converters are driven at the initial
frequency of 1 MHz, the system is in phase desynchronization
due to the natural physical isolation of primary and secondary
sides. After the system operates at a fixed frequency for a period
of time, the primary and secondary converters autonomously
by tracking the zero-crossing points of the resonant currents
and ultimately operates at a stable resonant frequency, thereby
achieving phase synchronization of the system.

The experimental waveforms of self-oscillation phase syn-
chronization for the system at the coupling transmission distance
of 10 mm are shown in Fig. 17, where the resonant voltage and
resonant current of the primary side are v,, and i, respectively,
and the resonant voltage and resonant current of the secondary
side are v, and i,, respectively. Fig. 17(a) is a complete view
of the dynamic respond switching from fixed frequency drive
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Fig. 17. Experimental waveforms of phase synchronization of the system at

the transmission distance of 10 mm. (a) Complete view of the envelopes of
Vp, ip, Uy and i,. (b) Enlarged view of the self-oscillation in Fig. 17(d). (c)
Enlarged view of the fixed-frequency drive stage in Fig. 17(a). (d) Enlarged view
of the self-oscillation in Fig. 17(a). (¢) Unfolded views at one of the moments
in Fig. 17(c). (f) Unfolded views at one of the moments in Fig. 17(c).

to resonant frequency tracking autonomously. From which it
can be seen that the primary and secondary converters are first
driven at the given initial frequency, and after the system operates
at a fixed frequency for a period of time, the system switches
to self-oscillation mode, the primary and secondary converters
autonomously follow the synchronized voltage square-wave sig-
nals after the zero-crossing comparison of the resonant current,
thereby achieving phase synchronization of the system, and
the system ultimately operates at a stable resonant frequency.
Fig. 17(c) is an enlarged view of the fixed-frequency drive stage
in Fig. 17(a), showing that the system drives the primary and
secondary converters at an initial frequency of 1 MHz during
the initial fixed-frequency startup stage, and at this time, the
resonant currents of the primary and secondary sides oscillate
periodically. Fig. 17(e) and (f) is the unfolded views at any two
moments in Fig. 17(c), it can be seen more intuitively that the
relative phase difference between the primary and secondary
resonant voltages of the system constantly changes during the
fixed-frequency startup stage. At this time, the primary resonant
voltage and current are not in/antiphase, and the secondary is
also not in/antiphase, so the system phase is not synchronized.
Fig. 17(d) and (b) is the enlarged views of the self-oscillation
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Fig. 19.  Experimental waveforms of the resonant voltage, resonant current,
and the square wave synchronization signal of primary and secondary of the sys-
tem. (a) Primary resonant voltage and current, the square wave synchronization
signal of primary side. (b) Secondary resonant voltage and current, the square
wave synchronization signal of secondary side.

stage of the system in Fig. 17(a), showing that the system
achieves phase synchronization by following the zero-crossing
points of the resonant currents to self-excited drive the convert-
ers, the resonant current of the primary and secondary sides
remains stable, the relative phase difference keeps constant, and
the resonant voltage and current of the primary (secondary)
sides are in/antiphase. At this time, the autonomously operating
frequency of the system is stable at 0.809 MHz, which is highly
consistent with the resonance frequency of 0.8078 MHz at the
maximum amplitude-frequency gain of the system shown in
Fig. 10, demonstrating the consistency of theoretical modeling,
simulation analysis, and experimental results.

Besides, the experimental waveforms of the primary and
secondary dc output currents i ; and i, are shown in Fig. 18, when
the primary and secondary converters operate at a given initial
frequency, the similar ac current behavior shown in Fig. 18 is due
to the continuous and periodic oscillation of the current when the
system is in phase desynchronization. Afterwards, the system
self-excited drives converters by following the zero-crossing
points of the resonant currents, the dc currents of the system
remain constant, achieving phase synchronization of the primary
and secondary sides of the system and stable operation at the
resonant frequency.

In addition, Fig. 19 shows the experimental waveforms of
the output voltages and currents of the primary and secondary
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Fig. 20. Experimental waveforms of phase synchronization of the system at

the coupling transmission distance of 15 mm. (a) Complete view of the envelopes
of vy, ip, v and 4;.. (b) Complete view of the envelopes of vy, ¢4, vy and ¢,. ()
Enlarged view of the fixed-frequency drive stage in Fig. 17(a). (d) Enlarged view
of the self-oscillation in Fig. 17(a). (e) Unfolded views at one of the moments
in Fig. 17(c). (f) Unfolded views at one of the moments in Fig. 17(d).

converters, as well as the synchronized square wave signal of
the output voltage after the zero-crossing comparator, where
Fig. 19(a) presents the primary resonant voltage v,, resonant
current i, and synchronous voltage signal v,,,, while Fig. 19(b)
presents the secondary resonant voltage v,,, resonant current
i, and synchronous voltage signal v,,. It can be clearly seen
from that the final output square wave synchronization signals
is stable after sampling and zero-crossing comparison of the
primary and secondary resonant currents. Meanwhile, the main
reason for the slight difference in phase between the synchronous
signals and the resonant currents is that the system adds an
RC lead compensation network during the sampling process of
the resonant currents, thereby compensating for the lag delay
between the controller and the driver.

In order to further verify the feasibility and effectiveness of
phase synchronization method based on self-oscillation mode
under coupling capacitances variation, the experimental results
with a coupling transmission distance of 15 mm are shown
in Fig. 20. Similar to Figs. 17, 18, and 20(a) and (b) present
a complete view of the dynamic response and waveforms of
resonant voltages, resonant currents, and dc output currents
before and after phase synchronization. For the convenience of
observation, Fig. 20(c) and (e) provides the enlarged view of
the resonant voltages and resonant currents during the initial
fixed frequency driving stage. It can be seen that the system is in
phase desynchronization at this time, and the resonant currents
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and dc output currents of the primary and secondary sides are
oscillating continuously. The resonant voltage and current of the
primary (secondary) converter are not in/antiphase. Fig. 20(d)
and (f) shows enlarged views of the resonant voltages and
resonant currents after phase synchronization, which is realized
by autonomously driving the converters through following the
zero-crossing points of the resonant currents. An autonomous
operating frequency of the primary and secondary sides remains
stable at 0.7948 MHz, which is determined by the maximum
amplitude-frequency gain condition of the transfer function
matrix and system parameters, consistent with the maximum
amplitude-frequency gain point shown in Fig. 11. At this time,
the resonant currents and dc currents of the primary and sec-
ondary sides tend to stabilize, the resonant voltage and current
of the primary (secondary) side remain in/antiphase, achieving
phase synchronization under variation on coupling capacitances.

From the above experimental verification and analysis, it can
be seen that the proposed phase synchronization method based
on self-oscillation mode for the bidirectional EC-WPT system
can effectively achieve precise phase synchronization of the
primary and secondary sides, and the method is also applicable
to the variation on coupling capacitances.

It is noteworthy that some “ringing” and “reverse conduction
voltage of the switches” in the experimental results. The main
reason for “ringing” is that when the state of the switches
changes, due to the existence of parasitic capacitance and in-
ductance, the current of the parasitic inductance changes dras-
tically, resulting in voltage spikes, and the interaction between
the parasitic capacitance and the parasitic inductance forms an
oscillating loop, leading to oscillating attenuation in the voltage
waveforms. Ringing can be effectively improved by reasonably
designing the RCD absorption circuit, thereby alleviating high-
frequency oscillations and voltage spikes in the circuit. While
the reason for “reverse conduction voltage of the switches” is
mainly due to the reverse voltage drop caused by negative voltage
turning OFF of the switches during dead band period.

VI. CONCLUSION

This article proposes a phase synchronization method based
on self-oscillation mode that can tolerate misalignment of cou-
pling plates for the dual LCLC-compensated bidirectional EC-
WPT system. The system autonomously drives the converters by
following the zero-crossing points of the resonant currents, and
ultimately operates at a stable resonant frequency to achieve
precise phase synchronization when the transmission distance
varies. The effectiveness of the phase synchronization method
is verified through simulation and experiment. The main con-
tribution of the proposed phase synchronization method can be
concluded as follows.

1) The bidirectional EC-WPT system achieves precise phase
synchronization between primary and secondary sides
without wireless communication.

2) The proposed phase synchronization method based on
self-oscillation mode can track the resonance frequency
of the system autonomously and operate stably, which is
applicable to the variation on the coupling capacitances,
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ensuring the reliability and stability of the system operat-
ing at high-frequency.

3) The proposed phase synchronization method is simple in
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design, easy to implement, high in real-time, and has good
anti-interference.
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