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Frequency and Phase Synchronous Control Method
Without Communication of the BCPT System

Min Sun

Yanling Li"¥, and Shijun Zhao

Abstract—Bidirectional capacitive power transfer (BCPT) sys-
tems provide a flexible and economical method for energy interac-
tion and sharing among multiple electronic devices. BCPT systems
utilize two independent controllers for the primary and secondary
converters. Out of synchronization between two converters will
cause power oscillation and the actual power cannot be guaranteed.
This article proposes a synchronous control method of the dual
LCLC-compensated BCPT system without wireless communica-
tion. The method utilizes two pairs of supplementary plates to form
the composite plate coupler and then derives a four-port equivalent
circuit model from the coupling capacitance model. The induced
voltage of secondary supplementary plates is synchronized with
the resonant voltage generated by the primary converter so as to
obtain the frequency and phase of the primary main plates and feed
it back to the secondary controller. Due to the interoperability of the
proposed system, the primary supplementary plates can also obtain
the synchronization status of the secondary converter and provide
feedback to the primary controller. Besides, there is no need for
complex data processing analyses of the proposed synchronization
control method, which is favorable to operate in a high-frequency
BCPT system. The experimental results validate the effectiveness
of the proposed synchronous control method in the BCPT systems.

Index Terms—Bidirectional capacitive power transfer (BCPT),
eight-plate coupling capacitance model, phase-shift, power flow
regulation, synchronous control.

I. INTRODUCTION

HE capacitive power transfer (CPT) system has attracted
T extensive attention and research as an alternative to the
traditional inductive power transfer system [1]. CPT technology
utilizes the electric field as the energy transmission carrier, and
the CPT system has special advantages, including light and low
cost of coupling structure, low eddy current loss in a metallic
conductor and around coupling structures, low electromagnetic
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Fig. 1. Block diagram of the typical BCPT system.

interference, and penetrating metal objects without generating
significant power losses [2], [3], [4]. The research on the CPT
systems has made some achievements in LED lights [5], biomed-
ical equipment [6], bioelectric measurement systems [7], and
electric vehicle charging [8], [9]. Meanwhile, more and more
scenarios are starting to show the demand for bidirectional
wireless power transfer (BWPT) technology, such as vehicles to
grid application and shared charging of portable devices, which
can help to improve charging convenience, reduce the burden on
the grid, and avoid energy waste [10], [11], [12], [13], [14], [15],
[16]. Bidirectional capacitive power transfer (BCPT) technology
is a kind of BWPT technology, which is considered a potential
development tendency [17]. The block diagram of the typical
BCPT system is shown in Fig. 1, where V, represents a dc
voltage generated from the single-phase grid through an active
rectifier and V, represents a dc battery voltage. The primary and
secondary bidirectional high-frequency converters are used to
drive the electric coupling structure and the resonant network.
The previously proposed BWPT systems usually utilize the
identical symmetrical active converter and compensation topol-
ogy. Typically, the magnitude and direction of power flow are
controlled by the relative phase-shift angle or magnitude of the
ac voltages produced by the primary and secondary converters
[18], [19]. However, the aforementioned bidirectional power
flow control strategy is only applicable to the case where the two
controllers operate synchronously. Because there is always a fre-
quency difference between the crystal oscillators of two indepen-
dent controllers on the primary and secondary sides, it will cause
the periodic change of the relative phase shift between primary
and secondary converters, which will lead to power oscillation
[20]. In the traditional BWPT system, synchronization control
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is normally achieved by using wireless communication between
the primary- and secondary-side independent controllers [21],
[22]. However, due to the high frequency of the BCPT system,
commonly used wireless communication techniques, such as
Bluetooth, ZigBee, and Wi-Fi, have time delays, making it
difficult to achieve the synchronization of the driving signals.
Moreover, the wireless communication is sensitive to the cross
interference from other communication devices and the elec-
tromagnetic interference from the high-frequency electronics’
converters [23], [24], [25].

As synchronous control method that avoids the use of wireless
communication in the BWPT system is concerned, Liu et al. [26]
proposed a synchronous control strategy based on the interfer-
ence observation method without adding any additional circuits.
Apply interference to the relative phase-shift angle: If the power
changes in the desired direction, the relative phase-shift angle
will continue to increase or decrease in the same direction;
otherwise, it will change in the opposite direction. This method
can avoid the influence of circuit parameter changes and system
detuning, but the power will fluctuate all the time under inter-
ference that affects the system stability. In order to reduce the
power disturbance and the complexity of the detection circuit,
Jia et al. [27] propose a digital phase synchronization control
method by detecting the resonant current at the secondary side,
considering the current harmonics and the frequency deviation
between the controllers of the primary and secondary sides.
Zhang et al. [28] proposed a constant current control strategy
that periodically synchronizes and corrects the relative phase
angle by detecting the secondary resonant current. By detecting
the phase of the resonant current at each synchronization cycle
to adjust the phase shift of the secondary converter, the relative
phase angle is kept stable to achieve constant power transfer.
However, the current detection synchronous control method may
result in synchronization failure due to the possible harmonics
current. Tang et al. [29] proposed a controller that implemented
the zero reactive power control for the bidirectional inductive
power transfer (BIPT) system by detecting the resonance voltage
and current of the secondary side and using the analog circuit
to calculate the active and reactive power. Although the con-
trol method can still achieve synchronization while adapting
to the variation of system parameters, however, the proposed
control method requires complex analog signal processing cir-
cuits, including an analog multiplier, analog phase shifter, and
low-pass filter, which has a delay in high-frequency system and
reduces the control performance. In addition, both the synchro-
nization control strategy of ensuring zero reactive power and
the bidirectional power flow regulation adopt the phase-shift
angle regulation, which may cause mutual coupling interference,
especially in the high-frequency system. Thrimawithana et al.
[30] proposed a synchronization technique of the BIPT system
that employed a sense winding wound on the pickup inductor to
derive a voltage signal by sensing the magnetic field generated by
the primary resonant current, which is synchronization with the
voltage vector produced by the primary converter. However, the
synchronization voltage sensed by the sense winding affected by
the magnetic field of the pickup is negated by the sensing voltage
from the compensation winding of the pickup toroidal ferrite
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Circuit diagram of the dual LCLC-compensated topology BCPT sys-
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core. And the synchronization technique adopts a phase-locked
loop (PLL) with the voltage-controlled oscillator (VCO) to feed
the synchronization signal to the controller.

The pieces of literature mentioned above on the synchronous
control method are for the BIPT system, and there are few
publications on the synchronization control for the BCPT sys-
tems. Therefore, in order to achieve synchronization between
the primary and secondary sides of the BCPT system under
high-frequency operation, without any bilateral communication
modules, this article proposes a frequency and phase synchro-
nization control method for the dual LCLC-compensated BCPT
systems by adding two pairs of supplementary plates. Compared
with [30], the proposed synchronous control method allows for
the identification of the synchronization status of the primary
side to the secondary side by detecting the terminal voltage
of the secondary supplementary plates, which is not affected
by the output voltage of the secondary converter. And the syn-
chronization status of the secondary side can also be identified
to the primary controller through the terminal voltage of the
primary supplementary plates, achieving synchronization and
interoperability between the primary and secondary controllers.
Besides, the proposed synchronous control method does not
require PLL, VCO, complex analog circuits, and data processing
analyses, which is favorable to operation at high frequency
and accurate power flow regulation of the BCPT system. The
experimental result of the BCPT system is presented to show
that the proposed synchronous control method is feasible and
applicable.

II. TOPOLOGY AND MODELING OF THE BCPT SYSTEM

The dual LCLC-compensated topology has the advantage,
such as the transmission power is proportional to the coupling
coefficient of the coupling plates, providing good performance in
case of coupling misalignment and parameter variation, and also
reducing the current and voltage stress of the circuit components
near the coupling plates [31], [32]. This article adopts the dual
LCLC-compensated topologies of the BCPT system, as shown
in Fig. 2, to realize the energy interaction between the grid and
battery-equipped devices conveniently, where L, 1, Ly2, L1, and
L, are the self-inductances of the coils, Cp,1, Cp2, Cr1, and Cyo
are the compensated capacitances, and Cy and C,, are the dc filter
capacitors. V; is the dc-link voltage and is usually kept constant
from the grid-connected ac—dc active rectifier, and V, is the dc
voltage of the battery. i; and i,, are the primary and secondary dc
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Fig. 4.

input currents. v,, and v,. are the ac resonant voltages generated
by the primary and secondary full-bridge converters, and i,, and
i, are the primary- and secondary-side ac resonant currents.
Power will be wirelessly transferred between the plates under the
action of the interactive electric field. The primary and secondary
circuits are implemented with virtually identical electronics to
facilitate bidirectional power flow.

The capacitive coupler contains four metal plates P1—P4. Py
and Pj3 are placed on the primary side, while Py and P, are placed
on the secondary side. There are capacitive couplings between
every two plates, which result in six capacitors C15—Csy, as
shown in Fig. 3. It is further simplified as a two-port model
in which C,;; and C,o are the internal self-capacitances and
Cys is the equivalent mutual capacitance. Fig. 4 shows the
simplified circuit diagram of BCPT system with an equivalent
current-source model. The equivalent current source related
to the capacitor voltage represents the capacitance coupling
between the primary- and secondary-side plates. The equivalent
self-capacitance and coupling coefficient can be expressed as
follows:

Cin1 = Cp2 + Cp1, Cing = Cro + Cio
ke = Cat [ \/Cint - Cinz (M
where
(C12 + C14) (Ca3 + C34)

Cia+ Cra+ Coz + Csy
(Cr2 + C23) (Cr4 + C34)
Ci2+ Cra+ Coz + Csy
 C12034 — C14Co3

- Cia4+ Cra+Coz+ Csa’

Cp1 =Ci3+

Cra = Coy +

Cu @)

The primary and secondary compensation networks are usu-
ally designed to resonate at the switching frequency of f,, and
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then

( : Cinl/ (Cpl + Cinl)) =1
2Cp1 ((Lpl “Lpa/ (Lpr + Lp2)) = 1
(

3)

- Cinz/ (Cr1 + Cin2))
. Lr2/ (Lrl + LT‘Q)) =

—_

where w = 27f5.

As shown in Fig. 2, all switches (S1-S4 and $5-S8) of the
primary and secondary converters are operated with a 50%
duty cycle and at switching frequency to produce v, and v,
with the internal phase-shift angles ¢; and @9 between the two
legs of each converter. As shown in Fig. 5, § is the adjustable
delay phase-shift angle between the switches S1(54) and S5(S58).
0 is the relative phase-shift angle of the primary and secondary
resonant voltage. In order to obtain a mathematical model for
the power throughput of the proposed BCPT system, the funda-
mental voltages of v, and v, are given by

4
vp = ;Vd cos (wt) sin (%)

vy = EVO cos (wt — 0) sin (%) . 4)

™

By adopting the first harmonic approximation method and
ignoring the internal resistance loss, according to KVLs law,
the relationship between the currents and voltages of the BCPT
system, as shown in Fig. 4, can be derived as

Vp = jwLpilp + Vi

I, = jwCp1 Vi1 + Ipo

Vpl = jWLp2Ip2 + Vin

Ip2 = jwcinl‘/inl - jWCMMHZ (5)
Iy = jwCinaVing — jwCirVini

Ving = Vi1 — jwLyalr

I = jwCii Vi + Ia.

Under the condition of (4), the voltage of Vi,; across the
capacitor Cj,1 can be expressed by

—@Vp. (6)

‘/in -
1 T
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The resonant current of the secondary side can be derived as

. L,-Q . L 2Lr2
I, = jwCOpy —=Vin1 = —jwChy 22—V, 7
JwCiy I, m JwCiy TonLos 7 (7
From (7), it can be seen that the secondary resonant current
only depends on the primary resonant voltage under the given
circuit parameters of the proposed BCPT system. Thus, the
transmission power of the secondary side can be given by

8wChy Lyo Lo . P11 L P2

P.=Re{V,.I'} = P22V, V, sin O sin - sin 2=
e{V,. I} 2 Lyl 1V, sin 0 sin 5 sin 5
)

where 0 < ¢; < mand 0 < @9 < 7, as illustrated in Fig. 5.

Therefore, under the given circuit parameters and dc voltage,
it is obvious from (8) that the magnitude of transmission power
can be regulated by either controlling ¢, and - of the voltages
generated by the converters or modulating 6, the direction of
power flow only depends on #. Additionally, # can be modulated
for any combination of 9, 1, and ¢2. When 0° < 6 < 180° and
P, > 0, a lagging phase angle enables power transfer from the
secondary to the primary side; while when —180° < 6 < 0°
and P, < 0, a leading phase angle constitutes power transfer
from the primary to the secondary side. Besides, the maximum
transmission power takes place when 6 is +90°.

III. PROPOSED SYNCHRONOUS CONTROL METHOD

From (8), it is noted that the system power flow can be
regulated by the relative phase-shift angle between v, and v, of
the proposed BCPT system with the dual LCLC-compensated
network. However, in the phase-shift power flow regulation pro-
cess of the BCPT system, the primary and secondary sides need
to rely on the synchronous driving signal of two independent
controllers to achieve synchronization between the converters
of the primary and secondary sides and satisfy the actual power
flow transmission. Otherwise, it will lead to the deviation of the
direction and magnitude of the power flow, and the system trans-
mission power in any direction cannot be guaranteed. Therefore,
synchronous control has a vital impact on the power regulation
of the BCPT system.

In order to realize the synchronization of the proposed BCPT
system and the interoperability of the primary and secondary
independent controllers, two pairs of supplementary plates (P,
Py, P,,and P,) are added to the two pairs of main plates (P1, Pa,
Ps3, and P,). The structure of the eight-plate coupler is shown in
Fig. 6. The specific design dimensions and parameters are shown
in Table I. Py and P3, and P2 and P are the main plates connect-
ing the primary and secondary circuits. P, and P, and P, and
P are the supplementary plates of the primary and secondary
circuits, respectively. The eight-plate coupler is composed of
two printed circuit boards (PCB). PCBI1 is fabricated by the
1.5-mm-thick FR-4 dielectric layer and the copper plates Pq,
P,, P3, and P,. PCB2 is fabricated by the 1.5-mm-thick FR-4
dielectric layer and the copper plates Po, P, P4, and P,,.

In the eight-plate coupler, there are coupling capacitances
between each two plates. Since the size of the supplementary
plates is designed to be relatively small, and the distance between
the main plates and vertical contralateral supplementary plates is
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close, the cross coupling between the supplementary plates and
other plates (suchas Cy,, C1 ¢, and C; ) is weak, and the coupling
capacitances are less than 1 pF. According to the weight analytic
method, they are neglected. Thus, only the coupling capacitances
(C1p» Cayr, C34, and Cy4 ) between the supplementary plates and
the main plates vertically coupled are considered, while some
of the cross-coupling capacitances are ignored. The simplified
coupling capacitance model is shown in Fig. 7, where V; and
Vs, are the plates’ voltages at the primary and secondary sides,
respectively. V3 and V4, and I3 and I, are the imaginary external
excitations between the supplementary plates P, and P and P,
and P,,.

Therefore, according to the simplified coupling capacitance
model, the four-port equivalent circuit diagram with an eight-
plate coupler structure of the proposed BCPT system is obtained,
as shown in Fig. 8; all the capacitance values of coupling plates
are listed in Table II. The specific derivation process is provided
in the Appendix. V3 and V, are the sensed terminal voltages by
the supplementary plates that can be expressed as

jwCs L1 9
_ jwChno2 _ _Lpe &)
Vi = v v,

jwCly Ly

{V3 = Llusy, = Loy,
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where the mutual capacitance C o (Cpr3) can be expressed as

_ G104
Cuz = Cip+Csqy (10)
C — 2rC4s
M3 Cor+Cys”

From (9), it can be seen that the synchronization signal V,
(V3) is the explicit expression of V3 (V2) under the given circuit
parameters, which is synchronized with the resonant voltage V,,
(V) generated by the primary (secondary) converter. Therefore,
the terminal voltage of V4 at the secondary supplementary plates
P, and P is only related to the resonant voltage V,, of the primary
converter and has a phase difference of 180°, and is independent
of the resonant voltage V.. of the secondary converter. Similarly,
the terminal voltage of V3 at the primary supplementary plates
P, and P is only related to V,. and has a phase difference of
180°, not V.

Therefore, two pairs of the supplementary plates are designed
on the main plates to induce the electric field generated by the
main plates, as shown in Fig. 9, so as to obtain the induced volt-
age signal on the supplementary plates, which is synchronized
with the resonant voltage generated by the converter. Then, the
primary(secondary) controller obtains the phase and frequency
information of the secondary(primary) main plates from the
primary(secondary) supplementary plates so as to achieve the
interaction and interoperability between the primary and sec-
ondary sides for bidirectional wireless charging devices.
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Take the acquisition of the terminal voltage v, of the sec-
ondary supplementary plate as an example, the secondary con-
troller obtains the synchronization information of primary side
from the secondary supplementary plates to illustrate the fre-
quency and phase synchronization of the BCPT system. The
flowchart of the proposed control method is shown in Fig. 10.

1) Initialize the values of f;, ©1, @2, and 6., Where f; is the
resonant frequency driving the primary converter, 1 is
determined by the expected resonant voltage of v, @3 is
preset to 180°, .. is determined by the expected power
transmission direction, and during the synchronization
process, 0..¢ is preset as —90° when the system is expected
to be in forward power transmission, while 6, is preset as
90° when is expected to be in reverse power transmission.

2) The switches S1-S4 of the primary converter are driven
and operate as an inverter, while the switches S5-S8 of
the secondary converter are not driven and operate as a
rectifier.

3) The terminal voltage v4 of the secondary supplementary
plates is passed through a differential amplifier to obtain
the sampling voltage of v;.

4) v, is passed through the compensation network and fed to
the zero-crossing comparator to obtain the synchronous
signal of v,.

5) When the falling edge of v, is triggered, the secondary
controller counts with a value of “Count” to obtain the
operating frequency.

6) The falling edge of v, is detected to drive signal gener-
ation for the switches S5-S8 of the secondary converter
according to the obtained operating frequencies 6, and
p2-

7) Repeatedly detect the falling edge of v, at intervals and
regenerate driving S5-S8 to correct the phase deviation
between the counter and v,.

Through the above process of the proposed synchronous

control method, the secondary controller obtains the operating
frequency of the primary converter and the relative phase-shift
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angle is fixed at 0, between the resonant voltage of the primary
and secondary sides, thereby achieving the frequency and phase
synchronization between the primary and secondary sides.

The schematic diagram and specific sequences of synchro-
nization control technology are shown in Figs. 11 and 12. At
first, the terminal voltage of v, generated by the supplementary
plates is passed through the operational amplifier to obtain the
sampling voltage of v and phase corrected for the time delay
by the RC compensation network, which is then fed to the
zero-crossing comparator. By feeding the signal of v, to the
field-programmable gate array (FPGA) and v, is antiphase with
the resonant voltage v,, of the primary converter, FPGA captures
and cycle counts the falling edge of v, and starts counting when
the first falling edge of v, is triggered, ends counting when the
second falling edge is triggered. The pulse counter writes the
number of pulses into the counting register to obtain the oper-
ating frequency of v,. Thus, the secondary controller generates
a synchronous counter synchronized with the falling edge of
v,, and the value in the counter is used to derive the operating
frequency of the primary controller to the secondary controller.
“Count” is the number of counts per cycle of the falling edge of
v, by the counter. At the same time, the high level of the counter
edge isin phase with v,. According to the frequency generated by
the synchronous counter, the expected relative phase-shift angle
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0,et can be generated through phase-shifting regulation of the
switches S5-S8 of the secondary-side converter. Phase-shifting
regulation has two inputs with 6, and ¢o. S5 and S8 are the
phase shifts regulated by 0.t and 41, and S6 and S7 are the
phase shifts regulated through 6,.¢ and 0 42, where § 41 = (7 —
(2)/2 controls the phase shift between v,. and the switches of S5
and S8, and § 4o = (7 + ¥2)/2 controls the phase shift between
v,- and the switches of S6 and S7.

After frequency and phase synchronization between the pri-
mary and secondary sides of the proposed system, according to
the internal phase-shift angle ¢; of the primary converter, the
desired power of P..¢ and (29), power magnitude, and direction
regulation can be achieved by adjusting 6 or @2, which can be
generated by the switches of the secondary-side converter, where
S5 and S8 are phase shifted by 6 and 6471, and S6 and S7 are
phase-shifted by 6 and § 4o, where 0 47 = (m — @2)/2 and § 4o =
(m + p2)/2.

In order to ensure accurate detection of the frequency and
phase with voltage sampling process of the high-frequency
BCPT system, several aspects are worth to be noted as follows.

1) When selecting a high-speed operational amplifier, it is
necessary to focus on factors, such as bandwidth gain and
slew rate. The operational amplifier with high gain and
sufficient bandwidth can usually be selected and retained
with a certain margin. Moreover, the wider the bandwidth,
the faster the response speed, which can reduce the detec-
tion error caused by high-frequency signals.

2) Zero-crossing comparator needs to have high-speed re-
sponse capability to ensure the low latency and accuracy
of voltage sampling.

3) A compensation network is required for delays caused
by the voltage detection, zero-crossing comparison, and
FPGA operation.

IV. EXPERIMENTAL RESULTS

Following the analysis made in Section III, the synchroniza-
tion control method by detecting the voltage of the supple-
mentary plates is proposed in the BCPT system accordingly.
A BCPT prototype with the proposed synchronization method
is constructed to validate the effectiveness of the control tech-
nique, as shown in Fig. 13. The system comprises primary and



4798

TABLE I
PARAMETERS OF THE EIGHT-PLATE COUPLER

Parameter Value Parameter Value
[, (mm) 220 bL(mm) 140
l;(mm) 20 hy(mm) 100
ho(mm) 20 h3y(mm) 220
dy(mm) 1 d>(mm) 0.036
ds(mm) 1.6 r(mm) 40

secondary full-bridge converters, which were controlled by two
independent microcontrollers. The converters are realized with
GaN power modules.

The capacitive coupler structure is designed with structures
and dimensions, as presented in Fig. 6 and Table I, and two
PCBs were fabricated to integrate the capacitive coupler. The
circuit parameters of the experimental prototype are designed
symmetric from primary to secondary side and summarized,
as listed in Table III. The parallel resonant capacitors C,1,
Cp2, Cr1, and C,9 use high-voltage multilayer surface-mounted
device ceramic capacitors. The compensation inductors L1,
Ly, Ly, and Lo are made of Litz-wire wound on polyvinyl
chloride tubes, which are selected according to the resonance
relationships in (25) at the resonant frequency of 1 MHz.

The terminal voltage of the supplementary plates is sampled
by the operational amplifier (AD8057) and the high-speed zero-
crossing comparator (TL3016). Then, the falling edge detection
and counting of the synchronous voltage signal are performed
by FPGA (EP2C5T144C8N) to achieve frequency and phase
synchronization of the proposed system.

Considering that the input voltage of the operational amplifier
cannot exceed its supply voltage, and the terminal voltage V4 of
the supplementary plates is about 200 V in the proposed system,
a200:1 resistor voltage divider network is set at the input of the
voltage detection circuit.

Fig. 14(c) shows the experimental results of the frequency and
phase synchronization control transient behavior of the BCPT
system, including the output voltage v,, of the primary converter,
the voltage v; of the primary main plates, the synchronization
signal v4, and the switch driving signal S5 of the secondary
converter. As evident from the results, initially, the primary
converter is turned ON with f; and operates in the inverter mode
by the primary controller; the secondary converter operates in
the uncontrolled-rectifier mode. The steady-state waveform of
the proposed system at ¢; = 180° is shown in Fig. 14(a), and
a 700 V and 1 MHz sinusoidal voltage v; is generated on the
primary main plates. The proposed system detects the terminal
voltage v, of the secondary supplementary plates, which is in
synchronization with v;. As predicted in (9), the synchronous
signal v4 generated by the proposed system is antiphase with
vp. The secondary controller generates a counter synchronized
with v, by the sampling and falling edge detecting the syn-
chronous signal v4. At the moment of 7, a square-wave signal
synchronized with v, is used to drive the secondary converter
to generate a relative phase difference of 90° (0, = 90° and
w2 = 180°), as shown in Fig. 14(b), v, lagging v, by 90°,
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Fig. 14. Experimental results of synchronous control transient response at
@1 = 180°, Orer = 90°, and 2 = 180°. (a) Zoomed-in view of (c) with the
asynchronous steady state. (b) Zoomed-in view of (c) with the synchronous
steady-state. (c) Full view of the envelopes of v;, v4, v1, and S5. (d) Transient
response of synchronous control within 50 pus. (e) Zoomed-in view with the
initial stage from 241.1 us of (d). (f) Zoomed-in view with the final stage from
287.5 ps of (d).

and v, and i, is in phase, which indicates that the primary side
receives the power transferred from the secondary. When >,
the falling edge of v, is repeatedly detected at intervals and
regenerates driving S5—S8 to correct the phase deviation between
the counter and v,. The enlarged transient waveforms within
50 ps are shown in Fig. 14(d); it can be seen from the initial
stage of 241.1 us and the final stage of 287.5 us, as shown in
Fig. 14(e) and (f), that the relative phase-shift angle of 6, is no
change within a duration of 46.4 uis, which is about 46 operating
cycles. Therefore, 6. is fixed at the expected relative phase-shift
angle and the proposed system achieves synchronization of the
primary- and secondary-side frequency and phase.

From the experimental waveforms of the frequency and phase
synchronous control, it is evident that the turn-ON of the sec-
ondary converter does not affect the synchronous signal. This
is mainly due to the insignificant coupling between the syn-
chronous voltage signal of v, and the resonant voltage v, of the
secondary converter, as shown in the mathematical analysis of
Section III.

When v, has a phase-shift angle of ¢; = 120°, the experimen-
tal results of transient synchronization response are performed,
as shown in Fig. 15. Similar to Fig. 14, after sampling and falling
edge detecting v4, when 7 = #1, the secondary converter is driven
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Fig. 15.  Experimental results of synchronous control transient response at ¢1
= 120°, Orer = —90°, and o = 180°. (a) Zoomed-in view of (c) with the
asynchronous steady state. (b) Zoomed-in view of (c) with the synchronous
steady state. (¢) Full view of the envelopes of v, v4, v1, and S5. (d) Transient
response of synchronous control within 50 ps. (e) Zoomed-in view with the
initial stage from 223.5 us of (d). (f) Zoomed-in view with the final stage from
272 ps of (d).

by a square-wave signal synchronized with v, under ..t = —90°
and ¢, = 180°, and v, leading v,, by 90°, indicating the forward
power transmission of the proposed system. Fig. 15(c) shows
the synchronization control transient behavior, while the uncon-
trolled and asynchronous waveforms are shown in Fig. 15(a)
and the synchronous state is shown in Fig. 15(b). In addition,
the enlarged transient waveforms within 50 us are shown in
Fig. 15(d); it can be seen from 223.5 and 272 us, as shown in
Fig. 15(e) and (f), that 0, of —90° has no change within a
duration of 48.5 s, which is about 48 operating cycles, which
indicates that 0. is fixed at the expected relative phase-shift
angle and the proposed system achieving the synchronization of
the primary and secondary sides frequency and phase.

When the proposed BCPT system achieves the frequency and
phase synchronization, the resonant voltage of the secondary
converter is varied by adjusting ¢» by continuously detecting
the zero phase of the falling edge of v, to regulate the magnitude
of power. According to (29), the proposed system is operating in
the reverse transmission direction at # = 90°. Fig. 16(a) shows
the transient waveforms of the primary and secondary resonant
voltages and currents when the proposed system adjusts o to
regulate the output power at ¢o; = 180°. In detail, Fig. 16(c) and
(d) shows the enlarged resonant voltage and current waveforms
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when (4 is changed from 180° to 120°, respectively, where 0 41
is varied from 0° to 30°, and § 4o is varied from 180° to 150°.
Fig. 16(b) shows the dc current waveforms of iy and i, when
delivering approximately from 120 to 100 W to the secondary
side.

Similar to Fig. 16, when v,, is preset as a phase-shift volt-
age at ¢; = 120°, the system operating in the forward power
transmission direction at § = —90° is shown in Fig. 17, and ¢4
is changed from 180° to 120°, where J 4 is varied from 0° to
30°, and 45 is varied from 180° to 150°. Fig. 17(a) shows the
experimental results of the power regulation transient behavior
of the BCPT system, including the output waveforms of the
resonant voltages v, and v, and resonant currents i, and i, of
the primary and secondary converters. It can be seen from the
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variation waveforms of dc currents i; and i, in Fig. 17(b) that
the system forward power transmission varies from about 80
to 70 W. Specifically, as evident from Fig. 17(c), Fig. 17(d)
shows the enlarged resonant voltage and current waveforms,
respectively.

Fig. 18(a) shows the transient resonant voltage and current
waveforms when the system changes the direction of the power
flow by changing the relative phase-shift angle ¢ from 90°
to —90°. It can be depicted from Fig. 18(b) that the system
transmission power is about 120 W when operating in the
reverse transmission direction. After a period of time, the system
operates in forward transmission. Specifically, Fig. 18(c) and
(d) shows the enlarged resonant voltage and current waveforms,
respectively. The voltage and current magnitudes of both con-
verters are similarly corresponding to the forward and reverse
power flow. Therefore, it should be noted that the proposed
BCPT system can reverse the direction of power flow between
the primary- and secondary-side converters without interrupting
the operation of the converters.

Due to the symmetry structure of the proposed system, the
power and efficiency curves of forward and reverse transmission
are almost identical. When the primary controller provided the
driving signal with full pulsewidth for the primary converter
and the relative phase-shift angle of 6 is —90°, Fig. 19 shows the
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forward transmission power and dc—dc efficiency varies with the
dc voltage and the internal phase-shift angle (5 of the secondary
converter. The transmission power and efficiency vary with dc
voltage from 80 to 150 V, as shown in Fig. 19(a); it can be
seen that power and efficiency increase with the increase of dc
voltage. While Fig. 19(b) shows the power and efficiency vary
with o from 180° to 80°, it can be shown that the power and
efficiency decrease with the decrease of 5. And the efficiency
reaches 86% when the transmission power is 300 W.

V. DISCUSSION

Due to the high operating frequency of the proposed system,
the resonance condition of (25) will be deviated inevitably.
Suppose that the ratio of driving frequency f; and resonance
frequency f. is a, it can be expressed as

L
Je
The resonance relationship can be modified as follows:
wiLya (Cp1 - Ci1/(Cpr + Cur)) = a?
wiCp1 (Lp1 + Ly2/(Lp1 + Lp2)) = a®
w2Lyo (Cry - Cpa/(Cr1 + Cp2)) = a?
wgcrl (Lrl : LTQ/(Lrl + LT‘Q)) - CLZ-

Thus, from (26), V3 and V, can be given as

an

12)

V, = 1—(1—&-9)0‘2—(1-‘,-9)2(1—(12)(12 v

F
7LU§CM1LP2(1+Q)2(17(12)

Vi
F p 13
Vi = 17(1+g)a27(1+g)2(17a2)a2‘/p (13)

F
—w2C a1 Lp2(149)? (1—a?
+ M1 p2;‘ ) ( )V,~

—(14+g)a?2—(1+g)° (1—a?) a2)2 (14)

—w2C%, (1 + 9)3(1 — a2)2a2.

Thus, the phase angle of v between V3 and V,. (V4 and V)
can be given as

v=[f(a,0).

Therefore, according to the circuit parameters of the proposed
system in Tables I1 and I1I, the variation of the synchronous phase
angle v with the deviation resonance frequency under different
relative phase-shift angles is shown in Fig. 20.

It can be seen from Fig. 20 that ~ is fixed at 180° and indepen-
dent of 6 under the resonance condition (i.e., a = 1). Thus, the
synchronization signal V, (V3) is synchronized with the resonant
voltage V), (V) generated by the primary (secondary) converter
and is independent of the resonant voltage V,. of the secondary
converter. The proposed control method with frequency and
phase synchronization of the primary and secondary sides can
be achieved by sampling and detecting the falling edge of V3
or V4. However, y varies slightly when the resonance frequency
deviates. For example, when a = 1.01 with a 1% deviation of the
resonance frequency: While 6 = 90°, the phase angle deviation

s)
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TABLE II
CAPACITANCE VALUES OF COUPLING PLATES

Parameter Value Parameter Value
Ci, (pF) 157.7 Cs4(pF) 158.6
Ci5(pF) 1.8 Ca4(pF) 1.8
Cis(pF) 1.1 Ca3(pF) 1.2
Cy,(pF) 16.7 Cs,(pF) 16.7
Ca(pF) 16.6 Cu(pF) 16.7
Ci(pF) 89.8 Cy(pF) 89.7
G5(pF) 8.3 Cu(pF) 8.4
Cin(pF) 79.6 Cin(pF) 8.4
Cus(pF) 8.3

TABLE III

PARAMETERS OF THE PROPOSED BCPT SYSTEM

Parameter Value
ViV, Vo(V) 100, 100
f(MHz) 1
L(uH), L (uH) 24,239
Lyo(uH), Lo(uH) 150, 151.2
C,1(nF), C1(nF) 1.22,1.23
C,o(pF), Ca(pF) 115.5, 114
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174.5

/

3
0.990 0.995 1.000 1.005 1.010
a

Fig. 20. Variation of the synchronous phase angle ~ with the deviation
resonance frequency under different relative phase-shift angles.

is 1.67% and v = 177°; while 6 = 30°, the deviation of the phase
angle is only 0.89% and v = 178.4°.

In addition, due to the proposed synchronization control
method, the primary (secondary) controller drives the primary
(secondary) converter with the operating frequency initially,
and the secondary (primary) controller obtains the frequency
and phase by sampling the terminal voltage of the secondary
(primary) supplementary plates, which is synchronized with the
resonant voltage generated by the primary(secondary) converter
to drive the secondary (primary) converter regardless of the
deviation of the resonance conditions. So, the frequencies of
the primary and secondary sides are synchronized regardless of
the deviation of the resonance conditions.
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Fig. 21.  Four-port circuit-source model of an eight-plate coupler.

Therefore, through the above analysis, the frequencies of the
primary and secondary sides are synchronized regardless of the
deviation of the resonance conditions, while the synchronous
phase angle v will be changed slightly because of the deviation
of the resonant frequency. However, the deviation of the phase
angle can be corrected by phase compensation.

VI. CONCLUSION

This article proposes a synchronous control method without
wireless communication for phase-shift power flow regulation
of the dual LCLC-compensated BCPT systems. The method
utilizes two pairs of supplementary plates that form the com-
posite plates coupler; the voltage of the primary (secondary)
main plates is obtained by detecting the voltage of the secondary
(primary) supplementary plates so as to obtain the synchronous
information of the primary(secondary) converter and feed it back
to the secondary(primary) controller. The main contribution of
the proposed synchronous control method can be concluded as
follows.

1) The proposed system realizes frequency and phase syn-
chronization between primary and secondary sides with-
out communication modules to facilitate the power flow
regulation.

2) Due to the limitation of synchronous control by detecting
currents that may have harmonics, the proposed system
obtains the synchronization status by detecting the voltage
of the supplementary plates and also achieves interoper-
ability between the primary and secondary sides.

3) The proposed synchronous control method does not re-
quire PLL, VCO, complex analog circuits, and data pro-
cessing analyses, which is favorable to operate at high-
frequency BCPT systems.

APPENDIX

Through the analysis in Section III, the coupling capacitance
model, as shown in Fig. 7, is simplified to a four-port equivalent
circuit-source model, as shown in Fig. 21. The plates P; and P3
are connected to the primary circuit and form the first port, the
plates P and P, are connected to the secondary circuit and form
the second port, the plates P, and P form the third port, and the
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plates P, and P, form the fourth port. Cy, Cy, C3, and C4 are
the self-capacitances of four ports, respectively. The terminal
voltage and current of the four ports are expressed as Vi, I,
Vo, I, V3, I3, V4, and 14. The relationship between the circuit
variables is shown as follows:

I = jwCi Vi — jwCrn Vo — jwChaVy — jwCaraVa
Iy = jwCyVa — jwCrn Vi — jwCh3Vs — jwCarsVa
I3 = jwC3V3 — jwChsVa — jWCM4V1 — jwChreVa
Iy = jwCyVy — jwCir2Vi — jwCirs Vs JUJCM6V3(16)
where Cyr1, Cp2, Cuzs Cua, Cus, and Cpye are the mutual
capacitances.
From (16), when V5, V3, and V4 are short circuited, Cy, Cp;1,
C 2, and Cpy4 can be obtained. When V4, V3, and V, are short
circuited, Cs, Cj3, and Cjy5 can be obtained. When V4, V5, and
V4 are short circuited, C3 and Cjs6 can be obtained. When V7,
Vs, and V3 are short circuited, C4 can be obtained. The simplified
capacitor model in the above four cases is shown in Fig. 22.
Thus, C1, Ca, C3, and C, are expressed as

JWV1 vy =va=vi=0
— O+ (C12 + Cra) (Caz + C34) C1pC3q
Cira + Cq + Coz + Csy C1p + ng
I
Cy=—2
JwVs Vi=V3=V,1=0
_ Cout (C12 + C23) (C1a + C34) C2,Clys
o Ci2+ Cra + Coz + Czy Cop + Cus
I3 Oy - Oy
jw‘/3 Vi =Vo=V4=0 CQT + C4s
I4 Clp . C3q
_ = v 8 17
JoValy, —v,—va—0  Cip + Csg an

From Fig. 22(a), when V5, V3, and V, are short circuited,
I5, I3, and I, represent the currents induced by V; and can be
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derived as

" (Cr2 + Cha) (Caz + Csa)
Cia+ Crg + Coz + Csy

I2|V2:V3:V4:O - =

I3|V2:V3:V4:0 =0

Clpc?ﬂz V.

W 18
C1p+C3q (18)

Il yy—vy—v,—0 =

Then, the mutual capacitances Cjps1, Cpre, and Cpzy can be
given as follows:

Con = — I _ (C12 + C14) (Co3 + C34)
JoVily,—v,—v,—0  Ci2+ Cia+ Coz + Csa

C . I, _ ClpC3q

M2 = — = O+
-]w‘/l Vo=V3=V,;=0 Clp + ng
I

Cra = — —2 =0. (19)

JWVily,—v=vi=o

When V7 and V3 are short circuited, /3 can be obtained as
follows:

C2r C’45

Isly,—v,—vi=0 = —jwmvz- (20

So, the mutual capacitances Cjs3 and Cjy5 can be derived as

I?’ 027‘045
CM3 - — e —
JWVQ Vi=V3=V,4=0 C2T + 045
)
CM5 - 2 =0. (21)
JwVa v, _v,—vi—o

According to Fig. 22(c), the mutual capacitance Cjs¢ can be
given as

1y

C — — = 0.
MO v

Vi=Vo=V4=0

(22)

When the eight-plate coupler is connected to the circuit, only
the coupling plates P, P, P3, and P, are directly connected,
and the supplementary plates P, P4, P, and P are externally
connected to the detection circuit. It means that there is no
external voltage or current source connected to P, P,, P,, and

P, so Is =1, = 0. Then, (16) can be equivalent to
I = J.w Ci — cj*vf Vi— .]:WCMIVQ @3
I = jw(Cy — é‘? Vo — jwChn Vi.
Supposing
Cc? (Cr2+Cha) (Co3+Cs4a)
Cho=0C1—24C ,=C15+ C
) =t Cr24+C1a+Ca3+C34 L
C3 (Cr2+Ca3) (Cr1a+Cs4)
Cro=Ch— M3 1 Cy=Chy+ +Cyo
2T o, 2 O+ Crat Cos+ Cay 2
(24)

Therefore, combined with the LCLC-compensated topology
diagram in Fig. 2, the four-port equivalent circuit diagram with
the eight-plate coupler can be shown in Fig. 8.
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According to Fig. 8, similar to (3), the resonance relationship
is satisfied as follows:

W§Lp2 (Cpl ) Ctl/(cpl +Cu)) =1
wfcpl (Lpl ) LPQ/(Lpl + Lp2)) =1
W2Ly2 (Cry - Ci2/(Cry + Cp2)) =1
wgcrl (Lrl 1

(25)

According to the KVLs law, the relationship between the
currents and voltages of the proposed BCPT system can be
derived as

V, = jwlnl, + Vi
I, = ijprpl + I
Vp1 = jwlpelhy + V4

I = jwCin Vi — jwChrn Ve (26)
Iy = jwCi Vo — jwChrn V1
Vo =V — jwLyalo
I, = jwCriVey + 1.
The voltages V; and V5 can be expressed by
Ly Lo
Vi=-2LV, Vo=-"2V0,. 27
! Lpl P ’ Lrl
Thus, V3 and V, can be given as
_ jwCmsts . CusLy _ L,
Vs = JAjo.JC]\'é3 - CA;‘SLT.12 Vi = ﬁ r (28)
Vi, — ju‘;C'MQV _ Cumalyo _ Ly
4 JwCly 1 CyLy P Ly P

The transmission power of the secondary side can be derived

as

P,

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

8w LngTz . 2 B 2]
=Re{V, I} = ———"—=V;V, sinfsin = sin —.
e{V,. I} = Lyl aVosinfsin <= sin
(29)
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