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Asymmetric Bidirectional Capacitive Power Transfer
Method With Push—Pull Full-Bridge Hybrid Topology

Xin Dai

Abstract—Bidirectional capacitive power transfer technology
makes it possible for energy sharing among multiple electronic
devices. This article proposes an asymmetrical bidirectional power
conversion topology to satisfy different input and output character-
istics’ requirements and increase load variation tolerance. A w—T
(CLC-LCL) resonant topology is designed for this bidirectional
conversion mode with constant output voltage characteristics in
both directions. A hybrid power flow regulation strategy is pro-
posed by integrating multiple zero-voltage switching soft-switching
operating points switching and phase-shifted mode. This method
overcomes the problem of mixing two different type topologies
(push—pull and full bridge) with two different power regulation
modes (switch soft-switching operating points and phase shift),
which provide a way to make two different chargers compatible.
Simulation and experimental results verified the proposed method.

Index Terms—Asymmetric, bidirectional capacitive power
transfer system, dynamic switching, phase shifted, soft-switching
operating points, steady-state operation.

I. INTRODUCTION

ITH the rapid development of mobile electronic prod-
W ucts, consumers expect that their mobile devices can
easily share energy wirelessly for the environments without an
available power grid supply. Therefore, bidirectional wireless
power transfer (BWPT) systems gradually show their unique
advantages. This wireless interface is bidirectional to exchange
energy for energy balancing to optimize the function of “need”
charging between different power rating devices. It is advan-
tageous for the devices to share energy to the best effect and
provides safe and flexible operations even in very harsh envi-
ronments [1].

In the past, the dual active bridge (DAB) converter utilized the
leakage inductance of the transformer as the main energy transfer
element to realize the bidirectional power flow [2]. The full-
bridge bidirectional inductive power transfer (BIPT) system is
similar to the DAB converter, which changes the transformer into
a wireless power transmission device. BIPT system has many
applications, mainly including portable phones, robot arms, and
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electric vehicles (EVs) [3]-[5], and research articles mainly
in investigating the function realization of bidirectional power
flow, model establishing of power flow, the synchronous signal
controlling technology, control strategy optimizing technology
[5]-[71, etc. However, the coupling structure is normally bulky
and costly by using the inductive power transfer (IPT) method,
which is not easy to be embedded in compact devices. Compared
with the IPT systems, capacitive power transfer (CPT) technol-
ogy utilizes electric field coupling for wireless power transfer.
It has some special advantages, including encountering metal
objects without generating significant power losses, small eddy
current loss, light, and low cost of coupling structure [8]-[11].
Therefore, the CPT system has attracted lots of experts to re-
search widely on the applications of EVs, rotating mechanisms,
mobile robots, biomedical implants, portable electronic devices,
and has made some achievements [12]-[16].

At present, research on CPT technology is almost limited
to unidirectional transmission, and various symmetrical circuit
topologies or compensation strategies are proposed. Zhang et al.
[17] introduce four plates symmetrical CPT system with LCL
compensation topology. A dual LCLC-compensated symmetri-
cal CPT system is proposed in [18]; the system is developed for
EVs. Lu et al. [19] propose a symmetrical LC resonant network
CPT system in which the capacitor is connected in parallel with
the plates to reduce the compensation inductor and increases the
transmission distance under the same transmission performance.
These symmetrical CPT systems proposed in the literature are
designed for unidirectional power flow transmission.

The bidirectional capacitive power transmission (BCPT) con-
cept is emerging in recent papers. Yang et al. [20] proposed
a BCPT system with dual symmetric LCLC topology, which
is developed for autonomous underwater vehicle (AUV) appli-
cations. Bidirectional power flow transmission is realized by
leading and lagging 90° by the primary and receiver convert-
ers, respectively. However, it did not mention the power flow
regulation method.

It can be concluded that previous research articles on the
BCPT system utilize the traditional symmetric topology in
BWPT systems. However, the traditional symmetrical converter
and topological structure used in the BWPT system may limit
the performance optimization and expansion in some aspects; it
mainly includes the following.

1) Low system voltage gain problem. The symmetrical topol-
ogy has two symmetrical full-bridge converters. Its advan-
tage is a large power rating, whereas its disadvantage is
the system voltage transfer gain that is limited. To achieve
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enough large output voltage, an auxiliary dc—dc converter
is needed, which will increase the volume and cost of the
whole system.

2) Topology limitation. As the BWPT system is concerned,
symmetrical topology is mostly a selected topology struc-
ture. However, it has a strong limitation that makes system
characteristic very tough and inflexible. On the contrary,
asymmetrical topology structures will expand more adap-
tive current-fed resonant topologies to achieve custom
performance requirement.

3) Lower loss consideration. The main characteristic of
the CPT system is the high operating frequency. The
full-bridge converter topology with the traditional phase-
shifting voltage regulation method will bring some dif-
ficulties in switching components when compared with
operated at soft-switching frequencies by the push—pull
converter.

4) Load variation tolerance problem. Due to the CPT
system being sensitive to the system parameters under
high-frequency conditions, a small difference with load
variation will cause a large disturbance on system output
or result in large inherent frequency drifting. So, it is
better to design a constant output voltage topology for
the bidirectional power transmission system.

To design an asymmetrical topology for the BWPT system, we
should consider completely different input characteristics and
output power regulation modes with voltage-fed and current-fed
converters. Furthermore, forward and reverse resonant circuit
element parameters should be carefully balanced to reach ap-
proximate constant output voltage requirements. Besides, it is
necessary to expand the type of topologies to make them adaptive
to present CPT applications. Therefore, the article performs an
asymmetrical topology by two types of the converter to realize
the system bidirectional transmission.

This article proposes an asymmetrical 7—T topology BCPT
system by using the push—pull and full-bridge converter, which is
suitable for the applications of constant voltage systems. The rest
of this article is organized as follows. Section II introduces the
proposed BCPT system and explains the steady-state operation
of forward and reverse power transmissions. This section also
discusses the characteristics of the system topology. Section III
shows the power regulation method of the bidirectional power
flow by switching zero-voltage switching (ZVS) soft-switching
operation points during forward power transmission direction
and phase-shifted control during reverse power transmission
direction. Section IV provides the performance analysis of the
proposed system. The implementation of bidirectional power
flow is verified by the experimental results for both power
transmission directions in Section V. The discussion is drawn in
Section VI. Finally, Section VII concludes this article.

II. PROPOSED BCPT SYSTEM

To enhance the voltage gain and load variation tolerance per-
formance, an asymmetrical bidirectional push—pull full-bridge
converter and 7—T resonance network topology BCPT system
is proposed, as shown in Fig. 1. The proposed system includes
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Fig. 1.
system.

Circuit topology of the push—pull full-bridge 7—T compensated BCPT

a current-fed push—pull converter, a full-bridge converter, dc
inductors L4y and Lgo, and dc filter capacitor C,. The m-CLC
(Cp1—Lp—Cp2) and the T-LCL (L,1—C,—L,2) hybrid resonant
topologies, which are suitable for the asymmetrical current-fed
push—pull and voltage-fed full-bridge resonant converter, are
proposed in the proposed BCPT system. Considering that each
side may work as a source or a load, V4 and V, are expressed as
forward and reverse dc input voltages, respectively. Power flows
through the coupling capacitances with four plates, which can
be classified by transmitter plate pair and receiver pair. C,; and
C2 are the two pairs of equivalent capacitances of the coupling
plates. The inductor L; is placed in series with the equivalent
capacitance C, to compensate for the reactive power circulation
in the resonant circuit, where C; = C41Cyo/(Cg1+Cy2).

Since the asymmetrical topology is adopted, the system opera-
tion principle should be given for forward and reverse transmis-
sions, respectively. To illustrate the operation principle of the
push—pull and full-bridge converter, a steady-state analysis of
each switching interval is given. SD1-SD8 represent the body
diodes of the switches S1-S8. The voltage and current of the
switches are vg1—vgg and ig1—igs, and which of the body diodes
are vgp1—Vvsps and igp1—igps, respectively. Besides, vy and ig
are the dc input voltage and current of the push—pull converter,
iq1 and i 4o are the currents through inductors Lg; and Lgs, v, 18
the voltage across the capacitor C,, and v, v,-and i,,, i,- represent
the voltages and currents of the converters, respectively.

A. Steady-State Operation of Forward Power Transmission

During forward power transmission direction, the current-fed
push—pull converter acts as an inverter and the full-bridge con-
verter acts as a rectifier. The converter leg switches S1 and S2 are
operated at a fixed duty cycle, while $3—S8 are turned OFF. The
steady-state analysis, operating waveforms, and equivalent cir-
cuits of the converters for forward power transmission operation
are discussed, as shown in Fig. 2.

Interval I (11 <t<t5):

Considering that at instant #1, switch S1 is turned OFF and S2
is turned ON, while S7 and S8 are turned OFF. It is shown in
Figs. 2 and 3(a) that dc-link current i; passed through switches
S2 and S8 completely. From this instant, the output voltage of
the push—pull converter crosses zero and changes from positive
to negative, and the switches S1 and S7 get a positive voltage.
The current polarity passing through L, changes from positive
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Fig. 3. Equivalent circuits for different switching intervals during forward
power transmission. (a) t1—t2. (b) fo—t3.

to negative, body diodes SD4, SD6 turn-OFF at zero current, and
zero reverse recovery of SD3, SD5 is achieved.

Interval II (12 <t<t3):

At instant 7o, push—pull converter voltage changes polarity
and switch S1 starts conducting, as shown in Fig. 3(b). During
this interval, a positive voltage with the same magnitude as v,
appears in the switches S2 and S8. The body diodes SD3 and SD5
are turned OFF by the presence of reverse current i,., whereas SD4
and SD6 conduct.

B. Steady-State Operation of Reverse Power Transmission

Opposite to the forward power transmission operation, during
reverse power transmission direction, the full-bridge converter
acts as a voltage-fed inverter and the push—pull converter acts as
a current-doubled rectifier. The current-fed push—pull converter
switches S1 and S2 are turned OFF and body diodes SD1 and SD2
actasrectifier diodes, while §7 and S8 are turned ON. Fig. 4 shows
the reverse power transmission waveforms during steady-state
operation, and Fig. 5 shows an equivalent circuit diagram of each
switching interval.
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Fig. 4. Steady-state operation waveforms of the converter during reverse
transmission.
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Fig. 5. Equivalent circuits for different switching intervals during reverse
power transmission. (a) t1—f2. (b) fo—t3.

Interval I (r1 <t<ts):

In this interval, §4, 6 are turned ON and S3, S5 are turned OFF.
A negative voltage of v, appears at the output of the full-bridge
converter and due to the presence of T-LCL resonant tank, a
high excitation voltage crosses through the coupling plates, as
shown in Figs. 4 and 5(a). The ac-side voltage of pull-push
converter side becomes positive and the body diode SD2 is
reversely biased, whereas body diode SD1 is turned ON and
becomes forward biased, which flows through the current 7.

Interval II (1, <t<t3):

At instant fo, switches S3, S5 are turned ON and S4, S6 are
turned OFF. The polarity of the full-bridge converter voltage
changes to positive. The switch S3 is passed through current
i, and the body diode SD2 is in the forward direction, as shown
in Fig. 5(b). In this interval, the inductance current iy passes
through the m-CLC resonant network of the system, and the
body diode SD2 conducts because the magnitude of voltage v,
is negative.

Based on the steady-state analysis of the BCPT system, the
relations of the voltage and current at all switching intervals
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TABLE I
VOLTAGE AND CURRENT EXPRESSIONS OF THE CONVERTER SIDE
COMPONENTS DURING FORWARD AND REVERSE DIRECTIONS

Forward direction Reverse direction
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Fig. 6. Circuit topology with power source and load switching of the proposed
BCPT system.

during forward and reverse power transmission directions can
be concluded in Table 1.

C. Dynamic Switching Process

The dual load resistance and dc power source of the proposed
BCPT system connected in parallel are shown in Fig. 6. The
ON/OFF of the two branches is controlled via relay-operated
switches.

Switching pulses with all system switches during both power
directions are shown in Fig. 7. The orange line represents
the switching switches SS1 and SS2 of the power source and
load resistance in parallel on the dual converter sides. When
SS1/852 = 1, which represents the power source branch is “ON”;
S$S51/852 = 0, which means the resistance branch is “ON.” The
blue line represents the switches S1-S8 of the converters. The
red line represents the dc current ig and i,,.

When #<t1, the system operates in the forward power trans-
mission, the converter of the full bridge acts as a rectifier, and the
load resistance R, receives energy. The power source branch
V4 with the push—pull converter is “ON,” while the load R,,, is
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Fig. 8. Simplified equivalent ac-side circuit model of the proposed BCPT
system.

“OFE.” Besides, the resistance branch of the load R, is “ON,”
while the power source branch V,, is “OFF.”

When t = 1, the branch of SS1 switched the power source
to load. The push—pull converter stops working, the switches
S1, S2 are turned OFF, and S7, S8 are turned ON. In this time,
the current and voltage directions change process of the sys-
tem circuit elements is complex, supposing that the switches
of the full-bridge converter are switched ON suddenly at this
time, it may lead to instability in the switching process, short
circuit, current and voltage impact, and other safety problems.
Especially at the moment of switching from reverse to forward
transmission, the ZVS switching state of the system may be
destroyed. Therefore, the system is reset to zero before switching
the power flow direction; that is, when #; <t<t-, the voltage and
current in the system circuit are reduced to zero.

When ¢ = 1o, the converter of the full bridge changes from
rectifier to the inverter, the power source branch V,, with the full-
bridge converter is “ON,” and the resistance branch R, is “OFF.”
After that, the system operates in the reverse power transmission
operation.

D. Characteristic Analysis of System Topology

The equivalent ac circuit model of the proposed push—pull
full-bridge hybrid resonant topology BCPT system is shown in
Fig. 8, where the input and output of the converters are modeled
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as a current source and voltage source during the forward and
reverse power transmissions, respectively.

According to KVL’s law, the relationship between the currents
and voltages can be derived as follows:

Vi =V, — jwL,I;

Vo=Vi—Z-1,
Vtr = ‘/2 +jWLr2.]r (1)
.{S = I1 - jUJCPQV}
-Z:r = _Is +chr‘/2
I, =1, Jrij'prp
where
Z=jwLr1 + jwLs + (2)

jwCs’

Power transmission., the current across the inductor L, can

be derived as I,, = —V,./R.,., where R.,. is the equivalent load

resistance at the input of the full-bridge converter circuit and can
be calculated as

8
Rer = —
er 71_2

R,. 3

The output voltage of the full-bridge converter (reversible
rectifier) during forward power transmission direction can be
obtained as

Ve =V, /[(1 = w?LyCp2) (jwLya + Rer)/Rer

+(1=w?LyCp2) Z+jwL,) (jwCr+ (1—w? LynCy) Rey)].-
)

Besides, during reverse power transmission direction, using
power balance at the input and output of the current-fed push—
pull converter circuit, the voltage and current expressions are
given as

I =2l 5)
V, = ZVa.

R, is the equivalent load resistance at the input of the push—
pull converter circuit and is calculated as

’/T2

5 R (6)

The input ac voltage of the push—pull converter circuit can be
expressed as

Rep =

V, = —I,R.,. @)

Thus, the output voltage of the push—pull converter (reversible
rectifier) during reverse power transmission can be obtained as

%:m/

. 1 .
—(jwLy + (1 = w?LyCpo) 2) (R N ]chlRep>>
ep

(1 = w?LyaCy) (1 + jwCpaZ)

—ijpl Rep> +ijp2)].
(®)

1
+ijT2((1—w2LpOp2)<Br

ep
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Assuming the compensation network is fully resonant, the
resonant frequency should satisfy

WwiL,Cr =1, W’L,C,=1, W?L,C,=1 )

where

Cp:CpIZCp27 Lr:LrlzLTQ' (10)

Therefore, the voltage gain with the proposed BCPT system
can be obtained as
1V

Gvfr B

Gy

Gy ¢ = -

Vo
where G, rand G, refer to the voltage gain during the forward
and reverse power transmissions, respectively.

From the above analysis, the conclusion is drawn that the
voltage gain is related to the ratio of capacitors C,, and C,., and
the output voltage is almost load independent during both power
transmission directions.

(1)

III. POWER FLOW CONTROL IN BCPT SYSTEM

In order to realize the power flow control of the proposed
BCPT system, multiple ZVS soft-switching operating points
switching and the phase-shifting regulation methods are adopted
without adding additional circuits during forward and reverse
power transmission directions, respectively.

A. Switching ZVS Soft-Switching Operating Points Power
Regulation During Forward Power Transmission

During forward power transmission direction, switching ZVS
soft-switching operating points power regulation technique is
utilized to achieve the required power [21]. The proposed system
can be linearized into two operating modes when the push—pull
converter switches S1 and S2 conduct complimentary, while S7
and S8 kept OFF.

When S1 is ON and S2 is OFF, a positive output voltage
appears at the push—pull converter, and the steady-state duration
isty =T/2.

When S1 is OFF and S2 is ON, a negative output voltage
appears at the push—pull converter, and the steady-state duration
is to = T/2.

Taking the voltage of capacitances and the current of inductors
in the system as the state variables, x = [ig i, vp i1 V1 is Vs
v i,]T and u = [V4] are the state vector and the input vector
of the system, respectively, then the differential equation can be
expressed by the state-space description equation as follows:

{ T = Az + Biu model

T = Asx + Bou mode2 (12)

where A1, A are the system coefficient matrices, and By, Bo are
the system input matrices.

Under the two linear operating modes, the system time map-
ping function is

z(t) =@ (t) o+ (®; (t) — 1) A, "B (i=1,2) (13)

where ®,(f) = ¢*(V is the system state transition matrix, and
xo = x(0) is the initial state of the mode.
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The operating duration of each linear mode is #;, and the
system steady-state operation period is 7' = #;+fo.

Then, the state mapping function of each mode is obtained as
follows:

fi,ti (.T) =, (ti) x + (q)l (tl> — I) Ai_lBiui (Z =1, 2) .
(14
Assuming that x,, and x,,; are the initial and the end states of
the cycle, respectively, the stroboscopic mapping model of the

nth working cycle is as follows:

Tn+1 = f2,t2 © fl,tl (l’n)

(0 (F)eo5) ) )
(o (2) 1) armeme

where o represents a composite mapping operator and can be
defined as fo g(t) = flg(?)).

The system state vector repeats periodically when the system
reaches a steady state

5)

(16)

Tp+1 = Ty

The system periodic fixed-point x* is obtained as

"= fag, o fre (77)

“(ru(3)e(3)

(mEH @@ -0 mR)
c@ ) -DamE )

The periodic fixed-point x* of the system can be regarded as
a function of the period 7 when T is regarded as a variable.
The component v, in the fixed-point x* is used to analyze
the system fixed-point function with the ZVS soft-switching
operation points, and v,, can be obtained as follows:

su-via (o (3))
y (‘PQ (3) (®1(3) ~ 1) AHBw) )
+(®2(4) ~ 1) 4 B
where
D, (t) = et i=1,2
Y=[001000000].

19)
(20)

Matrix Y represents the projective matrix used to extract the
output voltage component of the push—pull converter from the
state variable x.

To achieve ZVS soft-switching operation, v,, should be satis-

fied as follows:
v, () = 0. (21)

Therefore, from (21), we can get the ZVS soft-switching
operation points that are used to regulate the power.
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Fig.9. Diagram of power regulation by switching multiple ZVS soft-switching
operating points. (a) Shifting among multiple soft-switching operating points.
(b) Approximate power transfer capability between the two ZVS soft-switching
operating points.

Fig. 9(a) shows the schematic diagram switches shifting
between two ZVS soft-switching operating points. The system
operates m cycles at frequency f; and n cycles at frequency f;. The
purple sine curve shows the waveform of the push—pull converter
output voltage v,, and the orange pulse shows the output current
ip. Fig. 9(b) shows the system power P; when the soft-switching
operating frequency is f;, whereas P; is corresponding to fj.
Power can be regulated to achieve the required power P, by
switching back and forth between the two ZVS soft-switching
operating points.

B. Phase-Shifted Power Regulation During Reverse Power
Transmission

During reverse power transmission direction, the full-bridge
converter acts as an inverter and converts voltage from dc to
high-frequency ac voltage v,.. The push—pull converter will act
as a rectifier and converts high-frequency ac current i), to dc
current. The phase-shift control method is utilized to regulate
the output voltage of the full-bridge converter, and the power
injected into the push—pull converter can be regulated effectively
by modulating the phase-shift angle between switches of the
full-bridge converter.

The driving signals of the switches and the output voltage
of the full-bridge converter are provided, as shown in Fig. 10.
A phase-shifted pulse is provided to switches S3 and S5, and
diagonal switches S4 and S6 are switched ON simultaneously
with a duty cycle of 50%. By modulating the phase-shift angle 6,
the output voltage of the full bridge can be changed to regulate
the output power.

The output voltage of the full-bridge converter is as follows:

22

V, = TVO cos(g) 0<8<m). (22)

Using (11) and (22), it is clear that the output power of the
reverse power transmission direction is derived as

0
16L2V2cos?(§)

P, = VpLpRe[e! ¥~ 90)] = TL2R
=P

(23)
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Switching pulses and the voltage generated with the full-bridge

TABLE II
PARAMETERS OF THE PROPOSED BCPT SYSTEM

Parameter Value Parameter Value

VaV) 35 Vo(V) 130
Lay/Lg, (mH) 480 Rrai /Ran(mQY) 400
L, (uH) 5 Cy1/Cp (nF) 20
C,1 (pF) 1200 Cy (pF) 858
Ly (nH) 200 Ly/Lys (WH) 27
C, (nF) 3.75 Co (UF) 47
R, (Q) 25 R, (Q) 150

IV. SYSTEM PERFORMANCE ANALYSIS

To give a further comprehension of the proposed asymmetri-
cal power conversion mode, system performance analysis on the
output voltage and power regulation is implemented as follows.

A. Parameter Design of the Proposed BCPT System

In Section II-D, the output voltage is almost load independent
during both directions. The operating frequency of the proposed
BCPT system is set to f = 500 kHz. In order to minimize the
harmonic distortion rate of the proposed high-order system, the
quality factor Q. of 7 structure should be larger and Q 7 should
be smaller. However, too large Q. and too small O will cause
the input impedance angle of the resonant network to be sensitive
to the change of frequency. As a compromise, the upper limit
of O, is 3 and the lower limit of Q1 is 0.5 [16]. Therefore, the
range of two capacitance ratios C,/C,. is obtained as (0.167, 6).
From (9), in order to reduce the resonance inductance in the high-
frequency environment, the value of C;, is 5nFand C,.is 3.75 nF.
In addition, due to the voltage pumping characteristics of the
push—pull converter circuit, given that the system input voltage
of forward power transmission is 35 V, the full-bridge converter
load R, = 150 {2 to obtain the output power is approximately
100 W. Besides, the load R), of the push—pull converter is 25 ).
Therefore, the appropriate parameters of the BCPT system are
designed and listed in Table II.
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Fig. 11.  Output voltage varies with loads in the bidirectional power transmis-
sion direction.
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Switching points (us)

Fig. 12.  Push—pull converter output voltages v, under different ZVS soft-
switching operating periods.

B. Output Characteristic Analysis of the Proposed System

From the parameter values in Table II, the curve of output
voltage with different load resistances in bidirectional power
transmission direction is obtained, as shown in Fig. 11. The
purple and blue lines represent the output voltage with the
varying load during forward and reverse power transmissions,
respectively. The voltage fluctuation rate is within 2% in the
range of load from 100 to 300 2 during forward power transmis-
sion. The voltage fluctuation rate is within 4% in the range of load
from 15 to 60 €2 during reverse power transmission. Therefore,
approximate voltage output constant characteristics in bidirec-
tional power transmission can be achieved under the framework
of the 7-T resonant and asymmetrical power converters.

C. Bidirectional Power Regulation Analysis of the Proposed
BCPT System

1) Forward Power Regulation Method by Switching ZVS Soft-
Switching Frequency: The proposed system adopts the ZVS
soft-switching operating point switching for power regulating
during forward power transmission. According to the parameters
given in Table II, the periodic fixed-point function formula (18)
of the push—pull converter output voltage is shown in Fig. 12.

By considering the boundary condition (21), all zero-crossing
points of the push—pull converter output voltage represent the
ZVS switching periods. Fig. 10 shows the eight ZVS soft-
switching periods in the time of (0, 10 ws), corresponding to
the ZVS switching frequencies existing in the proposed system,
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TABLE III
ZN'S SOFT-SWITCHING OPERATING PERIODS AND FREQUENCIES OF THE
PROPOSED BCPT SYSTEM DURING FORWARD POWER TRANSMISSION

ZVSpoints 1 2 3 4 5 6 7 3
ZVS&S‘MS 138 166 201 213 411 427 685 693
favs (kHz) 725 602 498 469 243 234 146 144
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Fig. 13. System output power varies with phase-shift angle during reverse
power transmission direction.

as given in Table III. Each ZVS soft-switching frequency cor-
responds to the different output powers, respectively, which can
obtain the expected power by switching two frequencies.

2) Reverse Power Regulation Method by Phase-Shifted Con-
trol Strategy: From (23), the output power is regulated by the
phase shift during reverse power transmission, as shown in
Fig. 13. It shows that the power decreases with the increase
of the phase-shift angle 6 during reverse power transmission
direction.

V. EXPERIMENTAL RESULTS

In order to validate the feasibility of the proposed bidirec-
tional power flow transmission, a BCPT system prototype is
implemented, as shown in Fig. 14(a). Considering the short-
distance application for the charging of electronic devices, the
disc capacitive coupler is shown in Fig. 14(b).

The copper foil with a thickness of 0.15 mm is used as
the coupling plates P1, P2, P3, and P4; the size of one pair
plate is 85 mm*85 mm, which is placed on the received side
as the receiver, and the other pair uses a ring with the radius
from 95 to 130 mm, which is plated on the other side as the
transmitter. Litz-wire winding magnetic core constitutes the
compensation inductors L, L, and L, are made of Litz-wire
wound on polyvinyl chloride tubes, and the other capacitors use
the chip capacitor. GS66504B is used as GaN gate driver, and
the controller is equipped with a complex programmable logic
device (CPLD, EPM240T100C5), which is used to generate
the drive signals of the converters. Power source and load are
switched by relay-operated switches on both sides.

A. Forward Power Transmission Tests

Fig. 15 shows the experimental results with the output power
of 112 W during forward power transmission, and the ZVS soft-
switching frequency of the push—pull converter is 491.7 kHz.
When the dc input voltage V, is 35 V, the output voltage V,
is 130 V. Fig. 15(a) shows the ZVS turn-OFF of the forward-
side converter switches operating at the ZVS soft-switching
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Fig. 14. Experimental setup. (a) Prototype of the proposed BCPT system.
(b) Structure and size of the coupling plates.
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Fig. 15. Experimental results of forward power transmission at ZVS soft-
switching operation frequency fs1 = 491.7 kHz, V4 =35V, P,= 112 W, and
Vo= 130 V. (a) Driving signal S1, the voltages of S1 and S7, and the resonant
voltage and current of the push—pull converter. (b) Voltages and currents at the
push—pull and full-bridge converters. (c) Input and output voltages with the
topology structure 7 and T, and the output voltage V,, of load. (d) Resonant
voltage and current of the push—pull converter and V.

operating point. The current-fed push—pull converter voltage
and current profiles are in the same phase. Fig. 15(b) shows
the experimental voltages and currents’ waveforms for both
side converters during forward power transmission operations.
Fig. 15(c) shows the profiles of the input and output voltages
with the topology structure 7—T and the output voltage of
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Fig. 16. Experimental results of forward power transmission at operating
frequency fso =242.6kHz, V4 =35V, P,= 6.4 W, and V,= 31 V. (a) Driving
signal S1, the voltages of S1 and S7, and the voltage and current of the push—pull
converter. (b) Voltage and current at the push—pull converter and the output
voltage of load R,
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Fig. 18.  Experimental results of reverse power transmission operation: V,=
130V, Vg4 =35V, P;=49 W at phase-shift angle 0 ;and V=30V, Py =36 W
at phase-shift angle 60°. (a) Driving signal and voltage of 3, and output voltage
and current of the full-bridge converter. (b) Driving signal $3 and S5, and the
output voltage and current of the full-bridge converter. (c) Voltages and currents
of the full-bridge converter output and the push—pull converter input at phase-
(© (d shift angle 0°. (d) Voltages and currents of the full-bridge and the push—pull
converter at phase-shift angle 60°. (e) Voltage and current of the full-bridge
Fig. 17. Experimental results with power regulation of two ZVS  converter and output voltage of load R, at phase-shift angle 0°. (f) Voltage and
soft-switching operating points dynamics switching with frequencies  current of the full-bridge converter and output voltage of load R, at phase-shift
fs1 = 491.7 kHz and f,2 = 242.6 kHz. (a) Operating at f5; with 10 cycles  angle 60°.
and operate at fso with 10 cycles, Vg =20V, P, = 10.7 W, and V, =40 V. (b)
Enlarged view of figure (a). (c) Operating at fs; with 10 cycles and operating at
fs2 with 20 cycles, Vg =20V, P, = 6.8 W, and V, = 32 V. (d) Enlarged view  during forward power transmission operation, which shows the

of figure. envelope fluctuation of resonant voltage and current. When
the system dc input voltage V; = 20V, Fig. 17(a) and (b) shows
the system operating at frequency fs; with 10 cycles and ;o with
10 cycles, and continuously switching the two frequencies, the
system output power is 10.7 W. Fig. 17(c) and (d) shows the
system operating on frequency f5; with 10 cycles and fso with
20 cycles, and after continuously switching the two frequencies,
the output power is 6.8 W.

N,

20V/div.

load R, Fig. 15(d) shows the dynamic response when the load
R, is switched from 150 to 200 €2, it validates the characteristic
of the proposed topology with constant voltage characteristics
during forward power transmission direction.

Fig. 16 shows that the system operated in another ZVS soft-
switching frequency of 242.6 kHz, and V; is 35 V; the system
output power is 6.4 W. Fig. 16(a) shows the ZVS turn-OFF of
the forward-side converter switches operating at soft-switching
frequency 242.6 kHz. Besides, forward-side converter voltage Fig. 18 shows the system output power experimental results
and current profiles are in the same phase. Fig. 16(b) shows the of 49 and 36 W at phase-shift angles 0" and 60°, respectively,
experimental voltage and current waveforms for the push—pull ~ during reverse power transmission operation.
converter, and the output voltage V, of the load R, is 31 V When the dc input voltage V, is 130 V, Fig. 18(a) and (b)
during forward power transmission operations. presents the driving signal §3, S5 and the output resonant voltage

Fig. 17 validates the power regulation of switching between and current waveforms of the full-bridge converter when the
two ZVS operation frequencies in dynamics power regulation phase-shift angle is 0" and 60, respectively. Fig. 18(c) and 18(d)

B. Reverse Power Transmission Tests
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TABLE IV
COMPARISON OF CRITICAL PERFORMANCE CHARACTERISTICS WITH SYMMETRICAL CPT SYSTEMS
. Power Bidirectional Asymmetrical | Bidirectional
. Voltage . Transient Power
Topology Power | Switches | Inductors . Efficiency Source . resonant power
Gain Response T Regulation .
ype Function topology transmission
Paper Higher Not Voltage . S
[19] Dual LC 150W 4 2 1.08 than 70% | mentioned source Not symmetric Unidirectional
Paper Dual LCL 1.87kW 4 4 1 85.87% N.Ot Voltage Not symmetric Unidirectional
[17] mentioned source
Paper | haitere | 2.1kw 4 4 1.06 90.7% Not Voltage Not symmetric | Unidirectional
[18] mentioned source
Paper | aitere | 100w 8 4 0.8 80.15% Not Voltage Not symmetric | Bidirectional
[20] mentioned source
Forward: Current
1 0,
This n-T 100W 8 5 37 81.4% Mentioned and Yes Asymmetric | Bidirectional
paper Reverse: Voltage
82% source
Forward power Reverse power Forward power Reverse power the load resistance R, is switched to the power source branch
transfer Ilireglion transfer direction transfer direction transfer direction VO, the full-bri d g e converter Operates as the inverter, an d the
A SOV ‘ T o push—pull converter operates as the rectifier. The dc input voltage
BIRISTIT  osssonsirosemmane V,is130V,i,is+0.5 A, andigis —1.5 A.Fig. 19(b) shows the dc
N 0§ currents i4 and i, and the current i passing through the coupling
- + e .
“' " 0o plates. Fig. 19(c) shows the output voltages and currents of the
niin i 7 % Sauching push—pull and full-bridge converters, where v,, and i, represent
W Switching trensition the ac equivalent voltage and current of the push—pull converter,
rransition . .
(a) (b) and v, and i, represent the ac equivalent voltage and current of
Formar e ¥ Rovorse mower the full-bridge converter.
vl b
D. Comparison With Other Symmetrical CPT System
The comparison with other symmetrical CPT systems in terms
of switches, inductors, gain, efficiency, transient response, and
so on is given in Table IV. Compared with the symmetrical reso-
o TN nant topology CPT systems, as shown in [ 17]-[20], the proposed
b8 ransition . .
(©) BCPT system adopted the asymmetric topology and realized
bidirectional power flow regulation. Among them, Zhang et al.
Fig. 19. Dynamic switching process of the system. (a) DC voltage V4, V,, and [17] and [18] proposed unidirectional CPT systems and reached

dc ig, ip. (b) DC ig, i, and the current across the coupling plates is. (c) AC
equivalent voltages and currents of the full-bridge and the push—pull converter.

shows the resonant voltages and currents with the full-bridge
and the push—pull converters. From Fig. 18(e) and (f), system
output voltage V4 is 35 V and 30 V at phase-shift angle 0" and
60", respectively. Besides, the output voltage of load remains
constant despite the changes with R, from 20 to 50 (2.

C. Dynamic Switching Process

The system dynamic switching process from forward to re-
verse power transmission is shown in Fig. 19. As shown in
Fig. 19(a), when 7<1;, the system operates in the forward power
transmission, the push—pull converter acts as the inverter, while
the full-bridge converter is the rectifier, and the load resistance
R, receives energy. The dc input voltage V;is 35V, igis +4 A,
the load output voltage V,, is 130 V, and i, is —0.88 A; when
t =11, the power source is switched to the load R, the push—pull
converter stops working, S1, S2 are turned OFF, and S7, S8 are
turned ON. At this time, Vg, ig4, V,, and i, are O; when 1 = 1o,

an efficiency of more than 85% or even 90%, but the system
transmission power is kilowatt power level. According to the
analysis of the efficiency-power curves in [17] and [18], the sys-
tem efficiency keeps increasing with the increase of the output
power. Besides, Yang et al. [20] utilize the same symmetrical
LCLC-compensated topology as the article presented in [18],
and the system efficiency is 80.15% when the power is 100 W.
Moreover, under the same hundred-watt power level, the sym-
metrical system efficiency in [19] is about 70%. Besides, Yang
et al. [20] proposed a bidirectional symmetrical CPT system
with dual LCLC topology and the efficiency is about 80%.
However, they did not mention the power flow regulation method
and dynamic switching transient response. The proposed BCPT
system adopts an asymmetric hybrid (7—T) resonant topology,
mixing two different power source types (current-fed push—pull
and voltage-fed full bridge) together with two different power
regulation modes. Besides, the proposed system achieves a high
forward voltage gain of 3.7, and this system achieves 100 W
output power during forward power transmission. The efficiency
from the source to the load, including the power electronics
circuit, reaches 81.4%. During reverse power transmission, as
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Fig. 20.  Power loss distribution within the circuit components.

the input dc voltage reaches 130 V, the system achieves 50 W
output power. The efficiency reaches 82%.

VI. DISCUSSION

The estimated power loss distribution among the system
circuit components is analyzed, as shown in Fig. 20. The
power loss of the proposed system is mainly distributed in the
converters, compensation inductors, capacitors, and coupling
plates (the calculation method of power loss distribution refers
to the article presented in [22]). The push—pull converter
dissipates approximately 35% of the power loss, and the
full-bridge converter dissipates about 24% of the power loss,
mainly because the operating frequency of the IPT system
is usually 85 kHz, while that of the CPT system is hundreds
of kilohertz to megahertz; the loss caused by the conduction,
turn-OFF, and switching of the switches is higher than those of
IPT system. The proportion of the converter power loss is high
in the low-power transmission system, and it will be greatly
improved after the power is increased.

VII. CONCLUSION

This article proposed an asymmetric push—pull full-bridge
hybrid (7—T) resonant topology BCPT system, and the main
contribution of the proposed method can be concluded as fol-
lows.

1) The asymmetrical topology can unlock more current-fed
resonant topologies for the BCPT system to make it adap-
tive to present CPT applications. Furthermore, the mixing
asymmetrical topology is suitable for the equipment with
two different input or output characteristics’ requirements.

2) The asymmetrical topology can provide the BCPT system
with a load tolerance region that can overcome sensitivity
problems brought by load variation.

3) Multifrequencies bidirectional power transmission real-
ization. By using multiple ZVS soft-switching operating
points, the system can operate at different frequencies in
the forward power transmission. It provides a more flexible
regulation method for bidirectional power transmission
with nonequal power rating devices.
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