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Abstract—This article proposes a novel wireless power trans-
fer (WPT) system with switch-controlled capacitor (SCC) where
variable capacitance and efficiency optimization are realized. The
optimum asymmetrical voltage cancellation (OAVC) control is ap-
plied to realize wide-ranging soft-switching operation for the active
bridge converters. The pulsewidth of the active bridge inverter
regulates the output voltage, and the pulsewidth of the active
bridge rectifier optimizes power delivery efficiency. The SCCs in
the transmitter and the receiver sides are regulated for the zero-
voltage switching operation and the resonant condition, respec-
tively. The online estimation of mutual inductance is carried out
to adapt the coupling deviations of the WPT system in real time.
A 650-W prototype is built to verify the feasibility of the proposed
WPT system and the effectiveness of the OAVC control. The ex-
perimental results show quite good performance and efficiency
improvement for the WPT system at various loads.

Index Terms—Dual active bridge, efficiency optimization, soft
switching, switched capacitor, wireless power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) technology has gained
more and more attention due to the elimination of the

restraint of the cable, which may provide safe, convenient, and
effective power delivery for the equipment [1]–[3]. Today, the
WPT has been widely adopted in industries and household
appliances, such as electric vehicles [4]–[6], robots [7], mobile
phones [8], and biomedical implants [9]. To reach a larger
distance, a higher power rating and more efficient power delivery
are the main trends for future WPT systems, and in recent years,
substantial research works have been conducted on theoretical
analysis, system optimization, and practical applications in var-
ious fields.

In the WPT system, the inductors and capacitors normally
have quite large manufacturing tolerances and are easy to deviate
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from the nominal value due to the aging effect. Then, the reso-
nant point can be influenced, which may cause additional appar-
ent power and switching losses due to nonideal soft-switching
state [10], [11]. This will lead to the reduction of efficiency for
the power converter.

Therefore, it is challenging to keep the converter operating at
the resonant condition under nonideal inductors and capacitors.
The WPT system can be maintained resonant condition by
utilization of variable capacitor and variable inductor to tune
the resonant network [12]–[14].

However, even if the WPT systems operate at high efficiency
under the resonant condition, the power delivery efficiency
might still be not high enough because the maximum point
of power efficiency only occurs under certain load impedance.
Then, the load impedance should be converted to an optimum
value to achieve high power delivery efficiency.

There are several schemes to solve these problems. In [15],
an optimization of the compensation parameter is proposed to
match the load impedance. This method cannot always convert
the load impedance to the optimum value due to the load resis-
tance varying with time in a practical system. An additional dc–
dc converter is applied to adjust the equivalent impedance of the
load to the optimum value in [16]–[18]. However, the converter
costs a lot and introduces additional losses. An “ON–OFF keying”
method is proposed in [20] which is applied to the converter of
transmitter side. Then, the converter operates in “active mode”
and “inactive mode” (ON–OFF) according to the load status. In
this case, the WPT system may achieve high power delivery
efficiency in a wide load range, but the maximum deliv-
ery efficiency is achieved only at the “active mode” and the
delivery efficiency at the “inactive mode” is zero. Therefore,
the average power delivery efficiency is low. An optimum
asymmetrical voltage cancellation (OAVC) control is proposed
in [21] for the converters to realize soft-switching operation.
When compared to the phase shift and asymmetric duty cycle
control proposed in [22]–[24], the OAVC control may expand
the operation range of soft switching for the converter and could
improve the efficiency performance of the WPT system.

In this article, a WPT system with switch-controlled capacitor
(SCC) is proposed. The SCC technology was first proposed
in [25] and it had been applied in various types of resonant
converters to obtain constant frequency operation [26], [27].
The SCC had also been applied to the WPT systems [28], [29].
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Fig. 1. SCC. (a) Structure. (b) Typical waveforms.

In [28], a pulsewidth modulation (PWM)-controlled capacitor
was proposed to realize self-tuning of the LCC converter. Since
the capacitance value was regulated by single switch with varied
PWM ON/OFF duty ratio, the voltage stress will be high, and
the range of variable capacitance was very small. In [29], the
SCC was used as a primary-side capacitor to control the output
power factor of the high-frequency inverter for minimizing the
switching losses. However, the power delivery efficiency was
not optimized. In the proposed WPT system of this article, the
output voltage is adjusted by changing the pulsewidth of the
inverter and optimum load impedance is matched by changing
the pulsewidth of the rectifier. The SCCs in the transmitter and
the receiver sides are regulated for zero-voltage switching (ZVS)
operation and resonant condition, so that the system efficiency
can be further improved.

This article is organized as follows. In Section II, the WPT
system with dual SCCs is introduced and analyzed in detail. In
Section III, the corresponding control strategy for the proposed
system is discussed. The control strategy is implemented and
validated by the experiments in Section IV. Finally, conclusions
are drawn in Section V.

II. WPT SYSTEM WITH DUAL SCC

A. SCC

In this article, the fixed resonant capacitor is replaced by the
SCC and the variable capacitance is realized for the efficiency
optimization. Fig. 1(a) shows the structure of the SCC and it is
composed of two source-to-source connected switches Sa, Sb,
and a parallel linear capacitor Ca.

It is supposed that sinusoidal current ix (x = 1, 2) is flowed
through Terminals A and B, as shown in Fig. 1(a). The gate
driving signals of the switches Sa and Sb are synchronized with
current ix. They have phase shift α from ix and are complemen-
tary each other. For a positive half-cycle, where π/2<α<π and

Fig. 2. Capacitance ratio Csc/Ca versus phase angle shift α.

the current flows from A to B, switch Sa turns OFF at angle α.
Then, the current flows from A to B via capacitorCa and there is
no current flowing through the switches. The current ix charges
Ca until π. The negative half-cycle begins at π where the current
flows from B to A and discharges capacitor Ca. After Ca is fully
discharged, the current flows from B to A via antiparallel diode
of Sa.

Fig. 1(b) shows the voltage uab which across Terminals A and
B. This voltage is always zero at the instants when the stitches are
turning ON and turning OFF, thus achieving the ZVS condition.
Moreover, the antiparallel diodes of the switches begin to be
reversely biased when switch has been or is turned ON, thus
minimizing the effect of reverse recovery current. Therefore,
the switching losses in this type of SCC are fairly low and
the SCC could be applied in high-frequency applications which
may reach megahertz range. However, there has a limitation for
the SCC in higher frequency implications due to zero-crossing
detection delay. It should point out that low on-state resistance
of the switches (MOSFETs) should be selected for minimizing the
conduction power losses, which may improve the performance
in high-frequency implications.

The positive part of is is the current flowed through switch
Sa while the negative part is the current flowed through Sb. The
voltage drop across Terminals A and B is limited by capacitor
Ca and is proportional to the integration of the current flowed
through the capacitor Ca. When phase shift α is changed from
π/2 to π, the equivalent capacitance is modulated from � to
Ca. If the harmonics higher than second order are neglected,
the equivalent capacitance Csc of the SCC is derived as (1). The
detail derivation process is shown in Appendix I

Csc =
πCa

2π − 2α+ sin2α
. (1)

As shown in Fig. 2, the capacitance ratio of Csc/Ca with
respect to the phase angle shift α could be obtained using (1).
Obviously, the equivalent capacitance Csc can be modulated
effectively by changing the phase angle shift α. Fig. 2 shows
that the capacitance ratio Csc/Ca equals 1 at the point of α =
π/2. At this point, capacitorCa is always connected in the circuit
and the current flows from Terminals A to B continuously. The
switchesSa andSb switch OFF all the time, and there is no current
going through these two switches. When the phase angle shift α
equalsπ, there would be no current flowing through the capacitor
Ca. Capacitor Ca is always short-circuited by the switches. In
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Fig. 3. WPT system with dual SCCs.

this case, capacitor is equivalent to a short-circuited line and its
equivalent capacitance is infinite.

B. Proposed WPT System With SCC

The proposed WPT system with dual SCCs has a symmetrical
structure, as shown in Fig. 3. It consists of an active bridge
inverter, an active bridge rectifier, coupled coils, two series
capacitors, and two SCCs. Each SCC is connected in series with
a capacitor Cs to modulate the equivalent resonant capacitance
by controlling the phase angle α.

The power is transferred from the transmitter coil to the
receiver coil with the coupling factor k, which can be defined as

k =
M√
L1L2

(2)

where M is the mutual inductance, and L1 and L2 are the induc-
tance of the transmitter coil and the receiver coil, respectively.
The transmitter resonance frequency ω1, the receiver resonance
frequency ω2, the transmitter reactance X1, and the receiver
reactance X2 are defined as

ω1 =
1

√
L1Ceq1

, ω2 =
1

√
L2Ceq2

,

X1 = ωL1 − 1

ωCeq1
, X2 = ωL2 − 1

ωCeq2
(3)

where Ceq1 and Ceq2 are the equivalent capacitance of the series
capacitor Cs and the SCC.

C. Analysis of WPT System

As shown in Fig. 4(a), a fundamental harmonic analysis model
of the WPT system is studied to analyze the characteristics of the
proposed WPT system. The equivalent series resistances (ESRs)
R1 and R2 are used to stand for the power losses, such as the
conduction loss of the coils and switches, the switching loss
and the radiation loss. In the proposed WPT system, the losses
introduced by the coils and the SCC operation are very small.
To simplify the analysis, we assume R1 and R2 are constant.
Req is the equivalent ac load resistance, which equals the input
resistance of the high-frequency rectifier.

The current-controlled voltage source (CCVS) is used to
indicate the effect of the mutual inductance voltage, and then the

Fig. 4. Equivalent circuit. (a) Fundamental harmonic analysis model.
(b) Equivalent decoupling circuit.

equivalent circuit is decoupled by CCVS, as shown in Fig. 4(b).
According to Kirchhoff’s voltage law, the voltage equations of
the WPT system are

⎧
⎪⎨

⎪⎩

(R1 + jX1)İ1 + jωMİ2 = V̇inv1

jωMİ1 + (R2 +Req + jX2)İ2 = 0

Reqİ2 = −V̇rec1

(4)

where V̇inv1 and V̇rec1 are the phasors of fundamental ac input
voltage and output voltage, respectively; İ1 and İ2 are phasors
of the inductor current, j is the imaginary unit; andω is operation
frequency of the WPT system. The voltage gain can be defined
as

Gv =
V̇rec1

V̇inv1

=
jωMReq

(jX1 +R1)(jX2 +R2 +Req) + (ωM)2
.

(5)
In order to achieve high power delivery efficiency, the oper-

ating frequency ω of the WPT system should be the same as the
resonant frequency ω2 of the receiver, and then it has X2 = 0.
In this case, the voltage gain |Gv| can be obtained according to
Table I and (9), as shown in Fig. 5. Here X2 is set to be zero and
X1 is set in the range from –10 to 10 Ω. It is shown that voltage
gain |Gv| increases when load resistance increases. For a fixed
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TABLE I
PARAMETERS OF THE WPT SYSTEM FOR ANALYSIS

Fig. 5. Voltage gain Gv against equivalent resistance Re and reactance X1.

load resistance, voltage gain |Gv| decreases when transmitter
resistance increases.

Considering the soft-switching condition for the inverter, X1

normally does not equal zero (X1�0) which means that the
transmitter side works on the nonresonance state. Thus, the
inverter should have an inductive load to achieve ZVS when
X1 > 0. In this case, a reduction of the voltage gain will occur
as the voltage gain is decreased according to the increasing of
X1, as shown in Fig. 5.

The efficiency of the WPT system can be defined based on
the input power and the output power and it has

η =
Pout

Pin
=

Re[−V̇rec1İ
∗
2]

Re[V̇inv1İ∗1]

=
ω2M2Req

ω2M2(R2 +Req) +R1((R2 +Req)
2 +X2

2 )
. (6)

It is shown that the efficiency η is a function of the reactance
X2 and the equivalent resistance Req, as shown in Fig. 6. For
a fixed equivalent load Req, the efficiency η decreases with the
increase of |X2|. The existence of additional reactance X2 causes
a larger apparent power, resulting in a lower efficiency. Thus,
higher |X2| will lead to lower efficiency η. The efficiency η can
achieve the peak value when X2 = 0. However, the efficiency η
keeps varying with the equivalent load Req. It is obvious that the
efficiency has an optimal load resistance (OLR) for achieving

Fig. 6. Efficiency against equivalent resistance Req and reactance X2.

Fig. 7. Typical waveforms of inverter under the OAVC control.

maximum value. The OLR can be derived by

dη

dReq
|X2=0 = 0. (7)

Then, the OLR Ropt
eq is calculated as

Ropt
eq = R2

√

1 +
ω2M2

R1R2
. (8)

According to (8),Ropt
eq is the function of R1, R2, and M at fixed

operating frequency ω. The equivalent load Req of the receiver
side should be maintained as closely as possible to the OLR
Ropt

eq to achieve high efficiency.

III. CONTROL STRATEGIES

The OAVC control is applied to the dual active bridge con-
verters in order to realize a wide-range soft-switching operation.
Fig. 7 shows the typical waveforms of the OAVC control for
the inverter in the transmitter side, where Si1–Si4 are the drive
signal of switches, Vinv is the quasi-square output voltage, and
i1 is the output current of the inverter bridge. The dashed wave-
form vinv1 is the fundamental component of Vinv. One switch
pair (Si1, Si2) is always operated complementarily at the fixed
duration angle π during one switching period Ts, and another
switch pair (Si3, Si4) is complementarily operated at turn-OFF

angle θ1 during one-half switching period Ts.
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The fundamental component of the quasi-square output volt-
age Vinv can be expressed as

vinv1=Vinv1 sin(ωt+ φv)=
Vin

π

√
10− 6 cos θ1 sin(ωt+ φv)

(9)
where Vin is the dc input voltage, Vinv1 and ϕv are the ampli-
tude and phase angle of the fundamental component of Vinv,
respectively. The rms value of vinv1 is

Vinv1_rms =
Vinv1√

2
=

Vin

π

√
5− 3 cos θ1. (10)

The phase angle ϕv can be expressed as

φv = arctan
sin θ1

3− cos θ1
. (11)

A. Voltage Regulation in Inverter

The voltage regulation can be realized by adjusting the
pulsewidth θ1 of the inverter, as shown in Fig. 7. The desired
pulsewidth θ1 for voltage regulation can be derived as (12). The
detailed derivation processes are shown in Appendix II

θ1 = arc cos

[
1

3

(

5− π2V 2
0

V 2
in

× ((R1(R2 +Req) + (ωM)2)
2
+X2

1 (R2 +Req)
2)

(ωM)2ReqRL

)]

.

(12)
As shown in (12), the pulsewidth θ1 could be calculated ac-

cording to the required output voltage V0. The voltage regulation
can be achieved by adopting a different pulsewidth of θ1.

B. Soft-Switching Condition

The phase angle α1 of the SCC in the transmitter side could
be adjusted to achieve ZVS operation of the inverter, and
controllable equivalent capacitance Ceq1 is thereby obtained.
Furthermore, the controllable equivalent capacitance Ceq1 can
partially compensate the reactance of the transmitter coil. The
equivalent impedance in the transmitter side is

Zin = R1 + jX1 + Z = R1 + jX1 +
ω2M2

R2 +Req
(13)

where Zin is the equivalent impedance in the transmitter side, Z is
the reflected impedance from the receiver side to the transmitter
side and is pure resistance when the operating frequency is in
resonance with Ceq2 in the receiver side.

The phase angle delay ϕ1 (see Fig. 7) between Vinv1 and i1
of the fundamental component can be expressed as

φ1 = arctan
X1

R1 + Z
= arctan

(
Q

(
ωn − 1

ωn

))
(14)

where Q =
√
L1/Ceq1/(R1 + Z), ωn = ω/ω1, and ω1 =

1/
√

L1Ceq1.
In order to realize the ZVS operation for the inverter, the

current i1 should go through the antiparalleled diode before
triggering the power switches, meaning that Zin needs to be
inductive to form a lagging current. Therefore, the necessary

Fig. 8. Minimum ωn required for ZVS versus pulsewidth θ1 and factor Q.

condition of ZVS for power switches can be obtained from (14)
and (19) by setting ϕ1–ϕv = Δϕ > 0, it is

Q

(
ωn − 1

ωn

)
≥ sin θ1

3− cos θ1
. (15)

In order to achieve ZVS operation, the current of the inverter
should lag a little behind the voltage. Then, the inverter should
have an inductive load, which means X1 > 0. In this case,ωn > 1
is necessary. In order to satisfy (15), ωn can be increased. In
traditional methods, this increase is realized by increasing the
operating frequency ω. However, it is not suitable for constant
frequency operations where ω is fixed. In this study, ωn is regu-
lated by reducing the resonant frequency ω1, which is achieved
by the SCC in order to changing the equivalent capacitance Ceq1.
It should be noted that larger ωn will result in a large reactive
current, which will in turn lead to a better reduction of the voltage
gain |Gv|. Therefore, one of the goals of the control strategy is to
minimizeωn while maintaining the ZVS operation. As shown in
Fig. 8, the minimum value ofωn (ωn_min) for the ZVS operation
could be obtained based on (15).

The ZVS operation can be realized by meeting the inequality
constraint of (15). If the right side of (15) reaches the maximum
value, which is the worst case for the conditions of the ZVS
operation, the operation will be guaranteed in all range of load
variations. In order to find the maximum value, the right side of
(15) is treated as

∂

∂θ1

(
sin θ1

3− cos θ1

)
= 0. (16)

The right side of the inequality can achieve the maximum
value at cosθ1 = 1/3. The quality factor Q greatly influences
on the ZVS operation, and the larger Q leads to higher voltage
stresses in the resonant components. On the other hand, a small
Q makes the inverter operate under low efficiency due to the
high circulation current and high-order harmonics.

Synthesizing (15) and (16), ωn_min can be calculated as

ωn_min =
1

8

√
2 +

√
64Q2 + 2

Q
(17)

where ωn_min is the minimum value of ωn. As shown in Fig. 3,
the SCC is connected in series with capacitor Cs. Considering
equivalent capacitance Csc of the SCC, the total equivalent
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Fig. 9. Typical waveforms of rectifier under the OAVC control.

capacitance Ceq1 is

Ceq1 =
CscCs

Csc + Cs
=

πCaCs

πCa + 2πCs − 2α1Cs + Cssin(2α1)
(18)

where α1 is the phase shift angle of the SCC in the transmitter
side and α1� [π/2,π]. The minimum equivalent capacitance
Ceq1_min is determined in (19) by the minimum ωn_min at the
worst case for the ZVS operation

Ceq1_min =
ω2
n_min

ω2L1
. (19)

C. OLR Control in Rectifier

The reactance of the receiver side can be compensated by
adjusting the phase angle α2 of the SCC and varying the equiv-
alent capacitance Ceq2 in receiver side. Therefore, the operating
frequency can be adjusted in resonance with Ceq2, and the phase
angle α2 of the SCC in the receiver side can be calculated by
setting X2 = 0. The OLR Ropt

eq at the maximum efficiency point
can be achieved by adjusting the pulsewidth θ2 of the rectifier.

The input voltage of the rectifier Vrec is regulated by the
pulsewidth θ2, as shown in Fig. 9. Similar to (13), the funda-
mental component of voltage Vrec can be expressed as

vrec1 =
V0

π

√
10− 6 cos θ2sin(ωt+ φv2) (20)

where V0 and θ2 are the dc output voltage of the load and the
pulsewidth of Vrec, respectively, ϕv2 is the phase angle of the
fundamental component of Vrec.

The root mean square (rms) value of vrec1 is

Vrec1_rms =
V0

π

√
5− 3 cos θ2. (21)

The current of receiver coil i2 can be expressed as

i2 =
√
2I2_rmssin(ωt+ φv2) (22)

where I2_rms is the rms value of i2. Therefore, the dc output
current I0 can be expressed as

I0 =
2

Ts

∫ Ts
2

0

|i2(t)|dt = I2_rms

π

√
5− 3 cos θ2. (23)

Since Vrec1_rms and I2_rms are in phase by setting the rectifier
in the resonant state and X2 = 0, the equivalent ac load resister
Req is

Req =
Vrec1_rms

I2_rms
=

RL

π2
(5− 3 cos θ2) (24)

Fig. 10. Estimation of mutual inductance M.

whereRL is resistance of the load and is defined asRL = V0/I0.
When θ2 = π, the rectifier operates at synchronous rectifying.
Thus, (24) can be simplified as

Req =
8

π2
RL. (25)

An OLR exists for the maximum efficiency of the WPT
system, which can be regulated by adjusting the pulsewidth of
the rectifier. Supposing that Ropt

eq is the OLR at the maximum
efficiency point, the desired pulsewidth θ2 of the rectifier can be
derived from (8) and (24) as

θ2 = arccos

⎡

⎣1
3

⎛

⎝5− π2R2

RL

√

1 +
(ωM)2

R1R2

⎞

⎠

⎤

⎦ . (26)

As shown in (25), the pulsewidth θ2 could be calculated
according to the resistance of the load RL. By adopting the
pulsewidth θ2, the OLR Ropt

eq at the maximum efficiency point
can tracked dynamically. Thus, the efficiency can be maintained
constant at any load occasion.

D. Mutual Inductance Estimation

Equations (12) and (26) show that the variable θ1 and θ2 are
adopted to regulate the output voltage and the OLR, which are
both related to the mutual inductance M. However, the mutual
inductance may vary because of the different position between
the transmitter and receiver coils. Therefore, it is necessary to
estimate the mutual inductance for the coupled coils in real time.
The proposed online mutual inductance estimation is based on
dc voltage and current sampling, and it is easy to implement.

According to (9), the voltage V̇inv1 leads the current İ1 by ϕ1.
Then, it has

Vinv1

I1
ejφ1 = R1 +

(ωM)2

R2 +Req
+ jX1 (27)

where Vinv1 and I1 are the rms value of phasors V̇inv1 and İ1,
respectively. Equation (27) can be decomposed into two parts,
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Fig. 11. Implementation of the WPT system.

which are

Vinv1

I1
cosφ1 = R1 +

(ωM)2

R2 +Req
(28)

Vinv1

I1
sinφ1 = X1. (29)

Considering that the input power and output power of the
inverter should be equal, it has

VinIin = Vinv1I1 cosφ1. (30)

According to (9), (28), and (30), the estimated M can be
derived as

M =

√
(Vin(5− 3 cos θ1)cos2φ1 − π2IinR1)(R2 +Req)

π2ω2Iin
.

(31)
Mutual inductance M can be estimated online according to

the algorithm shown in Fig. 10, where V0, I0, Vin, and Iin are dc
signals and can be sampled easily. θ1 and Req can be obtained
by (12) and (24) with the initial value M, and ϕ1 can be obtained
by (14). Finally, the estimation of the mutual inductance M can
be achieved by (31).

E. Control Strategy

There are four variables (θ1, θ2, α1, and α2) that have been
used as control variables in this article. The pulsewidths θ1 and
θ2 regulate the output voltage and the resistance of equivalent
ac load, respectively. The phase angle of the SCC α1 and α2

produce ZVS for the inverter and modulate the resonance of
the receiver, respectively. Fig. 11 shows the control block of the
proposed method. The blue and the green closed loops are used
to modulate the SCCs for efficiency optimization, and the red
closed loops are applied to regulate the output voltage. In order
to achieve maximum efficiency point, the yellow closed loop is
used to track the OLR Ropt

eq .

Fig. 12. Prototype of the WPT system.

TABLE II
EXPERIMENTAL PARAMETERS

IV. IMPLEMENTATION

A. Prototype

A 650-W prototype of the WPT system with dual active
bridges is implemented to verify feasibility and demonstrate the
proposed control strategy. The prototype is shown in Fig. 12
and the parameters are shown in Table II. Two digital signal
processors (TMS320F28335) are used as the controller. The
information exchange between two controllers is implemented
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Fig. 13. Experimental results of SCC operation. (a) Transmitter side.
(b) Receiver side (Vg_Sa, Vg_Sb, Vg_Sc, Vg_Sd: 20 V/div, i1, i2: 25 A/div,
uca1, uca2: 50 V/div).

by wireless communication with RF modules (nRF24L01). The
phase angle of the SCC should be regulated according to the
current zero-crossing point in order to achieve variable capac-
itance. Therefore, the current zero-crossing detection circuit is
adopted. In order to compensate the possible position deviations
between the transmitter and receiver coils, the estimation of the
mutual inductance M is implemented on the transmitter side.

As mentioned above, a symmetrical structure is implemented,
and the same parameters of the components in the transmitter
and receiver side are adopted, which can greatly simplify the
design. The initial distance of the transmitter and the receiver
coils is 150 mm. N-channel SiC MOSFET (C3M0065090D) with
typical on-resistance 65 mΩ is chosen for the inverter and the
rectifier. In addition, the fast-recovery diode (DSEI 2X61-02A)
is used as the uncontrolled rectifier for comparison with the
active rectifier. It should be noted that the same low on-resistance
MOSFET is applied to the SCC, so the power losses in the SCC
are minimized.

Each SCC PWM signal is modulated with the zero-crossing
signal of the current in the corresponding side. The isolated
driver is required for each MOSFET in SCC because the source
node of the MOSFET is connected to a floating node. In this
article, the gate drive optocoupler (ACPL-W349) is selected
for the isolated drivers. It is important to point out that the
accuracy of zero-crossing detection might affect the system per-
formance. The high-bandwidth, low-time-delay current sensors
and comparators should be used to ensure a good accuracy of the
zero-crossing detection. In this article, the current frequency is
100 kHz (corresponding to 10 μs cycle), and the detection delay
of the zero crossing is very small (approximately 80 ns). Then,
the zero-crossing detection delay is negligible in the proposed
implementation, which has been verified by the experimental
results.

B. Experimental Results

Fig. 13 shows the experimental waveforms of the SCC, where
i1 and i2 are the resonant current in the transmitter side and the
receiver side, respectively, Vg_Sa and Vg_Sb are gating signals
of the SCC in transmitter side, Vg_Sc and Vg_Sd are the gating
signals of the SCC in the receiver side, uca1 and uca2 are the
capacitor voltages of the SCC in the transmitter and receiver
sides, respectively. Fig. 13(a) shows the SCC operation of the
transmitter side by setting Q = 5. Giving that the phase angle
shift α1 is 106.2o, an inductive load is exerted to the inverter,

Fig. 14. Inverter operation. (a) θ1 = π/6. (b) θ1 = π/3 (Si4: 20 V/div,
i1: 25 A/div, Vinv: 50 V/div).

TABLE III
EXPERIMENTAL RESULTS OF THE MUTUAL INDUCTANCE M ESTIMATION

which can achieve the ZVS operation. Fig. 13(b) shows the SCC
operation of receiver side. It is shown that the phase angle shift
α2 is 113.1o and the value of Ceq2 is adjusted to the resonant
frequency point in receiver side.

Fig. 14 shows the inverter operation under different
pulsewidth θ1. During a switching cycle, the conduction time of
switches,Si1 andSi2, lasts about 5μs, while the conduction time
of Si4 adjusts by controlling θ1. As shown in Fig. 14(a) and (b),
the conduction time of Si4 are 1.67 and 3.33 μs for θ1 being π/6
and π/3, respectively. Fig. 14(a) and (b) shows that the current i1
changes from negative to positive when switch Si4 is turned ON,
implying that i1 flows through the antiparallel diode of switch
Si4. As shown in Fig. 14, the current i1 lags behind the voltage
Vinv1, implying that the inverter has an inductive load. It can be
known from Fig. 7 that the inverter performs the ZVS operation.

Table III shows the experimental results of the mutual in-
ductance estimation, where the mutual inductance changes by
varying the face-to-face distance between the transmitter and
receiver coils. The estimation errors are not large, and the
maximum estimation error of mutual inductance is only 6.7%.
These experimental results verify the feasibility of the proposed
estimation method. It should be noted that the measurement er-
rors can be reduced further by improving the filtering algorithms.

Moreover, the inverter operation is tested by varying the
pulsewidth θ1 with the input voltage Vin = 100 V. Its corre-
sponding pulsewidth and the output dc voltage V0 are recorded.
According to (12), the relationship between the pulsewidth
θ1 and the output dc voltage V0 is calculated (solid line). The
experimental results (dotted line) are also elaborated upon in
Fig. 15. It shows the experimental results almost completely
agree with the analytical results, where the output voltage of the
experiment decreases slightly due to the resistance of the circuit.

Adjusting the SCC in the receiver side can completely com-
pensate for the inductive reactance, and the reflected impedance
of the receiver side to the transmitter side is pure resistance,
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TABLE IV
PERFORMANCE COMPARISONS

Fig. 15. Voltage regulations in inverter.

Fig. 16. Comparisons of experimental results in efficiency.

which leads to no changes in the phase between the primary cur-
rent i1 and output voltage Vinv. Fig. 16 shows the experimental
results of the efficiency for the OLR control method with SCC,
the OLR control method without SCC, and the diode rectifier
without SCC, where the output power 500 W. The reactance is
completely compensated by adjusting the SCC, then, X2 is 0 and
the system obtains the highest efficiency under the OLR control
method with SCC. If the SCC is absent, the additional reactance
may cause X2 to become nonzero due to the nonresonant condi-
tion in the receiver side. Then, the efficiency would be decreased,
because the existence of nonzero X2 requires higher apparent
power and engenders efficiency degradation. Thus, lager |X2|
results in a smaller overall efficiency in diode rectifier and OLR
control without SCC, as shown in Fig. 16. With the OLR control
and SCC compensation in simultaneously, the system can obtain
efficiency as high as 91.2%.

Fig. 17 shows the overall efficiency of the OLR control and
the passive diode rectifier with output power rating from 200 to

Fig. 17. Efficiency comparisons of OLR control with SCC and diode rectifier.

650 W. The overall system efficiency of the OLR control with
SCC compensation is greater than 90% in all load conditions.
Compared to the traditional diode rectifier with SCC compen-
sation, the proposed method can dramatically improve overall
system efficiency by about 7% in 650 W and about 15% in
200 W because the OLR control method always adjusts Re to
Ropt

e under various load conditions.

C. Comparisons

In recent years, it has been reported that different topolo-
gies and control methods simultaneously achieve constant volt-
age/current output and high efficiency tracking. The parameters
and the results of the relevant state of the art are listed in Table III.
Although all of the topologies and methods adopt converter on
the receiver side for efficiency optimization, a fair comparison
among the results of their usage is difficult to obtain due to
the different system parameters and circuit structures. Table IV
shows recent publications that relate to efficiency optimization
and constant voltage output for the WPT system, where Hui
et al. [30] have obviously higher efficiency due to low operation
frequency (then small distance) and the high coupling coeffi-
cient. This article improves the system efficiency by the SCC
to track the maximum efficiency point, which is higher than the
efficiency of most of the methods.

V. CONCLUSION

This article proposes a WPT system with dual SCCs for
efficiency optimization. The regulation method and equivalent
capacitance of the SCC are introduced. The OAVC control
is applied to the active bridge converters for a wide-ranging
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soft-switching operation. Four control variables are used to
realize the efficiency optimization of the WPT system where
the pulsewidth of the inverter is used to regulate the output
voltage, the pulsewidth of the rectifier optimizes the equivalent
load impedance, the phase angle of the SCC in the transmitter
side modulates the load so that it is inductive for the ZVS
consideration, and phase angle of the SCC in the receiver side
tunes the resonance frequency of the rectifier, which is fixed at
the operating frequency. In addition, the online estimation of the
mutual inductance based on the input dc signal sampling is put
forward for compensating possible position deviation of coils.
A 650-W prototype operating at 100 kHz is built to validate
the feasibility of the proposed WPT system. The experimental
results show that with OAVC control and the SCC regulations,
performance and efficiency improvement are good at various
loads for the WPT system.

APPENDIX I

The SCC is excited by a sinusoidal current

ix = Ixsin(ωt) (A1)

where Ix is the amplitude of the input current andω is the angular
frequency of the input current. The voltage of the capacitor Ca

is the same as the voltage dropped across Terminals A and B,
which is Uab. During the period in which the current is flowing
through the capacitor, it has

Ca
duab

dt
= ica. (A2)

In the interval [α, α + ϕ], the charge and discharge of the
capacitor Ca can be controlled by regulating the phase angle
shift α and the interval angle ϕ. Then, the voltage across the
capacitor Ca can be expressed as

uab = u(α) +
1

Ca

∫ ωt

α

icadt

=
Iab
ωCa

[cosα− cos(ωt)]. (A3)

Supposing that ωt isα+ϕ, and uab is 0 and substituting them
into (A3), it has

α = π − φ

2
. (A4)

By applying the Fourier transformation, the amplitude of the
fundamental component of voltage uab is

Uab(1) =
2

π

∫ α+φ

α

uab cos(ωt)d(ωt)

=
Iab
ω

[
−
(
2π − 2α+ sin2α

πCa

)]
= − Iab

ωCsc
. (A5)

From the last two items of (A5), the equivalent capacitance
Csc of the SCC can be expressed as

Csc =
πCa

2π − 2α+ sin2α
. (A6)

APPENDIX II

According to (5), the output voltage across the equivalent load
Req is

Vrec1 = |Gv| · Vins1_rms. (A7)

Since the output power should be balanced, it has

V 2
rec1

Req
=

V 2
0

RL
(A8)

where V0 and RL are dc voltage and the resistance of the load,
respectively. Substituting (10) and (A7) into (A8), the desired
pulsewidth θ1 for voltage regulation can be

θ1 = arccos

[
1

3

(
5− π2V 2

0

V 2
in

× ((R1(R2 +Req) + (ωM)2)
2
+X2

1 (R2 +Req)
2)

(ωM)2ReqRL

)]

.

(A9)
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