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Abstract—This article proposes a mode-switching-based phase
shift control (MS-PSC) for wireless power transfer (WPT) systems,
which is able to achieve power regulation, load matching, and wide
ZVS operations simultaneously without using additional dc–dc
converters. Based on the mode transitions between the full-bridge,
mixed-bridge, and half-bridge modes of both the inverter and the
rectifier, the MS-PSC method guarantees a wide-range ZVS with
minimized circulation of reactive power. Therefore, the system effi-
ciency is improved over a wider power range compared to the con-
ventional triple-phase-shift (TPS) control and the existing hybrid
modulation control. The principles of different operating modes
are analyzed. Then, the implementation of the proposed MS-PSC
method and the mode selection strategy are presented. Finally, the
effectiveness of the proposed MS-PSC method is validated in a WPT
prototype. Experimental results show that the proposed MS-PSC
method can achieve a high overall efficiency in a wide power range.
Compared with the conventional TPS control, the MS-PSC method
further optimizes the efficiency in 10%–63% of the rated power,
with efficiency improvements ranging from 1.5% to 6%. As a result,
the system efficiency remains at 93.5%–96.1% in the power range
of 1–10 kW, with the transformer coupling coefficient k = 0.19.

Index Terms—Load matching, mode switching, power
regulation, wireless power transfer (WPT), zero-voltage-switching
(ZVS).

I. INTRODUCTION

W IRELESS power transfer (WPT) enables safe, con-
venient, and automated charging for electric vehi-

cles (EVs) [1], [2], [3], [4], [5], [6], [7], [8]. For wireless
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charging of EVs, batteries act as the loads of the WPT sys-
tems. Due to the noticeable variation of battery profiles during
the charging process, it is vital for WPT systems to achieve
accurate power flow control over a wide operating range [3].
Generally, there are three important objectives to design a con-
troller for WPT systems. First, it is necessary for the controller
to provide the desired output based on the load profiles. For
EV battery charging, the process is typically divided into two
stages: constant current (CC) and constant voltage (CV). There-
fore, CC/CV output is the fundamental control target of the
WPT systems designed for EVs. Second, in order to improve
transmission efficiency as well as to reduce electromagnetic
interference (EMI) of the system, the implementation of zero-
voltage-switching (ZVS) operations across the semiconductors
of the typically used resonant converter serve as another im-
portant consideration for the controller design [9]. Third, to
realize the optimized efficiency, the optimal load tracking has
become an increasingly important performance indicator in the
WPT systems [10], [11]. Thus, it is desired to realize load
matching.

Over the past decades, numerous studies have been carried
out to meet the abovementioned control objectives, which can
be roughly divided into three groups: 1) using dc–dc convert-
ers [12], [13]; 2) phase shift control [14], [15], [16], [17], [18],
[19], [20]; 3) pulse density modulation and ON–OFF keying
modulation [21], [22].

In order to realize power regulation and load matching si-
multaneously, a commonly used approach is to cascade dc/dc
converters in the front- and/or back-end of the WPT sys-
tems [12], [13]. Dai et al. [12] proposed a maximum effi-
ciency tracking method with two dc–dc converters installed
in the front- and back-end of the system, respectively. In this
method, a primary-side dc–dc converter is used to provide a
stable load voltage, while a secondary-side dc–dc converter is
employed for maximum efficiency tracking. Huang et al. [13]
proposed a control technique based on the perturbation and
observation (P&O). The load-side dc–dc converter is respon-
sible for output regulation, while the front-side converter is
used to minimize the input power through P&O methods. Al-
though dc–dc converters can realize the control objectives, it
also brings extra losses, increased costs, and reduced power
density.
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Another typical method for power regulation is phase shift
control. In [14], phase shift control was implemented in the
primary-side inverter for load matching. In this method, the
front-end dc–dc converter is avoided by introducing an active
control of the inverter. However, the load-side dc–dc converter
is still needed to achieve the desired output control metrics,
which results in extra power losses and costs. In order to further
eliminate the load-side dc–dc converter, an active rectifier can
be utilized to regulate the equivalent load impedance [15], [16].
Based on the active rectifier, a dual-phase-shift (DPS) control
method was proposed in [17], where the phase shift angles of
the inverter and rectifier stages were adjusted cooperatively to
achieve power regulation and load matching simultaneously.
Nevertheless, the phase difference between the ac port voltages
of the inverter and rectifier is maintained at 90◦ in this method,
resulting in hard switching of some power switches. In order to
realize wide ZVS operations, a triple-phase-shift (TPS) control
method was proposed in [18], where the phase difference of
the dual-side ac voltages was served as a new control variable
to realize ZVS under a wide output power. However, this ap-
proach introduces large reactive power in the resonant tank. This
means that higher coil currents are needed to deliver the same
amount of power, which increases the power losses of the sys-
tem. Moreover, some researchers have introduced new control
variables to achieve the optimal control of the WPT systems.
Wang et al. [19] proposed a switch-controlled capacitor-based
phase shift modulation (SCC-PSM) to provide the desired output
and realize wide ZVS operations. However, the use of SCC
leads to additional power losses. In order to avoid additional
components, Hu et al. [20] proposed a variable frequency phase
shift control (VFPSC) to realize ZVS operations under wide load
variations. Nevertheless, in this method, the switching frequency
needs to be regulated far away from the resonant frequency
to ensure wide ZVS operations. This makes the system highly
detuned, resulting in a reduced overall efficiency.

Apart from phase shift control, pulse density modulation [21]
and ON–OFF keying modulation [22] were recently developed
to facilitate ZVS. Since the pulsewidth of the inverter output
voltage is constant in these methods, ZVS operations can be
easily implemented with minimal reactive power. However,
considerable output voltage ripple deteriorates the performance
of these methods under light load conditions due to the missing
pulses in [21] and the “OFF” state in [22].

Recently, some researchers combined the half-bridge (HB)
mode and the full-bridge (FB) mode to improve the system
efficiency under light load conditions. Li et al. [23] proposed a
hybrid modulation control (HMC) method to improve the light-
load efficiency, where both the inverter and rectifier can operate
in the FB and HB modes based on the output power. Compared to
the conventional TPS method, the HMC method achieves further
efficiency optimization in 16.7%–40% of the rated power. How-
ever, due to the limited power transfer capability of the HB mode,
the converters still operate in the FB mode at most power levels
and the efficiency optimization range is narrow. Wu et al. [24]
proposed a dual-sided control strategy based on mode switching
(DSC-MS), where the mixed-bridge (MB) mode was utilized to
widen the operating range of the inverter. For the MB mode,

the inverter operates in the FB and HB modes alternatively in
each two switching cycles, which extends the regulation range
of the inverter output voltage. In the DSC-MS method, load
matching is realized through mode switching of the inverter,
while output regulation is achieved by the phase shift control
of a semiactive rectifier. Nevertheless, phase shift control of the
inverter is missing in this method, and therefore, wide power
regulation still relies on the voltage control of the front-stage
power factor correction (PFC) converter. Besides, since the MB
and HB modes are not considered in the rectifier control, the
efficiency under light load conditions is still low. In [24], the
system efficiency was only 88.7% at 14.8% of the rated power.

To fill up the research gaps mentioned above, this article pro-
poses a mode-switching-based phase shift control (MS-PSC) for
WPT systems. In this method, an active rectifier is adopted and
hybrid modes of both the inverter and rectifier are considered.
Both the inverter and rectifier can switch in FB, MB, and HB
modes to provide the desired output and achieve load matching.
ZVS operations of all power switches are realized under a wide
range of power levels. To sum up, the main contributions of this
article are listed as follows.

1) Wide power regulation in 10%–100% of the rated power
is achieved without using additional dc–dc converters.

2) Thanks to the effective use of the FB, MB, and HB modes
and the joint control of the inverter and rectifier, wide
ZVS operations are realized with minimized circulation of
reactive power. Therefore, an overall efficiency of 93.5%–
96.1% is obtained within 10%–100% of the rated power.
Compared with the conventional TPS control, the MS-
PSC method further optimizes the efficiency in 10%–63%
of the rated power, with efficiency improvements ranging
from 1.5% to 6%.

3) A mode selection strategy is proposed, which enables
the WPT system to switch automatically to the optimal
operating mode based on the required output features.

4) A harmonic-considered model is adopted to evaluate the
influence of harmonics in the MB and HB modes.

The rest of this article is organised as follows. Section II
demonstrates the fundamental characteristic of the series–series
(SS) compensated WPT system. Besides, the conventional phase
shift control method is briefly reviewed in this section. In Sec-
tion III, the working principles of the MB and HB modes are
presented, and the mode selection strategy as well as the control
scheme of the proposed MS-PSC are introduced. In Section IV,
experimental results are given to verify the effectiveness of the
MS-PSC method. Finally, Section V concludes this article.

II. REVIEW OF THE SS-COMPENSATED WPT SYSTEM USING

PHASE SHIFT CONTROL

A. Equivalent Circuit Model

Fig. 1 shows the circuit diagram of a typical SS compensated
WPT system with an active rectifier. In Fig. 1, Uin and Uout

are the dc input and output voltages, respectively; Iout is the
dc output current; vab is the inverter output voltage and vcd
is the rectifier input voltage; iP and iS represent the primary
and secondary coil currents. Moreover, LP , CP , LS , and CS
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Fig. 1. Circuit diagram of the SS-compensated WPT system with an active
rectifier stage.

Fig. 2. Typical waveforms of the WPT system using phase shift control.
Herein, it can be observed that ZVS operations are realized in both the inverter
and rectifier stages.

are the self-inductances and compensation capacitors of the
transmitter coil and the receiver coil, respectively; M is the
mutual inductance between the transmitter and receiver coils;
RP and RS represent the equivalent loss resistances of the coils
and compensation capacitors in the primary and secondary sides;
RL is the equivalent resistive modeling of the load.

To provide the desired output power, phase shift control is
typically adopted. The operation waveforms of the WPT system
using phase shift control are shown in Fig. 2. Herein, DP and
DS (0 < DP ≤ 1, 0 < DS ≤ 1) are the duty cycles of vab and
vcd, which can be adjusted by changing the phase shift angles of
the inverter and rectifier. δ is defined as the phase difference
between vP and vS , where vP and vS are the fundamental
component of vab and vcd, respectively. Moreover, the phase
difference between vP and iP is denoted by ϕP , and the phase
difference between vS and iS is represented by ϕS . For the
SS-compensated WPT system, the compensation capacitors CP

and CS are designed to be resonant with the coil inductances
LP and LS at the resonant frequency fs, i.e.,

ωs =
1√

LPCP

=
1√

LSCS

(1)

where ωs = 2πfs is the resonant angular frequency. Due to the
bandpass filtering characteristic of the SS-compensated reso-
nant network, the high-order harmonics of the coil currents are
negligible. Therefore, the fundamental frequency approximation
method is typically adopted for simplification [15]. According
to the analysis in [15], the steady-state equation of the system
can be simplified as {

V̇P ≈ −jωMİS
V̇S ≈ jωMİP

(2)

where V̇P , V̇S , İP , İS are the phasors of vP , vS , iP , iS ,
respectively; M can be expressed as M = k

√
LPLS , with k

representing the coupling coefficient of the coils. Furthermore,
the phase differenceϕP between V̇P and İP , as well as the phase
difference ϕS between V̇S and İS are given by{

ϕP = π/2− δ
ϕS = π/2− δ.

(3)

Based on the Fourier series expansion, the phasor forms of the
ac voltages on both sides are obtained as{

V̇P = KPUinsin[(DPπ)/2]∠0
V̇S = KSUoutsin[(DSπ)/2]∠δ

(4)

where KP and KS denote the dc to ac voltage gains of the
inverter and rectifier, respectively. Typically, both the inverter
and rectifier operate in the FB mode, and the voltage gain KP

and KS can be deduced as{
KP _FB = 2

√
2/π

KS_FB = 2
√
2/π.

(5)

The subscript FB indicates that the converter operates in the
FB mode. Furthermore, substituting (4) into (2), the amount of
output active power Pout and circulating reactive power Qcir of
the system can be obtained as

Pout = Re{V̇S İ
∗
S} =

|V̇P ||V̇S |sin(δ)
ωM

(6)

Qcir = Im{V̇S İ
∗
S} = −|V̇P ||V̇S |cos(δ)

ωM
. (7)

As it can be seen from (6), the direction of the transferred
active power Pout is determined by the phase angle δ. The
active power flows from the primary side to the secondary side
when 0 < δ < π, while the transfer direction is reversed when
−π < δ < 0. This article only consider the case where the power
flows from the primary side to the secondary side, and the phase
angle δ should satisfy 0 < δ < π. In fact, the control strategy
for the reverse power flow can be obtained by setting δ to be
a negative value and repeating the analysis described in the
following section. Due to the space limitations, the analysis for
reverse power flow will not be described. For the forward power
flow, as shown in (6) and (7), the amount of output power Pout is
maximized at δ = π/2, with the reactive power Qcir minimized
simultaneously. Therefore, it is desired to let the system work
in δ = π/2 to enhance its power transfer capability as well as to
minimize the circulating reactive power in the resonant tank.

B. Maximum Efficiency of the Resonant Tank

In this section, the power losses of the resonant tank are
analyzed to obtain the maximum efficiency point. According
to the analysis in [18], the transfer efficiency of the resonant
tank is obtained as

η =
ωMsin(δ)

RPT +RS/T + ωMsin(δ)
(8)
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TABLE I
SYSTEM PARAMETERS OF THE SS-COMPENSATED WPT SYSTEM

Fig. 3. Resonant tank transfer efficiency η with different values of ac voltage
ratio T and phase shift angle δ.

where T is the ratio of the ac voltages on the primary and
secondary sides, which is expressed as

T =
|V̇S |
|V̇P |

=
KSUoutsin[(DPπ)/2]

KPUinsin[(DPπ)/2]
. (9)

As it can be seen from (8), η varies with the ac voltage ratio T
and the phase shift angle δ. With the parameters listed in Table I,
η as a function of different values of T and δ is shown in Fig. 3.
According to Fig. 3, the maximum efficiency is achieved under
a certain voltage ratio T . The optimal voltage ratio Topt can be
deduced by solving the derivative of η with respect to T , i.e.,

dη

dT
= 0 ⇒ Topt =

√
RS

RP
. (10)

As illustrated in Fig. 3, the maximum efficiency of the resonant
tank is always obtained at Topt regardless of the variation of δ.
It should be noted that the concept of optimal voltage ratio is
equivalent to the concept of load matching [18]. Apart from the
voltage ratio T , another factor that affects η is the phase angle
δ. As shown in Fig. 3, when δ deviates from 90◦, η decreases
accordingly. Therefore, in order to achieve a higher efficiency,
the deviation of δ from 90◦ should be minimized.

C. Implementation of ZVS

For the WPT system operating at a high switching frequency,
ZVS operations of the power switches are of great importance. In
this article, MOSFETs are used as the switches of the converters.

To realize the ZVS of the inverter working in the FB mode,
the antiparallel diode of the MOSFET should conduct before the
turn-ON instant. This implies that the current iP should lag the
voltage vP , as shown in Fig. 2. Specifically, the duty cycle DP

and the phase angle ϕP should satisfy

ϕP ≥ (1−DP )π

2
. (11)

Similarly, for ZVS operations of the rectifier operating in the FB
mode, DS and ϕS should satisfy

ϕS ≥ (1−DS)π

2
. (12)

D. Conventional Triple Phase Shift Control

In order to achieve wide ZVS operations for all power
switches, a TPS control method was proposed in [18]. In this
method, the phase angle δ serves as a new control variable to
adjust the phase angles ϕP and ϕS for wide ZVS operations.
Substituting (11) and (12) into (3), the ZVS condition for all
power switches is obtained as

{
δ ≤ (DPπ)/2
δ ≤ (DSπ)/2.

(13)

To reduce the reactive power in the resonant tank, δ should be
as close to 90◦ as possible, and therefore, δ is selected by

δ = min{(DPπ)/2, (DSπ)/2} − δm. (14)

where δm is the margin angle to ensure the turn-ON current is
large enough to charge/discharge the equivalent output capacitor
Coss of the power switches within the set dead time [21].
Although the TPS control is able to realize wide ZVS operations,
one problem is that as the desired output power drops, the duty
cyclesDP andDS decrease accordingly, and therefore, the value
of δ should be lowered to ensure ZVS operations. This means
that a small value of δ is needed when the output power deviates
far away from the rated power. However, according to (7), a small
value of δ leads to a large amount of reactive power. Therefore,
in order to maintain a high overall efficiency, a larger phase angle
δ is desired.

III. PROPOSED MODE SWITCHING-BASED PHASE SHIFT

CONTROL

According to the analysis in Section II-D, the TPS control
suffers from the problem of large reactive power under light
load conditions. However, if the deviation of δ from 90◦ can
be minimized, the reactive power can be reduced and a higher
transfer efficiency can be obtained. In this section, the proposed
MS-PSC method is demonstrated, where power regulation, wide
ZVS operations, and load matching are realized simultaneously.
Besides, this method enables the inverter and rectifier to operate
in FB, MB, and HB modes, and thus, the deviation of δ from
90◦ is minimized.
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Fig. 4. Circuit diagram of the WPT system with the inverter and rectifier
working in the HB mode.

A. Analysis of Different Operating Modes

Substituting (4) into (6), the output power of the system is
expressed by

Pout =
UinUoutKPKSsin[(DPπ)/2]sin[(DSπ)/2]sin(δ)

ωM
.

(15)
As illustrated in (15), the output power of the system can be
regulated by various parameters. However, for a typical WPT
system, the dc input voltageUin, the operating angular frequency
ω, as well as the mutual inductance M are almost constant
during operation. The dc output voltageUout depends on the load
profiles, e.g., the battery voltage. Therefore, power regulation is
typically achieved by adjusting the duty cycles DP and DS . As
the desired output power Pout drops, DP and DS should be
decreased accordingly. This means that a smaller δ is needed
for ZVS. Nevertheless, further observation of (15) reveals that
the values of KP and KS also affect the amount of transferred
power, which can be adjusted by switching the working modes
of the inverter and rectifier. Thus, lowering KP and KS through
mode switching can be a feasible way to reduce the drop of DP

and DS under light- and medium-power levels, which narrows
the deviation of δ from 90◦.

Based on the HMC method proposed in [23], the converters on
both sides can operate in the FB and HB modes. The operating
principle of the FB mode was already discussed in Section II
and will not be repeated in this section. For the HB mode, as
shown in Fig. 4, when the power switch S3 keeps an “OFF” state
while S4 maintains an “ON” state during the whole operation,
the inverter operates in the HB mode. Similarly, when the power
switch S7 keeps an “OFF” state while S8 maintains an “ON” state
all the time, the rectifier operates in the HB mode. The operating
waveforms of the WPT system with both the inverter and rectifier
working in the HB mode is shown in Fig. 5. According to the
Fourier series expansion, the fundamental components of the ac
voltages V̇P and V̇S in the HB mode are derived by{

V̇P = KP _HBUinsin[(DPπ)/2]∠0
V̇S = KS_HBUoutsin[(DSπ)/2]∠δ

(16)

where {
KP _HB =

√
2/π

KS_HB =
√
2/π.

(17)

Fig. 5. Operating waveforms of the inverter and rectifier working in the HB
mode.

Fig. 6. Operating waveforms of the inverter and rectifier working in the MB
mode.

Apart from the FB and HB modes, the MB mode is employed
in this article, where the converter operates alternately in the FB
mode and the HB mode. The working waveforms of the system
with both the inverter and rectifier operating in the MB mode
are depicted in Fig. 6. As it can be seen from Fig. 6, in each
two switching cycles, the converters operate in the FB mode
in one switching cycle, and then switch to the HB mode in the
other switching cycle. Based on the Fourier series expansion,
the fundamental components of V̇P and V̇S in the MB mode are
derived by{

V̇P = KP _MBUinsin[(DPπ)/2]∠0
V̇S = KS_MBUoutsin[(DSπ)/2]∠δ

(18)

where {
KP _MB = 3

√
2/2π

KS_MB = 3
√
2/2π.

(19)

For ZVS operations in the HB and MB modes, as it can be
observed in Figs. 5 and 6, the inverter current iP should lag
the inverter voltage vP at least by [(1−DP )π/2], while the
rectifier current iS should lead the rectifier voltage vS at least
by [(1−DS)π/2]. It should be noted that ZVS constraints in the
HB and MB modes are consistent with the FB mode. Therefore,
(11) and (12) are still applicable for analyzing ZVS in the HB
and MB modes.

On the other hand, as it can be seen from (5), (17), and (19), the
voltage gains KP and KS decrease accordingly as the converter
mode switches from the FB mode to the MB mode and then
to the HB mode, i.e., from 2

√
2/π to 3

√
2/2π and then to√

2/π. This implies that as the output power Pout decreases, the
converters can switch from the FB mode to the HB mode or the
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Fig. 7. Flowchart of the proposed mode selection strategy.

MB mode to narrow the variation of duty cyclesDP andDS , and
thus, a smaller deviation of δ from 90◦ can be obtained. In this
article, the proposed MS-PSC method allows both the inverter
and rectifier to switch between the above three operating modes,
thereby reducing the deviation of δ from 90◦. Compared with
the conventional TPS control, the proposed MS-PSC method
reduces the reactive power at light- and medium-power levels,
and the system efficiency is therefore maintained high in a wide
power range.

B. Mode Selection

According to the analysis in the previous section, it is prefer-
able to consider the HB and MB modes to reduce the reactive
power under light- and medium-load conditions. Nevertheless,
the power transfer capability of the system varies as the convert-
ers switch between different modes. Therefore, it is of great
importance to select an ideal operating mode based on the
required output power. In this article, a mode selection strategy is
proposed, where the optimal mode of the system is selected with
both load matching and ZVS operations taken into consideration.
The flowchart of the proposed mode selection strategy is shown
in Fig. 7.

As discussed in Section II-B, in order to realize load matching,
an optimal ac voltage ratio Topt is needed as follows:

Topt =
KSUoutsin[(DSπ)/2]

KPUinsin[(DPπ)/2]
=

√
RS

RP
. (20)

As it can be observed from (20), there is an optimal ratio between
the duty cycles DP and DS when load matching is realized. In
order to demonstrate the ratio between DP and DS , the factor λ

is introduced and defined as λ = sin[(DSπ)/2]/sin[(DPπ)/2].
According to (20), the optimal ratio between DP and DS under
load matching is given by

λopt =
sin[(DSπ)/2]

sin[(DPπ)/2]
=

KP

KSTdc

√
RS

RP
(21)

where Tdc is the ratio between the dc input voltage Uin and the
dc output voltage Uout, i.e., Tdc = Uout/Uin. As illustrated in
(21), the value of λopt depends on the voltage gainsKP andKS .
Therefore, λopt varies as the system switches between different
operating modes. Besides, the value of λopt affects the power
transfer capability of the system. Based on the value of λopt,
there are two cases that should be considered.
Case I: λopt >= 1
In this case, the optimal ratio between DP and DS under load

matching is given by

λopt =
sin[(DSπ)/2]

sin[(DPπ)/2]
≥ 1 ⇒ DP ≤ DS . (22)

As it can be observed from (22), DS is larger than DP in this
case. According to the ZVS constraints described in (14), the
phase difference δ for ZVS is selected by

δ = (DPπ)/2− δm. (23)

Substituting (21) and (23) into (15), the output power expression
in this case is given by (24) which is shown at the top of
the next page. As can be observed in (24), the output power
Pout is a monotonic increasing function of the duty cycle DS .
Considering the upper limit of DS , the power transfer capability
under load matching is obtained as

Pout

=
U2
inTdcKPKSsin2[(DSπ)/2]

λoptωM

{
sin[(DSπ)/2]

λopt
cos(δm)

−
√
1− sin2[(DSπ)/2]

λ2
opt

sin(δm)

}
. (24)

PLM =
U2
inTdcKPKS [cos(δm)−

√
λ2
opt − 1sin(δm)]

λ2
optωM

. (25)

As it can be observed in (25), the power transfer capability PLM

depends on the voltage gains KP andKS , which are determined
by the working mode of the inverter and rectifier. In other words,
PLM can be calculated once the operating mode is selected. For a
selected mode, if the required output powerPout satisfiesPout ≤
PLM , it indicates that the power transfer capability of the system
is able to meet the load demand. However, there might be several
operating modes that can satisfy the load requirement at the same
time. Thus, it is necessary to find an optimal mode among all
the eligible modes. According to the analysis in Section II-D,
the phase difference δ should be as large as possible to minimize
the reactive power in the resonant tank. Therefore, the operating
mode with maximized δ should be selected. Substituting (21)
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and (23) into (15), the value of δ should satisfy

sin2(δ + δm)sin(δ) =
ωMPout

λoptU2
inTdcKPKS

. (26)

With given Pout and Uout, the optimal mode with maximized δ
can be selected by solving (26).
Case II: λopt < 1
In this case, the optimal ratio between DP and DS under load

matching can be expressed as

λopt =
sin[(DSπ)/2]

sin[(DPπ)/2]
< 1 ⇒ DP > DS . (27)

According to (27), DP is larger than DS , and the phase angle δ
for ZVS is selected by

δ = (DSπ)/2− δm. (28)

Then, substituting (21) and (28) into (15), the output power
expression of the system is given by (29) which is shown at
the top of next page. Considering the upper limit of the duty
cycle DP , the power transfer capability with the load matching
is derived by

Pout =
U2
inTdcKPKSλoptsin2[(DPπ)/2]

ωM

× {λoptsin[(DPπ)/2]cos(δm)

−
√
1− λ2

optsin2[(DPπ)/2]sin(δm)

}
. (29)

PLM =
U2
inTdcKPKS [λoptcos(δm)−

√
1− λ2

optsin(δm)]

ωM
.

(30)

Similarly, substituting (21), (28) into (15), δ should satisfy

sin2(δ + δm)sin(δ) =
λoptωMPout

U2
inTdcKPKS

. (31)

According to (31), the optimal mode with maximized δ can be
selected in the case of λopt < 1.

With the parameters listed in Table I, the selected optimal
mode against the desired output power Pout and the dc output
voltageUout is shown in Fig. 8. It should be noted that “FB-MB”
in Fig. 8 means that the inverter operates in the FB mode, while
the rectifier works in the MB mode. As illustrated in Fig. 8,
when the desired output power Pout decreases, the converters
switch from the FB mode to the MB mode and the HB mode,
which narrows the deviation of δ from 90◦ and reduces the
reactive power under light- and medium- loads. Although the
“FB-HB” mode and the “HB-FB” mode can be selected based
on the HMC method, these two modes are not the optimal mode
when the MB mode is considered. Therefore, the “FB-HB” mode
and “HB-FB” mode are not selected in this article. Besides, the
load matching boundary is also depicted in Fig. 8. When the
desired output powerPout exceeds this boundary, load matching
is sacrificed for power tracking capability, and DP or DS is
regulated to the full duty cycle.

In order to demonstrate the improvement in the value of δ, δ
versusPout is plotted in Fig. 9, when considering the parameters

Fig. 8. Optimal operating mode of the WPT system based on the proposed
mode selection strategy.

Fig. 9. Phase difference δ versus the desired output power Pout.

listed in Table I and the output voltage Uout controlled to 600 V.
In Fig. 9, the results of the conventional TPS method, the HMC
method, and the MS-PSC method are benchmarked. Compared
with the TPS method, as it can be seen in Fig. 9, the value of δ
in the MS-PSC method is improved significantly in the power
range of 0–6.3 kW. For the HMC method, although this method
can enhance the value of δ under light load conditions, i.e., 0-
1.6 kW, the optimization range is narrow due to the limited power
transfer capability of the HB mode. With a larger δ obtained in
the MS-PSC method, the reactive power in the resonant tank
is reduced remarkably and a higher overall efficiency can be
achieved.

C. Mode Switching-Based Control Scheme

The block diagram of the proposed MS-PSC method is shown
in Fig. 10. Generally, the controller of the WPT system is
designed for constant voltage (CV) or constant current (CC)
output. For the SS-compensated WPT system, the CC output can
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Fig. 10. Block diagram of the proposed MS-PSC method.

be realized by reasonable parameter design without regulating
control variables. Therefore, CV output is the control objective
in this article. In the MS-PSC method, the duty cycle DS is
controlled to realize a constant output voltage. Besides, the
duty cycle DP is regulated to realize load matching, whilst δ
is adjusted to achieve wide ZVS range.

As illustrated in Fig. 10, the dc output voltage Uout and
current Iout are sampled. Two separate low-pass-filters (LPFs)
are utilized to filter the ripple of Uout and Iout. Then, the filtered
Uout and Iout are multiplied to obtain the output powerPout. The
measured output power Pout, combined with the filtered Uout,
are fed to the mode selection module. The operating modes of the
inverter and rectifier are then determined based on the proposed
mode selection strategy. A PI controller is adopted to regulate
the duty cycle DS for a constant output voltage. The duty cycle
DP and the phase difference δ are calculated after the value of
DS is determined. When the output powerPout is lower than the
load-matching boundary, the relationship between DP and DS

should always satisfy (21). If Pout exceeds the load matching
boundary, load matching is sacrificed, andDP orDS is regulated
to the full duty cycle. To ensure wide ZVS, δ should be selected
by (14) at all power points. It should be noted that a hysteresis
comparator is needed in the mode selection module to avoid
switching back and forth when the output power is at the power
boundary between two different modes.

D. Reduction of Coil Currents and Overall Power Losses

The overall power losses of the WPT system mainly include
the power losses of the resonant tank and the power losses of the
converters. According to the analysis in [25], the power losses of
each part are related to the rms values of coil currents. With the
parameters listed in Table I and Uout = 600V , the rms values
of coil currents IP and IS versus the output power Pout are
plotted in Fig. 11, where the results of the TPS method, the
HMC method and the proposed MS-PSC method are compared.
As it can be seen, when delivering the same amount of power,
IP and IS are reduced in the MS-PSC method. This is because
compared with TPS and HMC, the reactive power of the MS-
PSC is minimized through mode switching, and thus, smaller
coil currents can be obtained. With reduced coil currents in the
MS-PSC method, the overall power losses of the system are

Fig. 11. RMS values of coil currents versus the desired output power Pout.
(a) Primary coil current IP . (b) Secondary coil current IS .

Fig. 12. Harmonic-considered circuit model of the SS-compensated WPT
system.

decreased, and higher transmission efficiency can be achieved.
Moreover, compared with the FB mode, the switching losses
of the MOSFETs are smaller in the MB and HB modes since the
equivalent switching times of the MOSFETs are reduced in the MB
and HB modes. Thus, the overall power losses of the system can
be further reduced in the MS-PSC method.

E. Influence of Harmonics

It should be noted that in the MB and HB modes, the ac port
voltages of the converters contain more harmonics than the FB
mode. Therefore, it is essential to take the harmonic compo-
nents into consideration, which affect ZVS implementation and
transfer efficiency. As shown in Fig. 12, a harmonic-considered
circuit model is established to evaluate the influence of harmon-
ics, where V̇P (n) and V̇S(n) represent the nth-order harmonic
components of vab and vcd; İP (n) and İS(n) represent the
nth-order harmonic components of iP and iS , respectively. For
simplification, RP and RS are neglected in this model. For the
inverter operating in the MB mode, the time-domain expression
of the ac voltage vab(t) is derived by

vab(t) =
DPUin

4 + 2Uin

π sin(DPπ
4 )sin( 12ωt+

3
4π)

+ 3Uin

π sin(DPπ
2 )sin(ωt) + · · · .

(32)

Similarly, the ac voltage vcd(t) of the rectifier working in the
MB mode is obtained as

vcd(t) =
DSUout

4 + 2Uout

π sin(DSπ
4 )sin[ 12 (ωt+ δ) + 3

4π]

+ 3Uout

π sin(DSπ
2 )sin(ωt+ δ) + · · · .

(33)
For the nth-order harmonic components, considering V̇P (n)
and V̇S(n) as two independent excitation voltage sources and
using the superposition theorem, the phasor-domain expression
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Fig. 13. Δη against the output voltage Uout and the output power Pout.

of İP (n) and İS(n) are obtained as{
İP (n) =

j(n−1/n)XS V̇P (n)−jnωMV̇S(n)
n2ω2 M2−(n−1/n)2XPXS

İS(n) =
jnωMV̇P (n)−j(n−1/n)XS V̇S(n)

n2ω2 M2−(n−1/n)2XPXS

(34)

where {
XP = ωLP = 1/ωCP

XS = ωLS = 1/ωCS .
(35)

Combining (32), (33), and (34), the time-domain expressions of
iP (t) and iS(t) are derived as⎧⎨

⎩
iP (t) =

∑
n=0.5,1,1.5,...

IP (n)sin(nωt+ ϕP (n))

iS(t) =
∑

n=0.5,1,1.5,...
IS(n)sin(nωt+ ϕS(n))

(36)

where IP (n) andϕP (n) are the amplitude and phase angle of the
nth-order harmonic component of iP (t); IS(n) and ϕS(n) are
the amplitude and phase angle of the nth-order harmonic com-
ponent of iS(t), respectively. When the converters operating in
the HB mode, the harmonic-considered time-domain expression
of iP (t) and iS(t) can be deduced in a similar way.

To evaluate the impact of harmonics on the transfer efficiency
of the resonant tank, the transfer efficiency error Δη introduced
by neglecting harmonics is expressed as

Δη = (ηfund − ηhar)× 100% (37)

where ηhar denotes the harmonic-considered transfer efficiency;
ηfund represents the transfer efficiency with only the fundamen-
tal component considered. With the parameters listed in Table I,
Δη against Uout and Pout is depicted in Fig. 13. As shown
in Fig. 13, the transfer efficiency error Δη caused by neglecting
harmonics is negligible (less than 0.025%), which means that it is
sufficient to analyze the efficiency using fundamental frequency
approximation.

Another influence of harmonics is on the ZVS implemen-
tation, which is determined by the instantaneous value of the
turn-ON current. In order to investigate the impact of harmon-
ics on the ZVS current, iZV S_har is defined as the minimum
ZVS current considering harmonics; iZV S_fund is defined as
the minimum ZVS current with only the fundamental com-
ponent considered. With the parameters listed in Table I and

Fig. 14. Minimum ZVS currents with different values of the margin angle.

TABLE II
SIMULATED CAPACITOR VOLTAGES AT DIFFERENT POWER POINTS

Uout = 600V , iZV S_fund and iZV S_har with different values
of the margin angle δm are calculated and shown in Fig. 14.
As it can be observed from Fig. 14, the minimum ZVS current
is reduced due to the harmonics. However, the reduced ZVS
current can be compensated by slightly increasing the margin
angle δm by 2− 3◦. Compared with the significant improvement
of δ shown in Fig. 9, a small increased value of δm is acceptable.

F. Capacitor Voltage Stress

When the converter works in the HB and MB modes, the
capacitors CP and CS need to block a certain dc voltage. With
the parameters listed in Table I andUout = 600V , the simulation
results of the capacitor voltages at different power points are
presented in Table II. As shown in Table II, the maximum dc
blocking voltage of the capacitors occurs at the transition power
points between different modes. For the converter working in
the HB mode, the ac voltage reaches the full duty cycle at
the transition power point, and the dc blocking voltage of the
capacitor under this case is Uin/2 or Uout/2. For the MB mode,
since the converter operates alternately between the FB and HB
modes, the maximum dc blocking voltage of the capacitor is
Uin/4 or Uout/4. Moreover, due to the dc blocking voltage in
the hybrid modes, the peak value of the capacitor voltage is
increased, and the worst cases are also demonstrated in Table II.
For the primary capacitor, the maximum voltage stress occurs
at the 10 kW power point in the FB–FB mode, i.e., 4864 V.
This means that the introduction of the hybrid modes does not
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Fig. 15. Experimental prototype of the SS-compensated WPT system. (a)
Overall experimental platform. (b) Main circuit of the WPT system.

increase the voltage stress of the primary capacitor. For the
secondary capacitor, when the system works in FB–MB mode to
deliver 6.3 kW power, the peak value of the secondary capacitor
voltage reaches 3440 V due to the influence of dc blocking
voltage and subharmonics, which is slightly larger than 3277 V
when delivering 10 kW in the FB–FB mode. This means that the
voltage stress of the secondary capacitor is increased slightly due
to the hybrid modes. However, it is only increased by 5%, which
is an acceptable value and can be addressed during the design
process.

IV. EXPERIMENTAL VERIFICATIONS

A. Hardware Setup

To verify the feasibility of the proposed MS-PSC method,
an SS-compensated WPT prototype is established, as shown in
Fig. 15. A dc source is utilized to provide the required power,
with the dc input voltage fixed at 600 V. Another bidirectional
dc source, as an electronic load, is connected to the output
of the rectifier. In order to measure the dc to dc transfer ef-
ficiency, a power analyzer YOKOGAWA WT500 is adopted.
The control algorithm and PWM generation are implemented
using DSP28379. Three high-voltage parallel-connected SiC
MOSFETs IMZ120R030M1H are used as each power switch
of the H-bridge converters. The synchronization between the
primary and secondary driving signals is realized by the zero-
crossing detection technique of the receiver current [9], [26], and
the NRF24L01+ module is adopted for the dual-side wireless
communication. To ensure ZVS, the margin angle δm is set to
16◦, and the dead time is configured at 300 ns. More details of
the developed system are given in Table I.

B. ZVS Implementation and Efficiency Optimization

To verify the feasibility of the proposed MS-PSC method,
experimental results of different operating modes are shown as
follows. It should be noted that the dc output voltage Uout is
regulated to 600 V in these experiments.

When delivering 1 kW power, the steady-state waveforms of
the WPT system working in the HB-HB and FB-FB modes are
shown in Fig. 16(a) and (b), respectively. As it can be seen, ZVS
operations of all power switches are realized in the HB-HB and
FB-FB modes. The duty cycles DP and DS of the FB-FB mode,

Fig. 16. Steady-state waveforms and efficiency measurement of the HB-HB
and FB-FB modes when delivering 1 kW power. (a) Steady-state waveforms of
the HB-HB mode. (b) Steady-state waveforms of the FB-FB mode. (c) Efficiency
measurement of the HB-HB mode. (d) Efficiency measurement of the FB-FB
mode. Herein,P1 andP2 are the measured input and output powers of the WPT
system, respectively, while the notation η1 is set as η1 = P2/P1 to illustrate
the system efficiency.

as shown in 16(a), are 0.44 and 0.36, respectively. To realize
ZVS, the phase angle δ is selected as 16◦ in the FB-FB mode.
Compared with the FB-FB mode, DP and DS are increased in
the HB-HB mode, and therefore, the value of δ is increased to
33◦. As a result, the rms values of the coil currents are reduced in
the HB-HB mode, with IP reduced from 12.3 to 8.5 A, and IS
reduced from 13.4 to 9.6 A, respectively. The measured dc to dc
efficiency of these two modes is further presented in Fig. 16(c)
and (d). Compared with the FB-FB mode, the dc to dc efficiency
of the HB-HB mode is improved from 87.7% to 93.7%.

Experimental results of the MB-HB, MB-MB, and FB-MB
modes are also shown in Figs. 17–19, respectively. As it can be
observed in Fig. 17, when delivering 2 kW power, δ is increased
from 22◦ to 36◦ with the operating mode switched from the
FB-FB mode to the MB-HB mode. Compared with the FB-FB
mode, the efficiency of the MB-HB mode is improved from
90.5% to 94.5%. Similar efficiency optimization can also be
observed in the MB-MB and FB-MB modes, with efficiency
improvements of 2.4% and 1.8% when delivering 3 and 5 kW
power, respectively.

Furthermore, the measured dc to dc transfer efficiency in
the power range of 1–10 kW is shown in Fig. 20. Compared
with conventional TPS method, the efficiency of the proposed
MS-PSC method is greatly improved in the 1–6.3 kW power
range, with efficiency improvements ranging from 1.5% to 6%.
With the proposed MS-PSC method, the overall efficiency of
the system remains between 93.5% to 96.1%. Moreover, the
experimental results in terms of the CC and CV output are
further presented in Fig. 21 to demonstrate the effectiveness of
the proposed MS-PSC method for EV battery charging.

Based on the measured coil currents in the experiments and
the simulated FE model in COMSOL, the calculated power loss
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Fig. 17. Steady-state waveforms and efficiency measurement of the MB-HB
and FB-FB modes when delivering 2 kW power. (a) Steady-state waveforms of
the MB-HB mode. (b) Steady-state waveforms of the FB-FB mode. (c) Efficiency
measurement of the MB-HB mode. (d) Efficiency measurement of the FB-FB
mode.

Fig. 18. Steady-state waveforms and efficiency measurement of the MB-MB
and FB-FB modes when delivering 3 kW power. (a) Steady-state waveforms
of the MB-MB mode. (b) Steady-state waveforms of the FB-FB mode. (c)
Efficiency measurement of the MB-MB mode. (d) Efficiency measurement of
the FB-FB mode.

distributions of different modes are further presented in Fig. 22.
As illustrated in Fig. 22, by using the proposed MS-PSC method,
the power losses of each part are significantly reduced. The main
reason is that the reactive power is lowered in the MS-PSC
method, and smaller coil currents are obtained. Another im-
portant reason is that in the HB and MB modes, the equivalent
switching times of the power switches are decreased, and thus,
the switching loss of the power switches is further reduced.

Fig. 19. Steady-state waveforms and efficiency measurement of the FB-MB
and FB-FB modes when delivering 5 kW power. (a) Steady-state waveforms of
the FB-MB mode. (b) Steady-state waveforms of the FB-FB mode. (c) Efficiency
measurement of the FB-MB mode. (d) Efficiency measurement of the FB-FB
mode.

Fig. 20. Measured overall efficiency improvement of the proposed MS-PSC
method.

C. Coil Misalignment

The effectiveness of the proposed MS-PSC method is also
validated under coil misalignment. The x-y-z direction of the
coils is illustrated in Fig. 15(a), and the mutual inductance under
x-direction misalignment is measured and shown in Fig. 23(a).
As it can be observed in Fig. 23(a), the mutual inductance M
is decreased from 46 to 35 μH due to the coil misalignment,
and therefore, the coupling coefficient is reduced from 0.19 to
0.14. Furthermore, the experiments under 10 cm x-direction
misalignment are carried out at different power points, and
the measured dc to dc efficiency is presented in Fig. 23(b).
Compared with the conventional TPS method, the efficiency
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Fig. 21. Experimental results in terms of the CC and CV output of the proposed
MS-PSC method.

Fig. 22. Calculated power loss distributions in different modes. (a) HB-HB
mode and FB-FB mode when delivering 1 kW power. (b) MB-HB mode and FB-
FB mode when delivering 2 kW power. (c) MB-MB mode and FB-FB mode when
delivering 3 kW power. (d) FB-MB mode and FB-FB mode when delivering
5 kW power. Herein, the calculated total loss is compared with the experimental
results, with the maximum relative error at 12.8%.

of the proposed MS-PSC method is improved in the 1–8.3 kW
power range, with the efficiency improvements ranging from
1.5% to 7.5%. As a result, the overall efficiency of the sys-
tem remains between 91.7% to 95.2%. Moreover, comparing
Figs. 20 and 23 reveals that the transition power points between
different modes are varied due to the coupling changes. Hence,
in practical applications, when the system needs to deal with
the coil misalignment, it is recommended to establish a lookup
table based on different mutual inductance values. Although
this introduces small errors due to inevitable parameter shifts
and measurement errors, it is acceptable as the mode switching

Fig. 23. Performance of the proposed MS-PSC method under coil misalign-
ment. (a) Variations in mutual inductance and coupling coefficient. (b) Measured
dc–dc efficiency under 10 cm x-direction coil misalignment.

Fig. 24. Experimental and calculated waveforms when delivering 2 kW power
in the MB-HB mode.

is only for efficiency optimization and very precise transition
power points are not required.

D. Accuracy of the Harmonic-Considered Model

To verify the accuracy of the harmonic-considered model
described in Section III-E, experimental and calculated results
of the MB-HB mode when delivering 2 kW power are presented
as an example in Fig. 24. As it can be seen, the calculated current
waveforms based on the harmonic-considered model basically
coincide with the experimental current waveforms. This indi-
cates that the harmonic-considered model is accurate enough for
analyzing the influence of harmonics. Furthermore, the experi-
mental and calculated minimum ZVS current Imin_ZV S are also
compared in Fig. 25. As illustrated in Fig. 25, the experimental
results of Imin_ZV S are close to that of the calculated results,
and ZVS can be guaranteed under the full power range.

E. Dynamic Response

To evaluate the dynamic performance of the proposed MS-
PSC method, transient response experiments are carried out un-
der different loads and reference voltages. In these experiments,
the dc output voltage is tracked through PI control as described
in Fig. 10, and the mode transition power points are calculated
based on the proposed mode selection strategy. In Fig. 26(a), the
reference output voltage is set to 600 V, with the load changed
from 250 to 200Ω. As it can be seen, the operating mode changes
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TABLE III
COMPARISON WITH OTHER REPORTED CONTROL METHODS

Fig. 25. Comparison of the experimental and calculated minimum ZVS cur-
rent Imin_ZV S . Herein, the required minimum ZVS current Imin is calculated
as 3 A based on the analysis in [21].

Fig. 26. Dynamic performance of the proposed MS-PSC method. (a) When
the load changes from 250 Ω to 200 Ω. (b) When the load changes from 150 to
200 Ω. (c) When the reference output voltage changes from 600 to 500 V. (d)
Enlarged view of Fig. 26(c).

from the HB-HB mode to the MB-HB mode when the output
power is increased from 1.44 to 1.8 kW. The dc output voltage
is tightly controlled to the reference value, with the dynamic
setting time at 190 ms. The dynamic performance of the system
with the load changed from 150 to 200 Ω is further presented in

Fig. 26(b). As it can be observed, the system switches from the
MB-MB mode to the MB-HB mode when the output power is
decreased from 2.4 to 1.8 kW, with the setting time at 110 ms.
In Fig. 26(c), the reference output voltage is suddenly changed
from 600 to 500 V with the load fixed at 200 Ω. The experiment
shows that with the proposed MS-PSC method, the system
can track the reference output voltage accurately in a response
time of 175 ms. An enlarged view of Fig. 26(c) during the
mode transition moment is then presented in Fig. 26(d), which
shows that the MS-PSC method can realize mode switching
seamlessly.

F. Comparison With Previous Control Strategies

In recent years, many control methods have been proposed
to achieve wide ZVS operations and efficiency optimization.
In order to demonstrate the difference between the proposed
MS-PSC method and other reported control strategies, detailed
performance comparisons are summarized in Table III.

Compared to other reported literatures, the main contribution
of this article is to combine FB, MB, and HB modes together
and apply them in both the inverter and the rectifier. As a result,
ZVS operations are realized with minimized reactive power, and
efficiency optimization is achieved in a wide power range. The
proposed MS-PSC method in this article can achieve an overall
efficiency of 93.5%–96.1% in the range of 10%–100% of the
rated power, with the coupling coefficient k = 0.19.

V. CONCLUSION

In this article, an MS-PSC method is proposed for ZVS
implementation and efficiency optimization in a wide power
range. Power regulation, load matching, and wide ZVS opera-
tions are realized without using any auxiliary circuits. Moreover,
thanks to the effective use of FB, MB, and HB modes as well
as the cooperative operation of the inverter and rectifier, this
method can realize wide ZVS operations with minimized reac-
tive power. Compared with conventional TPS control, smaller
coil currents are obtained in the MS-PSC method when de-
livering the same amount of power. As a result, the overall
efficiency of the system is enhanced significantly. Experimental
results show that the proposed MS-PSC method can realize
an overall efficiency of 93.5%–96.1% in the power range of
1–10 kW.
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