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Abstract—To maintain a stable output voltage under various
operating conditions without introducing extra dc/dc converters,
phase-shift (PS) control is usually adopted for wireless power trans-
fer (WPT) systems. By using this method, however, zero-voltage
switching (ZVS) operation cannot be guaranteed, especially in
light-load conditions. To achieve high efficiency and reduce electro-
magnetic interference, it is significant for WPT systems to achieve
ZVS operation of all switching devices in the whole operation
range. In this article, an auxiliary variable inductor, of which the
equivalent inductance can be controlled by adjusting the dc current
in its auxiliary winding, is designed for series–series-compensated
WPT systems under PS control to mitigate the loss arising from
hard switching. As a result, a wide ZVS operation range of all
switching devices can be achieved. A laboratory prototype is built
to verify the theoretical analysis. The experimental results show
that, under load and magnetic coupling variations, ZVS operation
at fixed operation frequency as well as a constant dc output voltage
can be maintained. Compared to the conventional method with only
PS control, the proposed WPT can achieve higher overall efficiency
in a wider load range owing to the wide ZVS operation range.

Index Terms—Phase-shift (PS) control, variable inductor (VI),
wireless power transfer (WPT), zero-voltage switching (ZVS).

I. INTRODUCTION

W IRELESS power transfer (WPT) is an emerging technol-
ogy that can deliver power from the primary side to the
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secondary side without physical contact. In the past few years,
it has become popular and has been widely applied in various
applications, e.g., consumer electronics and electric vehicles,
due to its unique merits including safety, convenience, and
reliability [1]–[7].

For a typical WPT system, a high-frequency full-bridge in-
verter as a power supply is usually used to generate a high-
frequency current in the primary side. The power loss of the
high-frequency inverter accounts for an important portion of
the overall power losses of the WPT system. In practice, the
power switches used in the high-frequency inverter are usually
power MOSFETs, and their ON-resistances are very small. The
main power loss of the inverter is therefore the hard-switching
loss, which lowers the efficiency of the WPT system. In this
sense, it is significant for the high-frequency inverter to achieve
the zero-voltage switching (ZVS) in the whole operation range in
order to improve overall efficiency and reduce electromagnetic
interference (EMI).

In addition to the ZVS operation, a stable output voltage or
current ability is another significant concern for WPT systems. In
practice, the output voltage of a WPT system is affected by many
factors, e.g., load conditions, mutual inductance, etc. Under such
circumstance, an advanced WPT system is desired to provide
constant and stable output voltage for the load, e.g., batteries,
against mutual inductance and load variations [2].

To realize these two objectives, many researchers have made
great efforts and proposed numerous control methods [8]–[11].
Such methods can be classified into four categories. The first type
is to use a dc–dc converter at the primary side or secondary side to
achieve the desired output voltage [12]. The gate driving signals
of the inverter switches are kept constant at 50% duty cycle with
a fixed switching frequency. In this case, the inverter can easily
achieve ZVS operation under resonant condition. However, the
additional dc–dc converter brings in drawbacks, such as extra
power losses, increased cost, and bulky size.

To avoid using extra dc–dc converters, phase-shift (PS) con-
trol is usually adopted for the primary-side high-frequency in-
verter. By adjusting the conduction angle, a stable output voltage
at the secondary side under various operation conditions can be
achieved [2]. Unfortunately, this method cannot achieve ZVS
operation of the inverter in the whole operation range, especially
in light-load condition, leading to high switching power losses
and low efficiency [13], [14].
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Another possible method for achieving ZVS operation with-
out using dc–dc converters is to adjust the operation frequency
of the WPT system [15]–[17]. The selected operation frequency
should be higher than the resonant frequency to guarantee the
ZVS operation. Nevertheless, there may be multiple frequencies
that can achieve ZVS operation. This is widely recognized as
the bifurcation phenomenon, leading to systematic instability
[18], [19]. Therefore, to avoid the bifurcation phenomena, fixed
operation frequency is preferred.

Meanwhile, a combination of PS control and variable fre-
quency control strategy is proposed to control the inverter of the
WPT system flexibly [16]. The PS control is used to regulate
the output voltage, and the variable frequency control is used to
adjust the impedance angle to achieve ZVS operation [17]–[20].
Besides, an enhanced phase detection methodology is proposed
to measure the phase of resonant current. But once again, by
using variable frequency control, the resonant condition of the
secondary side will be changed, which will affect the overall
efficiency [21]. It has been pointed out that the WPT system can
achieve a high efficiency when the operating frequency is the
resonant frequency of the secondary side [21].

In fact, the essences of achieving ZVS operations are to
regulate the equivalent impedance of reactive components
[18]. Thus, the input impedance of the WPT system should
be adjusted dynamically with respect to the load or mutual
inductance, thereby providing the possibility for achieving
ZVS operations. Actually, apart from changing the operation
frequency, variable inductors (VIs) have been widely used in
power electronics applications such as LEDs and electronic
ballasts to regulate the equivalent impedance in the resonant
circuit [22], [23]. The equivalent inductance of the VI can be
continuously altered by the dc current in its auxiliary winding
[22]–[24]. Meanwhile, the VI has been used to dynamically
match the secondary resonant circuit of the WPT system to
achieve a stable resonant frequency [24].

In light of these, the VI finds its new application in WPT
systems to extend the ZVS operation range. In this article, a
simple and effective method is proposed to extend the ZVS
operation range based on an auxiliary VI installed in the primary
side. The PS control method is also used for the WPT system
with fixed operation frequency to achieve a stable output voltage
against mutual inductance and load variations.

The main contributions of this article are listed as follows.
1) A novel control method, the coordination of PS control

and a VI at the primary side, is proposed to extend the
ZVS region of the series–series (SS)-compensated WPT
systems. By dynamically regulating the conduction an-
gle of the inverter, the system dc output voltage can be
maintained at a constant level against varying mutual in-
ductances and loads. Meanwhile, with an extra impedance
angle altered by the VI, the ZVS operation of the inverter
can be achieved with a fixed operation frequency. As a
result, compared with the conventional PS control, the
conduction angle of the inverter can be larger, which
further extends the ZVS operation range and improves
the system overall efficiency.

Fig. 1. Circuit diagram of the conventional WPT system.

2) Considering the implementation of constant dc output
voltage and ZVS operation, the design procedure of the
VI is elaborated. The reactive power in the primary side,
equivalent drain–source capacitance of the power MOS-
FETs, and the performance of the gate driver circuit are all
taken into account. Based on these, not only can the ZVS
operation be actually realized, but also the reactive power
can be minimized.

3) The control diagram of the cooperation of the PS control
and the VI is proposed, which consists of two closed
control loops. The experimental results show that, with
these control loops, desired constant dc output voltage and
ZVS operation are simultaneously realized with mutual
inductance and load variations, and the system overall
efficiency is apparently improved.

II. ANALYSIS OF THE SS-COMPENSATED WPT SYSTEM WITH

CONVENTIONAL PS CONTROL

The SS-compensated WPT system with conventional PS con-
trol method is depicted in Fig. 1. Vdc and Idc are the dc input
voltage and current at the primary side. Vout and Iout are the dc
output voltage and current at the secondary side. The mutual
inductance between the primary and the secondary sides is
denoted as M. Lp and Ls are self-inductances of the primary and
secondary coil of the magnetic coupler, respectively. Meanwhile,
CP and CS denote the series-resonant capacitors. RP is the
equivalent series resistance (ESR) of the resonant elements at
the primary side (including the primary coil LP and the resonant
capacitor CP), and RS is the total ESR of the secondary coil and
the resonant capacitor CS. To compensate the self-inductance
of coils at both primary and secondary side, CP and CS should
satisfy the following requirement:

ω =
1√

LPCP

=
1√

LSCS

(1)

where ω = 2πf is the system operating angular frequency; f is
the system operating frequency.

The inverter is controlled by the PS modulation, and the key
operation waveforms of the WPT system are shown in Fig. 2.
The gates’ driving signals (vGS˙S1−vGS˙S4) with 50% duty cycle
at the same leg are complementary to each other at the operation
angular frequencyω. A dead time δd is set to prevent short circuit
at the same leg. Besides, a phase difference between vGS˙S1

and vGS˙S4 (and between vGS˙S2 and vGS˙S3) is introduced to
generate a quasi-square voltage vp with conduction angle α.
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Fig. 2. Operation waveforms of the inverter with conventional control method.

vp(1) is the fundamental component of vp. ip and is are currents
in the primary coil and the secondary coil, respectively. Req is
the equivalent resistance of the rectifier, i.e.,

Req =
8

π2
RL. (2)

According to Fourier decomposition, the voltage vP in time
domain can be expressed as

vP =
4

π
Vdc sin

α

2

+∞∑
n=1,3,5···

sin
(
nωt− π−α

2

)
n

. (3)

The fundamental harmonic approximation (FHA) method is
used to analyze the WPT system since the resonant fundamental
current is considerably larger than harmonics due to the reso-
nant network [1], [2]. According to the fundamental harmonic
analysis, the fundamental voltage of the inverter can be derived
as

vP(1) =
4

π
Vdc sin

α

2
sin

(
ωt− π − α

2

)
. (4)

The root-mean-square (rms) value of the inverter fundamental
output voltage and the rectifier fundamental input voltage can
be expressed as

Vp(1) =
2
√
2

π
Vdc sin

α

2
(5)

VS =
2
√
2

π
Vout (6)

where α is the conducting angle of the inverter, as shown in
Fig. 2. By regulating α, the fundamental component of Vp can
be adjusted to suit the output voltage requirement with varying
load and mutual inductance. Meanwhile, denoting the rms value
of the primary current and the secondary current as IP and IS,
the dc input current Idc and the dc output current Iout can be

expressed as

Idc =
2
√
2

π
IP sin

α

2
(7)

Iout =
2
√
2

π
IS. (8)

According to Kirchhoff’s voltage law and the mutual coupling
theory, the following equation can be obtained:{

V̇P(1) = [−jXCP + jXLP +RP] İP + jXMİS

0 = jXMİP + (jXLS − jXCS +Req +RS) İS
(9)

where {
XLP = ωLP XCP = 1/ωCP

XM = ωM XLS = ωLS XCS = 1/ωCS.
(10)

The currents in the primary coil and the secondary coil can
be solved by combining (1), (9), and (10) as

İP =
V̇P(1) · (Req +RS)

ω2M2 +RP (Req +RS)
(11)

İS = − jωMV̇P(1)

ω2M2 +RP (Req +RS)
. (12)

The output voltage Vout can be obtained by combining (2),
(8), and (12) as

Vout = Iout ·RL =
ωMVdc sin

α
2Req

RP (RS +Req) + ω2M2
. (13)

Apparently, according to (13), to maintain the dc output
voltage Vout at a constant value with various load resistance
RL, α should be regulated by

α = 2arcsin

{
Vout

[
RP (RS +Req) + ω2M2

]
VdcωMReq

}
. (14)

Meanwhile, according to (11), the equivalent impedance of
the inverter Zin can be deduced as

Zin =
V̇P(1)

İP
= RP +

ω2M2

Req +RS
. (15)

When both the primary side and the secondary side are com-
pletely resonant, according to (15), it is obvious that the input
impedance angle β of the WPT system (the zero-crossing phase
of iP) is zero, since the equivalent impedance Zin only has real
part. Then, when the input dc voltage Vdc is fixed, according
to (13), to achieve a constant output voltage Vout, α should be
decreased when the output power decreases (the load RL in-
creases). On the other hand, as shown in Fig. 2, the fundamental
component of the output voltage of the inverter vp(1) and the
current in the primary coil iP are in phase, which causes the
failure of ZVS operation. Thus, switching loss increases when
the inverter is controlled by the PS method [25].

In order to clarify the main factors affecting the energy
transmission efficiency of the system, the establishment of a loss
analysis model is essential. Power losses of WPT systems can
generally be divided into two parts. One is the power loss in the
passive elements, and the other is the converters loss [25], [26].
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The system efficiency of the SS-compensated WPT system can
be derived as

η =
Pout

Pin
=

Pout

Pout+PESR_loss+Pinverterter_loss + Prectifier_loss
(16)

where Pout and Pin are dc input power and output power, respec-
tively; Pinverter_loss is the power loss of the inverter (including
the conducting loss and the switching loss); Prectifier_loss is the
power loss of the passive rectifier; PESR_loss is the power loss
of the passive elements.

Apparently, the power loss of each part is related to the current
in the primary coil or the secondary coil. According to Fig. 2,
to describe the real-time values of the currents, ip and iS can be
defined as

iP =
√
2IP sin

(
ωt− π − α

2

)
(17)

iS =
√
2IS sin

(
ωt+

α

2

)
. (18)

Meanwhile, to describe the switching process for analyzing
the power loss of each part, the waveforms of the current flows
in the coils, MOSFETs, and its antiparallel diodes are illustrated
in Fig. 2.

To analyze the power loss in each part of the system with
the conventional PS control, especially the switching loss of the
inverter, a calculation model of the power loss should be well
established. Here, the system power loss can be divided into the
following parts.

1) Power Losses of the Passive Elements: The power losses
in the passive elements can be divided into the power loss
in the primary side and that in the secondary side, which are
determined by the ESRs and the rms values of the currents. The
total power loss in the passive elements can be expressed as

PESR_loss = RPIP
2 +RSIS

2. (19)

2) Power Losses of the Inverter: The power loss of the inverter
consists of conduction loss and switching loss of the MOSFETs
and its antiparallel diodes [25], [26]. Each part of the losses can
be calculated based on the inherent parameters of the inverter.

First, as shown in Fig. 2, the conducting loss of the MOSFETs is
determined by the output current of the inverter ip, the condition
time, and the drain–source ON-state resistance rm, which can be
calculated by

Pmos =
2

π
I2Prm

[
π − δd +

1

2
(sinα− sin (α+ 2δd))

]
. (20)

Second, the conducting loss of the diodes is produced during
the period of δd, when the MOSFETs are switching. Thus, the
conducting loss of the diodes can be expressed as

Pdiode =
2
√
2

π
VifIP

(
sin

(α
2
+ δd

)
− sin

α

2

)

+
2

π
ridI

2
P

[
δd +

1

2
(sin (α+ 2δd)− sinα)

]
(21)

where Vif is the diode forward voltage; rid is the equivalent
ON-state resistance of the antiparallel diodes. Due to the short

Fig. 3. Circuit diagram of the proposed WPT system with a primary-side VI.

dead time δd, this part of the power loss only accounts for a
small percentage of the overall power loss [25], [26].

Third, as seen from Fig. 2, there are four switching states
within each switching period. When the inverter is operating
without the ZVS condition, the switching power loss of the
inverter, including the switching loss of the MOSFETs and their
antiparallel diodes, can be calculated as [25], [26]

Psw= 2
√
2VdcIP

∣∣∣cos(α
2

)∣∣∣ (Eon + Eoff

VDDID
+

QDD

IR_D

)
f (22)

where Eon and Eoff are, respectively, the turn-ON and turn-OFF

energy losses of MOSFET; VDD and ID are respectively, the
reference drain–source voltage and source current of MOSFET;
and QDD and IR_D are the reverse recovery charge and the
reference current of the diode, respectively. For the WPT system,
the switching loss always occupies a large part of the overall
power loss, due to the limitation of the switching performance
of the MOSFETs [25], [26].

Therefore, the total power loss of the inverter can be calculated
as

Pinverter_loss = Pmos + Pdiode + PSW. (23)

3) Power Losses of the Rectifier: For the passive rectifier at
the secondary side, the power loss is mainly the conduction loss
of the diodes, which can be derived as

Prectifier_loss =
4
√
2

π
VrfIS + 2rrdI

2
S (24)

where Vrf is the diode forward voltage and rrd is the equivalent
ON-state resistance of the diodes in the rectifier.

III. ANALYSIS OF THE SS-COMPENSATED WPT SYSTEM WITH

THE PROPOSED CONTROL METHOD

A. Operation Analysis of PS Control With a VI

As shown in Fig. 3, the proposed WPT method contains
an extra VI that is series-connected at primary side, and its
series-connected capacitance Cr can be combined with resonant
capacitors CP into a new one. The structure and its implemen-
tation are shown in Fig. 4. The VI consists of two windings,
i.e., the main winding and the auxiliary winding [20]–[24]. The
main winding is wounded in the middle leg of the EE-shape
ferrite core that contains an air gap, and the auxiliary winding is
placed in the lateral legs, as shown in Fig. 4(a). Nb and Np are
the turns of the auxiliary and the main windings, respectively. In
order to cancel the induced ac voltage in the auxiliary winding,
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Fig. 4. (a) Structure of the VI. (b) Implementation of the VI using a linear
current source.

Fig. 5 Operation waveforms of the inverter with the proposed control method.

the winding in the lateral legs should be serially connected in
opposite polarity.

According to [20]–[24], the inductance of the main winding
can be continuously adjusted by altering the dc current through
the auxiliary winding. In this article, a simple linear circuit
is used to implement the controllable dc current [20]–[24], as
shown in Fig. 4(b). The linear circuit is supplied by an auxiliary
dc voltage Vaux. By controlling the reference voltage Vc, a
desired dc current Iaux can be achieved [20]–[24].

Similarly, the key operation waveforms of the proposed WPT
system are shown in Fig. 5. The inverter is regulated by the PS
control method, while the VI can affect the input impedance
angle β. The KVL equations can be established as{

V̇P(1) = [−jXCP + jXLP + jXL +RP] İP + jXMİS

0 = jXMİP + (jXLS − jXCS +Req +RS) İS.

(25)

Substituting (10) to (25), the currents in both the primary coil
and the secondary coil can be solved as

İP =
V̇P(1) · (Req +RS)

ω2M2 +RP (Req +RS) + jωL (Req +RS)
(26)

İS = − jωMV̇P(1)

ω2M2 +RP (Req +RS) + jωL (Req +RS)
. (27)

Moreover, combining (2), (8), and (27), the dc output voltage
Vout can be obtained as

Vout =
ωMVdc sin

α
2Req√

[ωL (RS +Req)]
2 + [RP (RS +Req) + ω2M2]2

.

(28)
Meanwhile, according to (26), the equivalent impedance of

the inverter Zin can be also deduced as

Zin =
V̇P(1)

İP
= RP +

ω2M2

Req +RS
+ jωL. (29)

According to (28), to provide a constant dc output voltage
Vout, the conduction angle α should satisfy

α = 2arcsin

×
⎧⎨
⎩
Vout

√
[ωL (RS +Req)]

2 + [RP(RS+Req) + ω2M2]2

VdcωMReq

⎫⎬
⎭ .

(30)

Similarly, considering (29), the input impedance angle β can
be obtained as

β = arctan

(
ωL (Req +RS)

RP (Req +RS) + ω2M2

)
. (31)

According to (31), it is obvious that there is an extra phase
difference β between vp and ip due to the extra impedance of
the VI. Thus, the ZVS operation can be actually achieved by
adjusting the equivalent impedance of the VI. Besides, according
to (30), when the system load resistance and output power are
fixed, with a phase difference β between vp and ip, α can be
smaller compared to the WPT system without VI. As a result,
the ZVS condition can be fulfilled over a wide load range [15],
[16]. When the ZVS operation is actually achieved, the system
efficiency of the proposed WPT system is expressed as

η =
Pout

Pin

=
Pout

Pout+PESR_loss+Pinverter_loss + Prectifier_loss + PVI_DC

(32)

where PVI_DC is the power loss in the linear circuit of the VI.
In order to calculate the power loss of each part, describing

the real-time values of the currents in the primary coil and the
secondary coil are still necessary. However, in the proposed WPT
system, the phase of iP will be delayed by β compared to the
phase of vP. Therefore, iP and iS can be defined as

iP =
√
2IP sin

(
ωt− π − α

2
− β

)
(33)

iS =
√
2IS sin

(
ωt+

α

2
− β

)
. (34)

Similarly, to theoretically calculate and judge the efficiency
improvement caused by achieving the ZVS operation with the
VI, a calculation model of the power loss is also necessary. The
mathematical model of the system power loss can be established
as follows.
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1) Power Losses of the Passive Elements

In the proposed WPT system, the passive elements at the
primary side include not only the primary coil LP and the
series-resonant capacitor CP, but also the VI. Thus, the total
power loss in the passive elements can be expressed as

PESR_loss = (RP +RVI) IP
2 +RSIS

2 (35)

where RVI is the ESR of the VI in the ac side.

2) Power Losses of the Inverter

Due to the input impedance angle β caused by the VI, the
power loss calculation method of the inverter is also different
from that in the conventional SS-compensated WPT system.

First, in the proposed WPT system, the switch moments are
shifted by phase difference angle β. Thus, according to the
current waveforms in Fig. 5, the conducting loss of the MOSFETs
should be calculated by [25], [26]

Pmos

=
1

π
rmI

2
P

[
π − δd +

1

2
(sin(α+ 2β − 2δd)− sin(α+ 2β))

]

+
1

π
rmI

2
P

[
π − δd +

1

2
(sin(α− 2β) + sin(2β − 2δd − α))

]
(36)

where PS1,2 is the conducting loss of S1 and S2, and PS3,4 is the
conducting loss of S3 and S4.

Second, when the MOSFETs are switching, iP will also flow
in the antiparallel diodes of the MOSFETs for a short period δd.
Thus, according to the current waveforms of the diodes in Fig. 5,
the conducting loss of the diodes should be expressed as

Pdiode

=

√
2

π
VifIP

[
sin

(
δd − α

2
− β

)
+ sin

(α
2
+ β

)]

+

√
2

π
VifIP

[
sin

(
δd +

α

2
− β

)
+ sin

(
β − α

2

)]

+
1

π
ridI

2
P

[
δd +

1

2
(sin(2δd − α− 2β) + sin(α+ 2β))

]

+
1

π
ridI

2
P

[
δd +

1

2
(sin(2δd + α− 2β) + sin(2β − α))

]
(37)

where PD1,2 is the conducting loss of D1 and D2, and PD3,4 is
the conducting loss of D3 and D4.

Third, when the ZVS operation is actually achieved, the
turn-ON loss of the four MOSFETs can be considered as zero.
Only the turn-OFF loss of the MOSFETs and the switching loss of
the antiparallel diodes should be taken into account [25], [26].
Therefore, the switching loss of the inverter can be expressed as

PSW = 2
√
2VdcIP

[∣∣∣cos(α
2
− β

)∣∣∣+ ∣∣∣cos(α
2
+ β

)∣∣∣]

×
(

Eoff

VDDID
+

QDD

IR_D

)
f. (38)

TABLE I
SYSTEM SPECIFICATION AND PARAMETER VALUES

It is worth mentioning that, without the turn-ON loss, the
switching loss of the inverter will be decreased dramatically,
causing the turn-OFF loss of the MOSFET to be particularly
small compared with the turn-ON loss [25], [26]. Therefore, the
switching loss can be greatly reduced by achieving the ZVS
operation.

Finally, the total power loss of inverter can be calculated as

Pinverter_loss = Pmos + Pdiode + Psw. (39)

3) Power Losses of the Rectifier

For the passive rectifier, according to the waveforms of vS and
iS, the power loss of the rectifier can be calculated by

Prectifier_loss =
4
√
2

π
VrfIS + 2rrdI

2
S . (40)

According to (40), although the phases of vS and iS are shifted,
the power loss in the rectifier will not be affected when IS has
not been changed.

4) Power Losses of the VI

In addition to the power loss of the ESR of the VI, the extra
power loss in the auxiliary linear circuit of the VI PVI_DC should
be considered, which can be simply expressed as

PVI_DC = VauxIaux. (41)

B. POWER LOSS COMPARISON BETWEEN THE CONVENTIONAL

PS CONTROL AND THE PS CONTROL WITH VI

In order to verify the theoretical overall efficiency of the
proposed control method, the power loss of each part when
RL = 30 Ω and RL = 60 Ω will be theoretically calculated
here. Meanwhile, the key of the system efficiency improvement
can be found. Parameters of the SS-compensated WPT system
are listed in Table I, and the type of the MOSFETs and diodes are
shown in Table II.
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TABLE II
SWITCH DEVICES

TABLE III
LOSSES OF SYSTEM

1) Loss Calculation of the Conventional PS Control

According to (5), (11), and (12), the rms of primary current
and secondary current can be obtained by

IP =
2
√
2

π Vdc sin
α
2 · (Req +RS)

ω2M2 +RP (Req +RS)
(42)

IS =
2
√
2

π VdcωM sin α
2

ω2M2 +RP (Req +RS)
(43)

where α can be calculated by (30) by using the parameters listed
in Table I. Therefore, the power loss of each part can be obtained
according to Section II. The calculation results are shown in
Table III.

2) Loss Calculation of the Proposed PS Control With the VI

According to (5), (26), and (27), the rms of primary and
secondary currents can be obtained by

IP =
2
√
2

π Vdc sin
α
2 · (Req +RS)√

[ω2M2 +RP (Req +RS)]
2 + [ωL (Req +RS)]

2

(44)

IS =
2
√
2

π VdcωM sin α
2√

[ω2M2 +RP (Req +RS)]
2 + [ωL (Req +RS)]

2

(45)

where α can be calculated according to (30), and the design
method of the value of L will be described in Section IV in
detail. Hence, when the ZVS operation is actually achieved by
adjusting the equivalent impedance of the VI, the power loss
distribution can be obtained according to Section III-A. The
calculation results are also shown in Table III.

According to Table III, it is obvious that the inverter loss
is dramatically decreased by achieving the ZVS operation in
the proposed WPT system. Although the extra power loss of
the VI, including the power loss of ESR and the power loss in
the auxiliary linear circuit of the VI, is brought in the proposed
WPT system, the system overall power loss is still apparently

Fig. 6. Efficiency comparison between two methods when M = 40µH.

improved. According to (16) and (32), the trajectory of the
theoretical efficiency with load resistance can be calculated and
plotted in Fig. 6, which dedicates that the proposed method can
effectively improve the system overall efficiency.

IV. PARAMETER DESIGN AND CONTROL

By comparing the overall power losses of the conventional
PS control and that of the proposed PS control with VI, it is
obvious that achieving ZVS operation by adjusting the equiva-
lent impedance of VI can considerably improve the switching
loss while the other power losses are not increased apparently.
However, for designers, it is important to make the inverter
operate in both output voltage regulation and ZVS condition.
Thus, to actually realize these design goals, a precise steady-state
analysis is necessary.

A. ZVS Condition Analysis and Discussion

According to Fig. 5, in order to achieve the ZVS operation, β
must be larger than the phase of vGS_S4, i.e., [27], [28]

θ ≥ 0 ⇒ β ≥ π − α

2
. (46)

For high-frequency inverters, the speed of voltage and current
conversion is limited by the switching performance of the gate
driver circuit and the equivalent drain–source capacitance of the
power MOSFET [29], [30]. Therefore, when the phase difference θ
is zero, the ZVS operation will fail. Usually, the phase difference
between vGS_S4 and iP, i.e., θ, is always set as a small positive
value for ensuring ZVS operation. On the other hand, with a
large θ, it is easy to produce extra reactive power at the primary
side, resulting in system efficiency reduction. Thus, to ensure
ZVS operation while reducing the reactive power [31], the phase
difference θ should track a reference angle δ, which can also
simplify the design of the control strategy. The conduction angle
α and the input impedance angle β should satisfy

β =
π − α

2
+ δ. (47)

Obviously, to extend the ZVS operation range with the varia-
tions of the load RL and to achieve the desired output power, the
value of the VI should be carefully designed. Substituting (30)
and (31) into (47), the inductance of the VI can be determined
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Fig. 7. L as a function of RL and M for the critical ZVS condition.

as

L =

√
C2

2 −B2 − A·C
2

ω · (Req +Rs)
(48)

where

A = C · cos2 (δ)− sin (δ) ·
√

C2 − (C · cos (δ)− 2B)2

− 2B · cos (δ)
B = Rp · (Rs +Req) + ω2M2

C =
Vdc

Vout
ω ·M ·Req.

As can be seen from (48), the exact inductance of the VI
for ZVS operation as well as a constant output voltage has
been derived. The inductance of the VI must be dynamically
adjusted to suit the variations of the load RL and the mutual
inductance M. Thus, the structure parameters of the VI should
be designed according to the parameters and the power demand
of the proposed WPT system.

B. Analysis of the Inductance Range of the VI to Realize the
ZVS Operation

In the proposed WPT system, silicon power MOSFETs
IPA90R340C3 are chosen in the inverter. In order to ensure the
ZVS operation for a wide range, before designing the VI and the
control strategy, learning the realization condition of the ZVS
operation is necessary. The reference angle needs to be selected
according to the actual turn-ON and the turn-OFF times of the
MOSFETs that are determined by the inherit characteristics and
the gate driver circuit [29], [30]. Here, after careful testing with
rated input voltage Vdc and different mutual inductances and
load resistances, the reference angle δ is set at 15° in this article.
With this reference angle δ, ZVS operation can be actually
achieved with the wide mutual inductance and load variations
listed in Table I.

According to (48), the inductance L versus RL and M are
plotted in Fig. 7. It can be found that, with variations of RL

and M, L varies on a continuous surface. For example, when
the proposed WPT system operates at the condition with M =
30 μH and RL = 90 Ω, the minimal inductance of the VI for
ZVS is 21.55 μH. When the proposed WPT system operates at

TABLE IV
PARAMETERS OF THE VI

Fig. 8. L against Iaux (a) without series capacitor and (b) with series capacitor.

the condition with M = 40 μH and RL = 42 Ω, the minimal in-
ductance of the VI becomes 34.68μH to achieve ZVS operation.
Therefore, the value of the VI should be from 21.55 to 34.68 μH
to ensure ZVS operation, when the load RL is changed from 30
to 90 Ω and M is changed from 30 to 40 μH.

C. Design of the VI

To meet the requirement for ZVS operation specified in Fig. 7,
the inductance of the VI should cover the whole range from 21.55
to 34.68 μH. In practice, to ensure the margin of the control
system and the operational reliability, the actual range has been
designed to be larger than the theoretical range. Meanwhile, to
provide a wide cover range of the inductance of the VI, a large
number of the main winding turns is necessary.

Besides, as mentioned in [32], the dc current in the auxiliary
winding may not be completely stable, due to the fact that there
is an unavoidable ac voltage induced by the high-frequency
ac current in the main winding. Here, to reduce the induced
ac voltage in the auxiliary winding as much as possible, two
available methods are adopted. The first one is to connect the
auxiliary windings of the lateral legs serially in opposite polarity,
while the turns of the two auxiliary windings are set as the same.
The other approach is that, the turns of the auxiliary winding Nb

must be well designed for reducing dc current fluctuation in
the auxiliary winding [32]. With the help of LTspice simulation
software, the parameters of VI are designed and adjusted, and
its optimal turns are finally identified, as shown in Table IV.

Based on the simulation results, the measured relationship
between the dc current and the main winding inductance is
illustrated in Fig. 8(a). As can be seen, the main winding
inductance is inversely proportional to the dc current through
the auxiliary winding and hence, it is possible to increase or de-
crease the control current to change the inductance accordingly.
Consequently, the inductance of the main winding ranges from
80 to 172μH when the dc current changes from 0 to 2 A. It is
important to emphasize that, in order to facilitate the design of
the controller, the diming range of the VI is preferably limited
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Fig. 9. Proposed control diagram of the WPT system.

from 90 to 130μH [see Fig. 8(a)]. In this interval, the variation
trend of the VI can be approximately regarded as a linear curve.

To meet the requirement for ZVS operation in the designed
system, it is necessary to add an extra series-connected capacitor
to compensate the excess part of the inductance. In order to make
the dimming range margin, a∼45 nF capacitor is selected. Thus,
the diming range of the VI is shifted from 10 to 50μH, as shown
in Fig. 8(b). With this dimming range, the proposed system will
operate stably and reliably.

D. Control Diagram

The control diagram is depicted in Fig. 9. It consists of two
closed control loops, i.e., the dc output voltage control loop
and the ZVS control loop. First, the dc output voltage Vout

is measured and sent to the primary side for a PI controller
through radio frequency (RF) communication. The output of
the PI controller is the conduction angle α for controlling the
inverter. Second, the ZVS control loop is responsible for ZVS
operation of the WPT system. Theoretically, θ should track the
reference angle δ = 15°, as explained in Section IV-B.

To implement this, the phase of iP can be obtained by using
zero-cross detection. Then, the phase difference between vgs4
and iP, i.e., θ, can be obtained by the phase comparison circuit.
Afterward, the phase difference θ is controlled to track a refer-
ence angle δ through a PI controller, by altering the dc current
through the auxiliary winding of the VI. By using this two-loop
control strategy, the WPT system can achieve a constant output
current as well as a wide ZVS operation range.

V. EXPERIMENTAL RESULTS

A. Experimental Prototype

The experimental prototype is shown in Fig. 10 us-
ing the parameters in Table. I. A digital signal processor
(TMS320F28335) is used as the controller for pulsewidth mod-
ulation (PWM) generation with two-loop control strategy. MOS-
FETs (IPA90R340C3) are used as the switches S1–S4.

In this article, the key challenge of the WPT system under
consideration is to provide a constant output voltage with ZVS
operation subject to various mutual inductances and load re-
sistances. In fact, no matter which direction the secondary coil

Fig. 10. Experimental prototype.

Fig. 11. Model and dimensions of DD coils.

is misaligned in, the mutual inductance will be affected. Thus,
WPT systems should be endowed with tolerance of misalign-
ment and distance variations between the primary coil and the
secondary coil. In practical applications, the WPT system is
usually designed to have a high tolerance to the lateral misalign-
ment, while the requirements of the misalignment tolerances in
the longitudinal and vertical directions are not relatively strict
[3], [6], [12], [31].

In this experimental prototype, a pair of Double-D (DD)
coils are employed here for both the primary coil and the sec-
ondary coil. The finite-element analysis (FEA) software ANSYS
MAXWELL is used to design the parameters of the magnetic
coupler. The model and the dimensions of the magnetic coupler
are shown in Fig. 11. In this prototype, coils are made of
800-strand litz-wire with a diameter of 4.5 mm. The primary
and secondary coils are both set as 14 turns.

The simulated and experimental mutual inductances versus
x-axis, y-axis, and z-axis misalignment are shown in Fig. 12.
It can be seen that the mutual inductance can be maintain
in the range from ∼30 to ∼40μH when x ∈ [0 mm, 50 mm],
y ∈ [0 mm, 110 mm], z ∈ [85 mm, 105 mm], which are set as the
movement range of the secondary coil.

B. ZVS Operation Analysis

The reference voltage Vc should be regulated according to the
zero-cross detection and phase comparison to achieve variable
inductance. Therefore, the ZVS operation can be realized when
the VI is dynamically adjusted. The key waveforms of the switch
S4 are analyzed to verify the ZVS operation of proposed WPT
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Fig. 12. Variation of mutual inductances due to misalignment of secondary
coil.

Fig. 13. Experimental waveforms of the WPT system without a VI when RL

= 30Ω. (a) Waveforms of vP, iP, vout, iout, and (b) waveforms of S4.

Fig. 14. Experimental waveforms of the WPT system with a VI when RL =
30Ω. (a) Waveforms of vP, iP, vout, iout, and (b) waveforms of S4.

system since the switches in the lagging leg are more difficult
for realizing ZVS operation [31].

Fig. 13(a) shows the experimental results of the inverter’s
output voltage/current and the dc output current/voltage when
the WPT system only uses the PS control under the condition
of M = 40 μH and RL = 30 Ω. The dc output voltage can be
controlled as 72 V when the input dc voltage is 100 V. In this
case, it can be clearly seen in Fig. 13(b) that the ZVS operation
cannot be achieved, which results in high switching power
losses. Consequently, the measured overall efficiency (dc–dc
efficiency) is only about 86%.

Fig. 14 shows the corresponding waveforms of the WPT
system by using the proposed method under the same condition,
i.e., M = 40 μH and RL = 30 Ω. It can be seen from Fig. 14(a)
that the dc output voltage can also be maintained as the desired
value 72 V. Besides, iP lags behind vP and θ is ∼15°. This
means that, with a VI and its corresponding controller, the ZVS
operation has been achieved. As a result, the measured overall

Fig. 15. Experimental waveforms of the WPT system without a VI when
RL = 60 Ω. (a) Waveforms of vP, iP, vout, iout, and (b) waveforms of S4.

Fig. 16. Experimental waveforms of the WPT system with a VI when RL =
60 Ω. (a) Waveforms of vP, iP, vout, and iout. (b) Waveforms of S4.

efficiency is ∼92%, which is improved by 6% compared with
that of the conventional PS method.

One of the main challenges in WPT applications is the system
efficiency over different loads. While previous research about
WPT claims high efficiency, this attribute is usually valid only
in full load condition. Wide-range ZVS is highly desired to
reduce the switching loss and hence, increase the system overall
efficiency. In this test, the system performances in a light-load
condition (RL = 90 Ω) are compared by using the conventional
method and the proposed method. The experimental results
are provided in Figs. 15 and 16, respectively. Comparing the
waveforms of the output voltage of the inverter vp in Figs. 13(a)
and 15(a), it is obvious that, when the system is operating in
a heavy-load condition, the conducting angle α is much larger
than that in a light-load condition. It can be seen from Fig. 13(b)
that ZVS is not fulfilled using the conventional method. With a
smaller conducting angleα, more switching loss is produced. As
a result, the measured overall efficiency is decreased to ∼70%.

In contrast, as can be observed in Fig. 16(b), the ZVS opera-
tion can be achieved in light-load conditions with an improved
∼86% overall efficiency, which indicates that the WPT system
using the proposed method can achieve a wide ZVS operation
range.

It is obvious in Figs. 13 and 15 that without the ZVS operation,
the inverter’s output voltage has large ripples and oscillations,
which means a large switching loss in the inverter [33], [34].
In contrast, with the ZVS operation, these voltage ripples and
oscillations are mitigated, as shown in Figs. 14 and 16, which
can prove that the switching loss of the inverter has been reduced
[33], [34].

Besides, it can be seen from the waveforms in Figs. 13–16 that
whether the operating frequency is moved away from resonant
frequency, i.e., a VI is adopted at the primary side, or not,
current in the primary side ip can be considered as a sinusoidal
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Fig. 17. Power loss comparison between the calculated results and the mea-
sured results. (a) RL = 30 Ω. (b) RL = 60 Ω.

wave. Meanwhile, the waveform of vp can be regarded as a
step waveform. Both ip and vp are convenient to calculate its
fundamental component for FHA. Thus, it is proved that FHA
is still precise when the operating frequency is moved from the
resonant frequency.

C. Losses and Overall Efficiency Analysis

To further demonstrate the power loss reduction by using
the proposed VI, system power loss distributions are measured
under different load resistances. As shown in Fig. 17, the power
loss distributions of theoretical calculations and experiment
measurements are given in detail. There are slight differences
between the calculated results and the measured results due
to the instrumental measurement error. It should be noted that
some power losses, e.g., the contact loss on the PCB board,
are relatively difficult to be measured. Therefore, the additional
power loss is named as “Others” in Fig. 17. It is obvious that,
by using the traditional PS method, i.e., without ZVS operation,
the power loss in the inverter, mainly switching loss, contributes
nearly half of the overall power loss. By contrast, when the
WPT system realizes ZVS operation at the primary side using
the proposed method, switching losses decrease considerably
with effective efficiency improvement.

For a comprehensive comparison, the overall efficiencies
between the PS controlled and the proposed WPT system with
various M and RL are given in Fig. 18. Vdc is 100 V and Vout is
controlled to be constant as 72 V. With the same VI structure, the
inductance of the VI can be continuously adjusted for different
loads and mutual inductances. As can be seen from Fig. 18,
benefitting from the wide ZVS operation range of the proposed
method, the overall efficiency can be dramatically improved

Fig. 18. Overall efficiency when M = 30 µH and M = 40 µH.

Fig. 19. Time-domain response waveforms of the WPT system with M =
40 µH. (a) Output voltage vout varies from 72 to 48 V and from 48 to 72 V.
(b) Load RL varies from 30 to 60 Ω and from 60 to 30 Ω.

compared to that of the conventional PS control method under
both light- and heavy-load conditions.

D. Dynamic Response

It is necessary and important to further validate the dynamic
performances of the proposed method. The experimental wave-
form in Fig. 19(a) shows that, with Vout

∗ suddenly changed
from 72 to 48 V and then increased back to 72 V, the dc output
voltage Vout can be tightly controlled by the proposed control
method with the settling times of 220 and 130 ms. The dynamic
performance of the proposed control method with sudden load
changes is shown in Fig. 19(b). It is seen that the proposed
control method can maintain a constant output voltage (72 V)
when the load resistance is changed from 30 to 60 Ω and then
decreased back to 30 Ω. The settling times are only 280 and
105 ms, respectively. Both the experimental results demonstrate
the fast-dynamic response of the proposed method without
transient overshoots. Meanwhile, the auxiliary dc current of the
VI (iaux), the output voltage, and current of the inverter (vP
and iP) are also controlled to be accurate in the steady states,
which indicates that the equivalent impedance of the VI and the
phase-shift angle of the inverter are exactly adjusted to achieve
the ZVS operation and the constant output voltage.

VI. CONCLUSION

In this article, the PS control method and an auxiliary VI are
proposed for the WPT system. Under magnetic coupling and
load variations, a constant dc output voltage as well as a wide
ZVS range can be achieved simultaneously without extra dc/dc
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converters. The corresponding control diagram is provided.
The proposed WPT system can operate with fixed operation
frequency, which can avoid the bifurcation phenomenon. The
experimental results show the effectiveness of the proposed
method, and the WPT system can achieve the overall efficiency
as high as 92%, which has been improved by 6% compared with
that of the conventional PS method.
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