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Abstract—Charging electric vehicles wirelessly is promising be-
cause of its convenience as well as saving of charging cables. How-
ever, the existing wireless power transfer systems suffer from high
resonant peaks and poor efficiency. Therefore, zero voltage switch-
ing (ZVS) operation of inverter should be achieved especially in
high transfer power. Based on the variable frequency phase shift
control strategy (VFPSC), this paper presents an optimal opera-
tion frequency range (OOFR) where the wireless power transfer
(WPT) system can realize the required output and ZVS operation
of inverter simultaneously without extra dc–dc converters. Mean-
while, based on OOFR, an optimized electrical parameter design
method based on VFPSC is proposed with the multiple boundary
conditions. Moreover, a novel three-loop control strategy (TLCS)
is proposed to make the system operate at any points of OOFR.
Especially, an implementation method of the TLCS is proposed,
which can dynamically adjust frequency and phase shift to make
the system always operate at the preset ZVS angle and realize the
required output simultaneously. Finally, a 500-W WPT system is
built to verify the correctness of theoretical analysis. The experi-
mental results show that a very high overall efficiency is achieved
in the whole charging process and the maximum efficiency can
achieve 94.9% with k = 0.2.

Index Terms—Optimal operation frequency range (OOFR),
parameter design, variable frequency phase shift control
(VFPSC), wireless power transfer system (WPTS), zero voltage
switching (ZVS).

I. INTRODUCTION

W IRELESS power transfer (WPT) that uses magnetic field
to deliver power efficiently has been applied to many

applications including biomedical implants [1]–[4], consumer
electronics [5]–[7], underwater loads [8], [9], electrical vehicles
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Fig. 1. Typical charging profile of a lithium-ion battery cell.

(EVs) [10]–[17], mining lighting systems [18]–[20], etc. Com-
pared with the conventional plug-in systems, the WPT system
(WPTS) can realize both electrical and mechanical isolation,
minimize the use of cables and sockets, and ensure safe opera-
tion in harsh environments. Specifically, in EV’s battery charg-
ing, the primary coils of WPTS can be buried underneath the
existing parking space, which eliminates the need for additional
charging stations. In addition, WPT technique can be used for
moving charging in EVs [21]–[24], which can reduce the re-
quired battery capacity and charging time. Generally speaking,
the WPT technique plays an important role in the development
of EV market.

Recently, high-performance batteries are widely used in many
applications for energy storage. The typical charging profile of
the battery packs is shown in Fig. 1 where the charging process
mainly includes these two modes: constant current (CC) and
constant voltage (CV) [25]. The charging process starts with
the CC mode and the equivalent load resistance RBT is defined
as the ratio of VBT to IBT . In this charging period, the battery
voltage VBT increases rapidly with RBT ranging from RBTA to
RBTB . When the battery voltage reaches a specified level, the
charger goes into CV mode until the charging current decreases
to Ibmin . Considering the battery lifetime and recycle time, a
WPT battery charger must provide sufficiently accurate charging
current and voltage for safe operation [26], [27].

As the battery charging process continues, the battery equiv-
alent resistance RBT gradually increases. On the one hand, the
battery charger needs to provide the required charging current
or voltage for the battery accurately when the battery equiva-
lent resistance RBT changes. On the other hand, to eliminate
the high resonant peaks and improve the efficiency of inverter,
especially in high power applications, it is necessary to achieve
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zero voltage switching (ZVS) operation in the whole charg-
ing process [28]–[31]. To realize these two control aims, many
researchers have made great efforts and proposed numerous
control methods. They can be divided into four major types.
The first type is the pure phase shift control [26], [32]. This
control method can realize constant output current or voltage
by adjusting the phase shift angle, but it cannot realize ZVS
operation of inverter in the whole charging process. The second
type is the frequency control and its typical application is the
self-oscillating control strategy [27], [33]. This control method
adjusts the output current or voltage and realizes ZVS operation
by regulating the operation frequency of inverter. However, the
operation frequency is usually away from resonant frequency.
Therefore, the reactive power is large and the overall efficiency
is relatively poor. The third type mainly combines some dc–dc
converters with the basic resonant topologies [34]–[36]. In these
papers, the authors present a novel control structure using two
dc–dc converters to realize adjustable output, ZVS operation,
and impedance matching simultaneously. However, this method
needs extra dc–dc converters, which augment the whole sys-
tem cost and the overall efficiency of the whole system is also
relatively poor. The fourth type is the pulsewidth modulation
(PWM) control with phase-locked loop [30], [31]. This method
can realize ZVS operation and constant output, but the ZVS an-
gle (ZVSA) is fixed and cannot be adjusted flexibly. Meanwhile,
this method lacks of systematic analysis and parameter design
for CC/CV battery charging, and the operation frequency range
(OFR) to realize the required output and ZVS operation has not
been studied.

According to the above analysis and summary, this paper
adopts the variable frequency phase shift control strategy (VF-
PSC) to control inverter flexibly. Based on VFPSC, this paper
presents an optimal OFR (OOFR) where the WPTS can realize
the required charging current or voltage for the battery packs and
ZVS operation of inverter simultaneously without extra dc–dc
converters. Meanwhile, on the basis of VFPSC and OOFR, an
optimized electrical parameter design method is proposed with
the multiple boundary conditions. Moreover, a novel three-loop
control strategy (TLCS) by adding a decoupled ZVSA loop is
put forward to make the system operate at any point of OOFR.
An implementation method of the TLCS is proposed, which can
dynamically adjust frequency and phase shift to make the sys-
tem always operate at the preset ZVSA and realize the required
output simultaneously. Finally, a 500-W WPTS is built to verify
the correctness of theoretical analysis. The experimental results
show that a very high overall efficiency is achieved in the whole
charging process and the maximum efficiency can reach 94.9%
with k = 0.2 and 94.1% with k = 0.15.

Section II presents a battery charging case-study and intro-
duces the control targets and some basic concepts by using
VFPSC in the WPTS. Section III proposes an optimized elec-
trical parameter design method based on the multiple boundary
conditions. Section IV finds out the OOFR to realize the re-
quired CC/CV output and ZVS operation simultaneously from
the closed-loop perspective. Section V proposes an implemen-
tation method of the TLCS to make the system operate at any
point in the OOFR. Section VI builds a 500-W experimental

TABLE I
BATTERY PARAMETERS AND SPECIFICATION

prototype. The steady-state and dynamic performances of the
whole system are testified. Finally, Section VII concludes the
paper.

II. BATTERY CASE-STUDY AND ANALYSIS OF WPTS

A. Battery Charging Case-Study

The WPT battery charger is designed around the charging
profile of the battery packs of electric vehicles. In this paper,
the battery packs are made of five lead-acid modules connected
in series; the nominal capacity and voltage of a single module
are 40 A · h and 12 V. The limit of the practical voltage of a
single battery pack is set from 6.4 to 14.4 V and the overall
voltage ranges from 32 to 72 V. The maximum charging current
of battery pack is set as 4 A. The detailed specifications are listed
in Table I. According to Fig. 1, in CC mode, the charging current
maintains constant, and the battery voltage gradually increases
from 32 to 72 V. The corresponding equivalent resistance of
battery packs increases from RBTA (8 Ω) to RBTB (18 Ω).
Once the charging voltage reaches the maximum value, the
WPTS goes into the CV mode. The charging voltage maintains
72 V and the charging current gradually decreases from 4 to
1 A. Therefore, the corresponding equivalent resistor of battery
packs increases from RBTB (18 Ω) to RBTC (72 Ω).

B. System Control Targets

As a kind of power supply for EV’s batteries, the WPTS
should first ensure the stable output current or voltage. To
simplify the whole system structure, reduce cost, and save
money, the common WPTS with series–series (SS) resonant
network is applied, which is shown in Fig. 2(a). Moreover, to
enhance the system efficiency and reduce electro-magnetic in-
terference (EMI), the system control targets at achieving CC
or CV charging for battery packs and realizing ZVS opera-
tion of primary inverter simultaneously. In this paper, VFPSC
is applied in the primary inverter. When the SS resonant net-
work is adopted and the frequency regulation method is ap-
plied, the range for frequency regulation is relatively narrow
because the gain characteristics of this compensation topology
are sensitive to the operation frequency. However, it is this
frequency sensitivity that can help to change the impedance
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Fig. 2. (a) Full-bridge type WPTS using SS compensation. (b) Corresponding
fundamental harmonic equivalent circuit.

characteristics of the resonant network and make the inverter
realize ZVS operation within a small frequency range. Gener-
ally speaking, by using the two control variables: phase shift
angle and operation frequency of the primary inverter, these two
control targets can be realized simultaneously.

C. System Structure and Equivalent circuits

In Fig. 2(a), V1 and I1 are the dc input voltage and current of
primary inverter, respectively. V2 and I2 are the dc output voltage
and current of secondary rectifier, respectively. L1 and L2 are the
self-inductances of the primary resonant coil and the secondary
resonant coil, respectively. M is the mutual inductance and
the coupling coefficient k is defined as k = M/

√
L1L2 . To

minimize the reactive power in the resonant tanks and enhance
the magnetic field produced by coils, the resonant capacitors
C1 and C2 are added in the resonant circuit. For simplicity,
the primary resonant frequency ω1 and the secondary resonant
frequency ω2 are set to be equal to ω0 (the resonant frequency
of WPTS), which satisfy

⎧
⎨

⎩

ω1 =
1√

L1C1
, ω2 =

1√
L2C2

ω0 = ω1 = ω2 .

(1)

To study VFPSC more clearly and intuitively, the per-unit
value of the operation frequency is defined as

ωn = ωs/ω0 . (2)

In the analysis of the WPTS, the fundamental harmonic ap-
proximation is normally used since the resonant fundamental
current is considerably larger than harmonics [26], [35], [36].
The corresponding fundamental component equivalent circuit
is depicted in Fig. 2(b). V1 and I1 are the input dc voltage and
current; V2 and I2 are the output dc voltage and current. U1 and
U2 are the rms values of the fundamental harmonics of the ac
input voltage vab1 and the ac output voltage vcd1 , respectively;
IL1 and IL2 are the rms values of the primary and secondary
inductor currents, respectively; Vc1 and Vc2 are the rms val-
ues of the primary and secondary resonant capacitor voltages,

Fig. 3. Operation waveforms of primary inverter.

respectively; R1 and R2 are used to stand for the equivalent
series resistors (ESRs) of the primary resonant network and the
secondary one.

D. Variable Frequency Phase Shift Control

To adjust the system output and realize ZVS operation of the
inverter, VFPSC is applied. The operation waveforms of primary
inverter are shown in Fig. 3. vab1 is the fundamental waveform of
ac output voltage of inverter vab with phase shift angle ϕps (ϕps
= Dπ), and iL1 is the primary inductor current. Consequently,
the phase between vab1 and iL1 is the input impedance angle
(IIA) of resonant network, ϕIIA . Meanwhile, the angle for ZVS
operation is defined as ϕZA . Generally speaking, when ϕZA ≥
0, the inverter can realize ZVS operation.

According to the fundamental harmonic analysis, the rms
value of vab1 can be calculated by

U1 =
2
√

2
π

V1 sin
[
Dπ

2

]

. (3)

For the full-bridge rectifier, the rms value of vcd2 and iL2 can
be obtained by

⎧
⎪⎪⎨

⎪⎪⎩

U2 =
2
√

2
π

V2

IL2 =
π

2
√

2
I2 .

(4)

According to power conservation, the rectifier can be replaced
by an equivalent load resistance RE which satisfies

RE =
8
π2 RL . (5)

Therefore, the load quality factor Qs can be obtained by [37]

Qs =
ωsL2

RE
=

π2ωsL2

8RL
. (6)

E. Input Impedance Angle

As shown in Fig. 2(b), according to [25], the input impedance
of resonant network is given as

Zin = Z1 + ω2M 2/(Z2 + RE) (7)

where Z2 is the secondary resonant network impedance, which
is Z2 = R2 + jωsL2 + 1/jωsC2 and Z1 is the primary resonant
network impedance, which is Z1 = R1 + jωsL1 + 1/jωsC1 .
With R1 and R2 neglected [38], the input impedance angle can
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TABLE II
SYSTEM PARAMETERS USED IN CALCULATION

Fig. 4. Characteristics of ϕI IA . (a) k = 0.15, 0.2, with different RL and ωn .
(b) k = 0.15, 0.2 and RL = 8 Ω, 18 Ω, 72 Ω, respectively, with different ωn .

be calculated by

ϕIIA =
180
π

arctan
[
Im [Zin ]
Re [Zin ]

]

= −180
π

arctan

[(−1+ω2
n
)(−64R2

Lω2
n +π4L2

2ω
2
0
(−1+2ω2

n +
(−1+k2

)
ω4

n
))

8π2k2L2RLω0ω5
n

]

.

(8)

With the parameters listed in Table II and different coupling
coefficient, ϕIIA as a function of per-unit operation frequency
ωn and load resistance RL is calculated and plotted in Fig. 4(a).
When k and RL are fixed, ϕIIA as a function of ωn is plotted
in Fig. 4(b). It shows that, as RL increases, the relationship
between ϕIIA and ωn varies from single peak and single valley
to monotonic increasing. Only when ωn > 1 and ϕIIA > 0 (as
shown in yellow region), ϕIIA is a monotone increasing function
of ωn , which is crucial to ZVSA control.

F. Zero Voltage Switching Angle

Based on VFPSC, the output voltage and current waveforms
of the primary inverter are shown in Fig. 3, where D represents
the duty cycle of vab and Dπ is the phase shift angle. The phase
angle ϕZA between the rising edge of vab and the zero-crossing
point of iL1 , is defined as ZVSA. From Fig. 3, we can obtain

ϕIIA = ϕZA +
(1 − D)π

2
. (9)

To reduce switching cost and EMI, and enhance the system
efficiency and reliability, ZVS should be achieved in primary

Fig. 5. TCGS with k = 0.2. (a) Givsys as a function of D and ωn . (b) Givsys
as a function of ωn when D = 1.

inverter, which means ϕZA > 0 at least. Usually, when D sat-
isfies 1 > D > 0, then ϕIIA > ϕZA is obtained. According to
Fig. 4(b) and (9), to provide positive ϕZA , the essential condi-
tion is ϕIIA > 0. Therefore, to ensure the monotonic increasing
character of ϕIIA when ϕIIA > 0, the best choice for OFR is
ωn > 1, which is vital for ZVSA control.

III. SYSTEM CHARACTERISTICS ANALYSIS AND

RESONANT TANK PARAMETER DESIGN

In this section, to satisfy the required current and voltage for
the battery packs listed in Table I, the system characteristics are
analyzed in detail and the resonant parameters are designed.

A. Trans-Conductance Gain of the System (TCGS)

Based on Fig. 2(b) with R1 = R2 = 0 Ω, the trans-
conductance gain of resonant network can be obtained by

Givss =
IL2

U1
=

kL2ω
3
n√

L1L2

(
R2

Eω2
n(ω2

n − 1)2 +ω2
0L2

2(−1+2ω2
n +(−1+k2) ω4

n)2
).

(10)

To acquire the relationship between control variables D, ωn ,
and control aim I2 , the TCGS is defined as

Givsys =
I2

V1
= f(k,RL , ωn ,D). (11)

Substituting (3)–(5) to (11), we can obtain (12) as shown at
bottom of the page.

With the parameters listed in Table II, Givsys as a function
of D and ωn is calculated and plotted in Fig. 5(a). In a fixed
RL , Givsys will increase as D increases. To show the relation-
ship between Givsys and ωn more visually, when D is set to a
certain value (D = 1), Givsys as a function of ωn is plotted in
Fig. 5(b). Once the resonant parameters and the required TCGS
(represented by Kcc) are assured, the OFR from ωL to ωH grad-
ually shrinks as RL gradually increases. When the operation

Givsys =
I2

V1
=

8
π2 sin

[
Dπ

2

]

Givss =
8kL2ω

3
n sin [Dπ/2]

√

L1L2

(
64R2

Lω2
n(−1+ω2

n)2 +π4L2
2ω

2
0 (−1+2ω2

n +(−1+k2) ω4
n)2

) (12)
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Fig. 6. VGS with k = 0.2, (a) Gvsys as a function of D and ωn and (b) Gvsys
as a function of ωn when D = 1.

frequency is set as ωn = 1, the charging current I2 is indepen-
dent of the load resistance RL . Therefore, in consideration of the
regularity that Givsys increases as D increases and decreases as
RL increases, to ensure the existence of the OFR, the maximum
Givsys at point A (D = 1, ωn = 1) predetermined by circuit
design should be larger than the one that battery packs need in
CC mode. According to (12), at point A, the maximum value of
Givsys with ωn = 1 can be obtained by

Givsys(D = 1, ωn = 1) =
8

π2ω0k
√

L1L2
. (13)

B. Voltage Gain of the System (VGS)

Similarly, based on Fig. 2(b) with R1 = R2 = 0 Ω, the voltage
gain of resonant network can be obtained by

Gvss =
U2

U1
=

kL2REω3
n√

L1L2

(
R2

Eω2
n(−1+ω2

n)2 +L2
2ω

2
0 (−1+2ω2

n +(−1+k2) ω4
n)2

) .

(14)

To acquire the relationship between control variables D, ωn ,
and control aim V2 , the VGS can be defined as

Gvsys =
V2

V1
= f(k,RL , ωn ,D). (15)

Substituting (3)–(5) in (15), we can obtain (16) as shown at
bottom of the page.

With the parameters listed in Table II, Gvsys as a function of
D and ωn is calculated and plotted in Fig. 6(a). Similarly, Gvsys
will increase as D increases. The maximum value of Gvsys
gradually increases as RL increases. To show the relationship
between Gvsys and ωn more visually, when D is set to a certain
value (D = 1), Gvsys as a function of ωn is plotted in Fig. 6(b)
and the required VGS is represented by Kcv . It can be seen
that Gvsys is independent of RL when ωn = ωcvL or ωn =
ωcvH . Therefore, the basic design point is that the OFR of the
practical system should include the yellow region to satisfy the
CV charging and obtain better voltage regulation performance.

Therefore, to ensure the existence of the OFR with RL ranging
from RBTB to RBTC , Gvsys at the point of ωcvH predetermined
by circuit design should be larger than the one that battery packs
need in CV mode. When ωn = ωcvH or ωn = ωcvL and D = 1,
the maximum value of Gvsys can be obtained by

Gvsys(ωn = ωcvLor ωn = ωcvH and D = 1) =
√

L2

L1
(17)

where

ωcvL =
1√

1 + k
and ωcvH =

1√
1 − k

. (18)

C. Resonant Current and Voltage

In the whole charging process, the maximum rms values of
the resonant currents in the coils and the resonant voltages in
the capacitors should be evaluated. This discussion about the
resonant currents and voltages can be divided into two parts: the
primary side and the secondary side.

1) In the Secondary Side: According to (4), the rms values
of the secondary resonant current iL2 and the resonant voltage
vc2 can be obtained by

⎧
⎪⎨

⎪⎩

IL2 =
π

2
√

2
I2

Vc2 =
1

ωsC2
IL2 .

(19)

According to (19), in the secondary side, the resonant current
IL2 only depends on the output dc current I2 and is independent
of the operation frequency. In CC mode, IL2 maintains constant
and achieves the maximum value. Therefore, the secondary side
coil is designed by only considering the maximum charging
current in CC mode. Substituting (1) and (2) into (19), Vc2 can
be obtained by

Vc2 =
πI2L2ω0

2
√

2ωn
. (20)

Obviously, Vc2 achieves the maximum value with the maxi-
mum I2 and the minimum ωn . Once the operation range of ωn
and the maximum I2 are confirmed, the maximum value of Vc2
can be easily calculated.

2) In the Primary Side: To acquire the primary resonant
current, the current gain of resonant network should be obtained.
Based on Fig. 2(b) and neglecting R1 and R2 , the current gain
of resonant network can be obtained by

Giss =
IL2

IL1
=

k
√

L1L2ω0ω
2
n√

ω2
nR2

E + ω2
0L2

2(1 − ω2
n)2

. (21)

According to (19) and (21), the rms values of the primary
resonant current iL1 and the resonant voltage vc1 can be obtained

Gvsys =
V2

V1
= sin

[
Dπ

2

]

Gvss =
8kL2RLω3

n sin [Dπ/2]
√

L1L2

(
64R2

Lω2
n(−1 + ω2

n)2 + π4L2
2ω

2
0 (−1 + 2ω2

n + (−1 + k2) ω4
n)2

) (16)
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Fig. 7. Primary resonant current, IL1 , with k = 0.2 and 0.15. (a) In CC
charging mode with I2 = 4 A. (b) In CV charging mode with V2 = 72 V.

TABLE III
PARAMETER DESIGN SPECIFICATIONS

by

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

IL1 =
I2

√

64R2
Lω2

n + π4ω2
0L2

2(ω2
n − 1)2

2
√

2πk
√

L1L2ω0ω2
n

Vc1 =
I2L1

√

64R2
Lω2

n + π4ω2
0L2

2(ω2
n − 1)2

2
√

2πk
√

L1L2ω3
n

.

(22)

With the parameters listed in Table II, IL1 as a function of
ωn is calculated and plotted in Fig. 7. As shown in Fig. 7, on
the one hand, in a fixed operation frequency ωn , the resonant
current IL1 is the monotonic increasing function of RL in CC
charging mode and the monotonic decreasing function of RL
in CV charging mode. On the other hand, IL1 is always the
monotonic decreasing function of the coupling coefficient k.
Generally speaking, when the WPTS operates in point B (RL
= RBTB ) with the lowest coupling coefficient, IL1 reaches the
maximum value. Similarly, the resonant voltage Vc1 has the
same situations.

D. Parameters Design

Before the parameter design, the related parameter specifi-
cations of the operation condition should be confirmed, which
are listed in Table III. In this section, we should consider five
conditions that are the required charging current, the required
charging voltage, the minimum value of quality factor, the res-
onant currents of coils, and the resonant voltages of capacitors.
Next, we will discuss these five conditions in detail.

1) Required Charging Current: According to the battery pa-
rameters in Table I, in CC mode, the required TCGS can be
calculated, Kcc = I2 /V1 = 0.05. In consideration of the system
loss, the designed parameters of resonant network should remain
a certain output current margin, which can be represented by a
factor ηiv . According to the previous analysis in Section III-A
and (13), we can get

Givsys(D = 1, ωn = 1) =
8

π2ω0k
√

L1L2
> Kcc × ηiv .

(23)

By solving (23), the range of L1 can be obtained, which is

0 < L1 <
64

π4η2
ivK2

cck
2ω2

0L2
. (24)

With ηiv = 1.2 and the parameters listed in Table III, the
maximum value of L1 can be obtained.

2) Required Charging Current: According to the battery pa-
rameters in Table I, in CV mode, the required VGS can be cal-
culated, Kcv = V2 /V1 = 0.9. In consideration of the system loss,
the designed parameters of resonant network should remain a
certain output voltage margin. As shown in Fig. 6, based on the
previous analysis in Section III-B, the range of Gvsys should be
set as Kcvmin − Kcvmax and the center point of this range can
be set as the constant VGS with ωn = ωcvL or ωn = ωcvH . Then,
based on (17), we can get

Kcvmax >

√
L2

L1
> Kcvmin . (25)

Similarly, by solving (25), the range of L1 can be obtained,
which is

L2

K2
cvmin

> L1 >
L2

K2
cvmax

. (26)

With the parameters listed in Table III, the maximum and
minimum values of L1 can be obtained.

3) Minimum Value of Quality Factor: The system efficiency
is affected by the quality factor of load [37]. Larger Qs is ben-
eficial for enhancing the system efficiency. Therefore, there is
a lower limitation of permitted Qs signed as Qsmin , by using
VFPSC. Then, based on the (5) and (6), we can get

π2ωnω0L2

8RL
> Qs min . (27)

By solving (27), the range of L2 can be obtained, namely

L2 >
8RLQsmin

π2ωnω0
. (28)

With the parameters listed in Table III and ωn , the minimum
value of L2 can be obtained.

4) Secondary Resonant Current and Voltage: The secondary
resonant current and voltage can be evaluated easily. According
to the previous analysis in Section III-C, IL2 can be easily
confirmed and Vc2 is the resonant voltage, which should be
smaller than the preset maximum value Vc2max , that is

Vc2 =
πI2L2ω0

2
√

2ωn
< Vc2max . (29)
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TABLE IV
PARAMETER DESIGN RANGE

By solving (29), the range of L2 can be obtained

L2 <
2
√

2ωnVc2max

πI2ω0
. (30)

If the maximum value of Vc2 and the minimum operation
frequency are confirmed, the upper limit of the secondary in-
ductance can be obtained based on the secondary maximum
resonant voltage.

5) Primary Resonant Current and Voltage: The primary res-
onant current and voltage should be carefully evaluated. How-
ever, the derivations of the primary resonant current and voltage
are very complicated when VFPSC is applied in WPTS for the
whole charging process of battery. Due to the frequency sen-
sitivity of the SS compensated WPTS, the practical adjustable
frequency range is relatively narrow. In CC charging mode, as
shown in Fig. 5(b), the operation frequency ωn gradually moves
toward the resonant frequency (ωn = 1) as the load RL increases.
When the WPTS enters into the CV charging mode and Gvsys
equals to the required voltage gain Kcv , the upper operation
frequency will stay near ωcvH . According the previous design
rules 1) and 2) of the required charging current and voltage,
some reasonable assumptions should be made for simplicity.

1) Due to the frequency sensitivity of the SS compensated
topology, the OFR used for the constant output is relatively
narrow (in this paper ωn = 1 − 1.3).

2) The primary resonant current and voltage achieve the max-
imum values when the load resistor RL equals RBTB with
the maximum charging power.

3) RBTB is the starting point of the CV mode and the prac-
tical operation frequency is near ωcvH .

Therefore, based on the related analysis in Section III-C and
the three assumptions, we use the operation point B (RL =
RBTB ) with ωcvH and lowest coupling to evaluate the maximum
resonant current and voltage of the primary side in the whole
charging process. Therefore, to limit the maximum value of
the resonant current and voltage, we mainly consider the most
serious condition (in point B: I2 = 4 A, V2 = 72 V, and k =
0.15). Based on (22), if the maximum value of IL1 is set as
IL1max , we can get

IL1 =
I2

√

64R2
Lω2

n + π4ω2
0L2

2(ω2
n − 1)2

2
√

2πk
√

L1L2ω0ω2
n

< IL1max . (31)

By solving (31), the range of L1 can be obtained

L1 >
I2
2

(
64R2

Lω2
n + π4ω2

0L2
2
(
ω2

n − 1
)2

)

8π2I2
L1maxk

2ω2
0L2ω4

n
. (32)

Similarly, based on (22), if the maximum resonant voltage of
Vc1 is set as Vc1max , we can get

Vc1 =
I2L1

√

64R2
Lω2

n + π4ω2
0L2

2(ω2
n − 1)2

2
√

2πk
√

L1L2ω3
n

< Vc1max .

(33)

By solving (33), the range of L1 can be obtained

0 < L1 <
8π2k2L2ω

6
nV 2

c1max

I2
2

(
64R2

Lω2
n + π4ω2

0L2
2(ω2

n − 1)2
) . (34)

Generally speaking, if the primary resonant inductor satisfies
(32) and (34), both the resonant current IL1 and the resonant
voltage Vc1 will be limited to the reasonable range in the steady
state. Because this design is based on the approximately worst
situation (the maximum output current, the maximum output
voltage, and the minimum coupling coefficient), this design
result will satisfy other situations in the whole charging process
approximately. Commonly, in the battery charging process, the
related five requirements should be considered and the related
parameter ranges limited by them for selection are summarized
in Table IV .

6) Selected Range of Resonant Parameters: To satisfy all
of the proposed design requirements, a resonant parameter
design method based on the multiple boundary conditions is
proposed. Based on the design ranges in Table IV and the pa-
rameters listed in Table III, the multiple boundary curves for
resonant inductance selection are plotted in Fig. 8. The selec-
tion of the primary and secondary inductances should be lim-
ited to the yellow region where all the requirements listed in
Table III can be satisfied. By the way, the parameters listed in
Table I are exactly in the yellow region. The point Pc is used
for theoretical calculation and Pe is the practical experimental
point.
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Fig. 8. Multiple boundary conditions and the yellow region for inductance
selection.

Fig. 9. (a) Relationship between D and ωn , with RL = 8 Ω, 13 Ω, and 18 Ω,
when Givsys is maintained as 0.05. (b) Critical condition for ZVS and CC
charging when RL = 8 Ω and Kcc = 0.05.

IV. OPTIMAL OPERATION FREQUENCY RANGE

The parameters have been selected for CC or CV charging for
the battery and the corresponding OFR can be obtained easily.
However, to reduce EMI and enhance the system efficiency, the
ZVS operation of primary inverter should be realized. There-
fore, OFR should be re-evaluated to find the appropriate op-
eration frequency where the CC or CV charging and the ZVS
operation of the primary inverter can be realized simultaneously.
Undoubtedly, this special OFR is a part of OFR, which is called
the OOFR.

A. CC Charging and ZVS Operation

When the input dc voltage V1 and required charging cur-
rent I2 are fixed, the required Kcc is fixed accordingly. As
shown in Fig. 5(a), there are many combinations between D
and ωn , which can realize CC charging. For example, to realize
Givsys = 0.05 with RL = 8 Ω, OFR ranges from ωL to ωH .
Therefore, according to (12), if assigning that Givsys equals
Kcc , the corresponding duty cycle D can be solved by (35) as
shown at bottom of the page.

With the parameters listed in Table II, to maintain Givsys con-
stant, the relationship curves between ωn and D with different
RL , are plotted in Fig. 9(a). When RL increases, the control
variable D increases accordingly and the OFR of ωn shrinks.
However, in OFR, there are only parts of combinations between
ωn and D that can realize ZVS operation. According to (9), the

Fig. 10. OOFR is between Ax and Bx (x = 1, 2, 3), with Kcc = 0.05,
RL = 8 Ω, 13 Ω, 18 Ω. (a) k = 0.2. (b) k = 0.15.

critical conditions for ZVS operation when ϕZA = 0◦ can be
obtained. That is

ϕIIAmin = (1 − D) π/2. (36)

To display the relationships in identical picture, we define
Dmin and ϕIIApu as

{
Dmin = (1 − D)/2

ϕIIApu = ϕIIA/180.
(37)

With the parameters listed in Table II, when Kcc = 0.05,
Dmin and ϕIIApu versus ωn are plotted in Fig. 9(b). There are
two intersection points: NL and NH . On the one hand, NL
is the intersection point between Dmin and ϕIIApu , and the
horizontal coordinate of NL is the lower limit frequency ωoL .
In other words, when the operation frequency of the inverter is
set as ωoL and the phase shift angle of inverter is automatically
adjusted to maintain the constant Kcc = 0.05, the corresponding
ZVSA accurately equals to zero. On the other hand, NH is
the intersection point between Dmin and x-axis. Therefore, the
horizontal coordinate of NH is the upper limit frequency ωoH .
Then, the OOFR with Kcc = 0.05, is from ωoL to ωoH . When
Kcc = 0.05, the WPTS will operate at any point of the red solid
line between NL and NH where the primary inverter will always
realize ZVS operation. The only difference in these points is the
value of ZVSA. According to (9), the per-unit value of ϕZA can
be obtained by

ϕZApu = ϕIIApu − Dmin . (38)

When ωn gradually increases between ωoL and ωoH , ϕZA
gradually increases. Especially, when ϕZA is controlled to be
30◦, the system should operate at point N1 , which is shown in
Fig. 9(b).

According to Table I, in CC charging mode, the RL ranges
from 8 to 18 Ω. When the constant charging current is set as 4 A
with V1 = 80 V, then Kcc = 0.05. With the parameters listed
in Table II, ϕZApu , ϕIIApu , and Dmin with different RL and k
are plotted in Fig. 10. When RL increases from 8 (RBTA ) to
18 Ω (RBTB ), the OOFR ranging from Ax to Bx (x = 1 − 3)
gradually approaches ωn = 1. Similarly, by comparing Fig. 10(a)
with (b), the OOFR also approaches ωn = 1 when k decreases.

D =
2
π

arcsin

[
Kcc

8kL2ω3
n

√

L1L2

(
64R2

Lω2
n(−1 + ω2

n)2 + π4ω2
0L2

2(−1 + 2ω2
n + (−1 + k2) ω4

n)2
)
]

(35)
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Fig. 11. (a) Relationship between D and ωn , with Kcv = 0.9 and k = 0.2.
(b) Critical condition for ZVS and CV charging with Gvsys = 0.9 and k = 0.2
when RL = 18 Ω and 72 Ω, respectively.

Fig. 12. OOFR is between Ax and Bx (x = 1, 2, 3), with Kcv = 0.9, RL =
18 Ω, 45 Ω, 72 Ω. (a) k = 0.2. (b) k = 0.15.

B. CV Charging and ZVS Operation

Similarly, when the battery packs enter into the CV mode,
the charging voltage of WPTS will maintain constant and RL
continues to increase as the charging process continues. When
the input dc voltage V1 and output voltage V2 are constant, Kcv
is constant. According to (16), if assigning that Gvsys equals
Kcv , then the corresponding duty cycle D can be solved by (39)
as shown at bottom of the page.

With the parameters listed in Table I, to maintain Gvsys con-
stant, the relationship curves between ωn and D are plotted in
Fig. 11(a). When RL increases, the control variable D decreases
accordingly and the OFR ωn increases. In Fig. 11(b), in accor-
dance with the CC mode, the optimal OFRs are from Ax to Bx
(x = 1, 2), with Kcv = 0.9 and k = 0.2 when RL = 18 Ω and
72 Ω. As RL gradually increases, the upper limit frequency in-
creases slowly and the lower limit frequency decreases relatively
quickly because the designed CV point of resonant parameters
is near the upper limit frequency. In a word, as RL gradually
increases, OOFR also gradually increases in CV mode. With
the parameters listed in Table II, ϕIIApu , ϕZApu , and Dmin
are plotted in Fig. 12. When RL increases from 18(RBTB ) to
72 Ω(RBTC ), the OOFR ranging from Ax to Bx (x = 1 ∼ 3)
gradually approaches ωn = 1. Similarly, by comparing Fig. 12(a)
with (b), when k decreases, the OOFR also approaches ωn = 1.

C. OOFR and the Maximum ZVSA

According to Fig. 10 and 12, the upper limits and lower limits
of OOFR versus RL can be calculated and plotted in Fig. 13(a).

Fig. 13. OOFR and ZVSA versus load resistor RL with k = 0.15 and 0.2,
when Kcc = 0.05 in CC mode and Kcv = 0.9 in CV mode. (a) Upper and
lower limits of OOFR versus RL with different k. (b) Theoretical maximum
ZVSA versus RL with different k.

Fig. 14. System control structure.

When Givsys is controlled to be constant, the upper and lower
limits of operation frequency ωn are closer to 1 with larger
load RL and lower coupling coefficient k. In Fig. 13(b), the
theoretical maximum ZVSA can be calculated and plotted. In
CC mode, when RL increases, the theoretical maximum ZVSA
will decrease and the opposite is true in CV mode.

V. IMPLEMENTATION OF THE PROPOSED TLCS

To verify OOFR and the proposed parameter design method,
the vital step is to make the system operate at any point of
OOFR freely. Therefore, a TLCS is proposed to realize CC/CV
charging and accurate ZVSA control simultaneously. This pa-
per mainly presents an implementation method of the proposed
TLCS.

A. Description of TLCS

The control block diagram of TLCS is shown in Fig. 14. The
control strategy is comprised of three closed loops: the inner
loop of the rms value of primary resonant current, the outer loop
of the CC output or CV output and the ZVSA loop of primary
inverter. The basic idea of the TLCS has two basic aspects. One
point is to control the output current or voltage by changing
the phase shift angle Dπ. The other point is to change the IIA
of the resonant network by adjusting the operation frequency
of inverter to control the ZVSA. The operation principal and
implementation of these loops are briefly explained as follows.

D =
2
π

arcsin

[
Kcv

8kL2RLω3
n

√

L1L2

(
64R2

Lω2
n(−1 + ω2

n)2 + π4ω2
0L2

2(−1 + 2ω2
n + (−1 + k2) ω4

n)2
)
]

(39)
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Fig. 15. Accurate rms detection circuit with two operational amplifiers.

B. Operation Principal of TLCS

1) Inner Loop of Primary Resonant Current: As shown in
Fig. 14, IL1ref is the rms value instruction of the inner cur-
rent loop of primary resonant current IL1 . The corresponding
feedback signal IL1rms , is detected by an analog circuit. In con-
sideration of the accuracy and rapidity of the rms detection cir-
cuits, an operational amplifier (OPA)-based precision full-wave
rectifier is carefully designed and adopted, which is shown in
Fig. 15.

The aim of the inner current loop is to improve the dynamic
response of the WPTS and to restrict the amplitude of primary
resonant current to a safe operating region. As we all know,
when ωn approaches 1, the resonant network behaves as a
CC source. However, in exceptional cases that the secondary
load suddenly disconnects, it will lead to extreme dc output
voltage that will destroy the system. Therefore, it is necessary
to limit IL1rms to a safe operating region. The processor of
primary inverter samples IL1rms and calculates phase shift
angle of the primary inverter through the proportion integration
differentiation (PID) algorithm.

2) Outer Loop of CC Charging or CV Charging: The out-
put current reference I2ref in the CC mode and output voltage
reference V2ref in the CV mode are preset instructions. The
processor of secondary rectifier samples I2 and V2 , and then
sends them to the primary processor through radio frequency
(RF2.4G) communication. Based on V2ref , I2ref and V2fb , I2fb ,
the primary processor calculates the instructions of inner cur-
rent loop through the PID algorithm respectively. After that, by
comparing these two calculation results, the smaller one is used
as the reference of inner current loop. Therefore, the control
outer loop can realize the smooth switching from the CC mode
to CV mode automatically.

3) Decoupled ZVSA Loop of Primary Inverter: To realize
ZVS operation of primary inverter absolutely, ϕZA must be
controlled independently and it should be larger than zero.
However, D changes for controlling CC or CV output in
real time, which leads to the change of ϕZA accordingly.
Therefore, the phase loop and current loop are highly coupled.
Fortunately, according to (9), a simple decoupled control for
ZVSA loop is proposed, which is marked in bright purple line.
Simultaneously, to decrease the effect of ZVSA loop to inner
current loop, the setting time of ZVSA loop is relatively longer
than that of inner current loop.

Fig. 16. Operation principle diagram of the phase detection method.

Fig. 17. Experimental prototype.

In the ZVSA loop, ϕZAref is a variable reference angle for
realizing ZVS and the corresponding feedback signal is ϕZAfb ,
which is detected by phase detection method. The principle
diagram of the phase detection method is shown in Fig. 16. i1s is
the current transformer output signal of primary resonant current
iL1 . Next, a signal processing circuit is adopted to convert i1s
to square waveform i′L1 , which is in phase with iL1 . Then,
the processor produces a reference signal S ′

1 , which is 180◦

leading to driver signal S1 . By using double D flip-flops, the
signal Q1 can be obtained and the duty cycle of Q1 represents
the phase of iL1 . Finally, by using a low-pass filter, the dc
value of Q1 can be acquired and sampled by DSP28335. The
detailed analysis has been published in [28] and we will not
repeat it.

Based on ϕZAref and ϕZAfb , the primary processor calculates
the operation frequency of inverter through PID algorithm. By
adjusting the operation frequency of the inverter, the IIA of the
resonant network will be changed. According to Figs. 10 and
12, ZVSA is a monotonic increasing function of the operation
frequency. Therefore, the ZVSA can be directly controlled by
adjusting the operation frequency.

VI. EXPERIMENTAL EVALUATION

A. Experimental Prototype

1) Main Power Circuit Design: To verify the previous anal-
ysis, a 500-W experimental prototype is built up, which is shown
in Fig. 17. The prototype includes a dc source, a high frequency
inverter, an SS resonant network, a full-bridge rectifier, and a
sliding rheostat. Energy is transferred from dc source to sliding
rheostat. The primary inverter is controlled by DSP28335. The
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Fig. 18. Designed coils with 40 cm outer-loop diameter and 2.7 cm thickness.
(a) Front view. (b) Side view.

Fig. 19. Coupling coefficient of the two coils (measurement result). (a) Verti-
cal distance in z-axis with x = 0 and y = 0. (b) Lateral misalignment in x- and
y-axes with z = 12.5 cm.

TABLE V
PARAMETERS OF THE WPTS

MOSFETs used in the inverter are IXTQ96N20P, and the antipar-
allel diodes of IXTQ96N20P are used for the secondary rectifier.
The primary and secondary sides exchange signals and instruc-
tions by 2.4-GHz wireless communication modules. Both the
coupled coils are made by Litz wire. The structure of windings
is carefully designed to lower ESRs and to increase coupling
coefficient. As shown in Fig. 18(a), the outer diameters of coils
are 40 cm and the thicknesses are about 2.7 cm. The coupling
coefficient of the two coils in different vertical and horizontal
distances is measured by KEYSIGHT E4990A. The relation-
ships between coupling coefficient and distance (in x, y, and z
directions) are plotted in Fig. 19. The other detailed experimen-
tal parameters are listed in Table V.

2) Sampling Circuit Design: In the whole system, to realize
TLCS, the sampling circuits are necessary, which mainly in-

Fig. 20. Hardware design board of the sampling circuits.

Fig. 21. Steady-state waveforms in CC mode for battery charging, when V1
= 80 V, I2 = 4 A, Kcc = 0.05, k = 0.15, ϕZAref = 20◦, (a)RL = 8 Ω, (b)RL
= 18 Ω.

clude two parts: the rms detection circuits and phase detection
circuits. The whole sampling circuits are carefully designed and
condensed into a PCB board, which is beneficial for achieving
anti-interference performance. The hardware design board of
the sampling circuits is shown in Fig. 20 with the each part
emphasized by the yellow dashed rectangle.

B. Steady-State Operation Waveforms

To verify the rationality of the designed parameters and the
effectiveness of the proposed TLCS, the steady-state operation
of the WPTS is investigated first. When the battery packs are
in CC mode, the load resistor RL is adjusted to equal RBTA or
RBTB , which are used to simulate the practical charging process
at the starting and terminal points of the CC charging mode of
the preset battery packs. In CC mode, the TCGS is set as 0.05
(with the output current I2 = 4 A) and the instruction of ZVSA,
ϕZAref , is set as 20◦. The steady-state operation waveforms of
the WPTS are shown in Fig. 21.

Similarly, when the battery packs are in CV mode, the load
resistor RL is adjusted to equal RBTB or RBTC , which are used
to simulate the practical charging process at the starting and
terminal points of CV mode of the preset battery packs. In the
CV mode, VGS is set as 0.9 (with the output voltage V2 =
72 V) and the instruction of ZVSA, ϕZAref , is set as 20◦. The
steady-state operation waveforms of the WPTS are shown in
Fig. 22.

C. Verification of OOFR

To verify the analysis and calculated results of OOFR, the the-
oretical calculations and experimental measurements of OOFR
are synthetically compared in different coupling coefficient k
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Fig. 22. Steady-state waveforms in CV mode for battery charging, when V1
= 80 V, V2 = 72 V, Kcv = 0.9, k = 0.2, ϕZAref = 20◦, (a) RL = 20 Ω,
(b) RL = 72 Ω.

Fig. 23. Comparison of OOFR between theoretical calculations and experi-
mental measurements in the whole battery charging process, when V1 = 80 V,
Kcc = 0.05 (CC mode) or Kcv = 0.9 (CV mode). (a) k = 0.2. (b) k = 0.15.

and load resistor RL . By setting ϕZAref = 0◦ or ϕZAref =
ϕZAmax with different coupling coefficient, the upper side and
lower side frequency points are calculated and measured in the
whole charging process of the battery packs, which are shown
in Fig. 23.

At the same time, the practical measured frequency points are
plotted in an identical picture with dashed lines. We find that the
experimental results are in good agreement with the calculated
ones. In CC mode, OOFR moves toward ωn = 1 and their fre-
quency widths are maintained constant approximately as RL in-
creases gradually. In CV mode, the upper side frequency points
of OOFR maintain constant approximately and are independent
of RL , which is conform to the previous design. Meanwhile,
the lower side frequency points of OOFR move toward ωn = 1,
which makes OOFR wider as RL increases.

The comparison of the maximum ZVSA between theoreti-
cal calculations and experimental measurements in the whole
battery charging process with different coupling coefficient are
shown in Fig. 24. In CC mode, the maximum ZVSA gradu-
ally decreases as RL increases, and in CV mode, the maximum
ZVSA gradually increases as RL increases, which is also in
accordance with the previous analysis. The experimental max-
imum values of ZVSA are smaller than the calculated ones
because the theoretical calculation ignores the deadtime effect
of inverter.

D. Verification of Parameter Design

To verify the rationality of parameter design, the resonant cur-
rents of coils and resonant voltages of capacitors are calculated
and measured carefully. According to the previous analysis, we
only consider the worst operation condition with the lowest cou-

Fig. 24. Comparison of the maximum ZVSA between theoretical calculations
and experimental measurements in the whole battery charging process, when
V1 = 80 V, Kcc = 0.05 (CC mode) or Kcv = 0.9 (CV mode). (a) k = 0.2.
(b) k = 0.15.

Fig. 25. Resonant current of WPTS, IL1 and IL2 , in the whole battery charg-
ing process when V1 = 80 V, k = 0.15, Kcc = 0.05 (CC mode) or Kcv = 0.9
(CV mode). (a) Theoretical calculation results. (b) Experimental measurement
results.

Fig. 26. Resonant voltage of the WPTS, Vc1 and Vc2 , in the whole battery
charging process when V1 = 80 V, k = 0.15, Kcc = 0.05 (CC mode) or
Kcv = 0.9 (CV mode). (a) Theoretical calculation results. (b) Experimental
measurement results.

pling. In the whole charging process, the resonant currents of
coils in the primary and secondary sides are calculated and mea-
sured with the upper and lower frequencies, respectively, which
are shown in Fig. 25. The primary resonant current gradually
increases and then decreases along the charging process. When
RL = RBTB (the starting point of CV mode) and ωn = ωoH ,
the primary resonant current IL1 achieves the maximum value
in both the theoretical calculation and experimental measure-
ment, which verifies the previous assumptions. The maximum
values of IL1 in both calculation and experiment are all below
the preset value IL1max . The secondary resonant current IL2 is
independent of the operation frequency and only depends on the
output current, which also conforms to the previous analysis. In
Fig. 26, the resonant voltages of the WPTS in the whole charg-
ing battery are given. The resonant voltages have the similar
conclusions as the resonant currents and the maximum values
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Fig. 27. Comparison of quality factor Qs in the whole battery charging process
with different RL . (a) k = 0.20. (b) k = 0.15.

Fig. 28. Dynamic waveforms with changing RL , when V1 = 80 V, I2 = 4 A,
k = 0.15, ϕZA = 20◦. (a) Changing RL from 8 to 13 Ω. (b) Changing RL
from 13 to 8 Ω.

Fig. 29. Dynamic waveforms with changing RL , when V1 = 80 V, V2 =
72 V, k = 0.2, ϕZA = 20◦. (a) Changing RL from 23 to 18 Ω. (b) Changing
RL from 18 to 23 Ω.

of the calculation and experiment are below the preset values
Vc1max and Vc2max .

As shown in Fig. 27, the quality factors of the designed WPTS
versus RL are measured in the whole charging process with
different coupling coefficient. In OOFR, as RL gradually in-
creases, the maximum and minimum values of Qs also gradually
decrease. When RL = 72 Ω (RBTC ) and k = 0.15, the mini-
mum value of Qs is 1.12 (larger than 1), which conforms to the
previous design.

E. Dynamic Performance of TLCS

To verify the dynamic response of the proposed TLCS, the
step changes of the load resistor in CC and CV modes are
tested. In CC mode, Fig. 28 shows the dynamic responses by
changing RL between 8 and 13 Ω suddenly, under condition
of maintaining I2 = 4 A and ϕZA = 20◦, with V1 = 80 V
and k = 0.15. The dynamic setting times are 194 and 170 ms,
respectively. In CV mode, Fig. 29 shows the dynamic responses

Fig. 30. Charging experiments simulated by a sliding rheostat with ϕZAref
= 7◦. (a) Charging current and voltage versus RL with k = 0.2. (b) Charging
power and system efficiency versus RL with k = 0.2 or k = 0.15.

by changing RL between 18 and 23 Ω suddenly, under condition
of maintaining V2 = 72 V and ϕZA = 20◦, with V1 = 80 V
and k = 0.2. The dynamic setting times are 220 and 210 ms,
respectively. The primary inverter can realize ZVS operation
completely in the dynamic process, which is beneficial to the
safe and stable operation of WPTS.

F. Charging Efficiency of WPTS

By changing the resistance of sliding rheostat to simulate
the whole charging process, the designed WPTS will power the
varying load in CC mode or CV mode with ϕZAref = 7◦. The
charging current and voltage curves of the battery packs are
shown in Fig. 30(a). In Fig. 30(b), the charging power gradually
increases in the CC mode and gradually decreases in the CV
mode. The system maximum efficiency can achieve 94.9% and
94.1% with k = 0.2 and k = 0.15 near the maximum output
power.

G. Comparison With Other Reported WPTS

The system transfer efficiencies in some published papers
are summarized. Table VI compares the WPT prototype in this
paper with the representative reported WPTSs. The key param-
eters, including coil diameter, power transfer distance, coupling
coefficient, transfer power, and system efficiency, are listed in
this table. To compare the transfer efficiency more reasonably
and based on this paper, the resonant frequency should be lim-
ited to 1 MHz and the transfer power should be limited to 1 kW.
Take the coil size and the transfer distance into account, a nor-
malized distance Dnom is defined as transfer distance over coil
diameter [39], [40], which is

Dnom = d/
√

D1 × D2 (40)

where D1 and D2 are the diameters of the primary and sec-
ondary coils, respectively. The normalized distance is consid-
ered because it is the major limiting factor on the efficiency.

Fig. 31 shows the system transfer efficiency with respect
to the normalized distance. It can be seen from Fig. 31 that
when the normalized distance is larger, the lower efficiency can
be achieved in any of WPTS. The prototype in this paper can
achieve higher efficiency at the same normalized distance, and
provide larger normalized distance for the same efficiency.
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TABLE VI
PERFORMANCE COMPARISON OF THE WPTS

Fig. 31. Efficiency comparison of the WPTSs listed in Table VI.

VII. CONCLUSION

This paper investigates OOFR to realize the constant output
and ZVS operation of inverter in the WPTS. With the purpose
of obtaining OOFR, an optimized electrical parameter design
method based on VFPSC is proposed with the multiple boundary
conditions. Moreover, an implementation method of the novel
TLCS is put forward to make the system operate at any point
of OOFR accurately. Benefiting from the proposed TLCS, the
whole system can realize ZVS in the whole charging process
not only in the steady state, but also in the dynamic process. The
WPTS can achieve the maximum efficiency 94.9% with k = 0.2
and 94.1% with k = 0.15 near the maximum output power.
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