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Abstract— In order to obtain a highly reliable and low-cost
wireless charging method, this article proposes a single-switch
wireless power transfer (WPT) circuit with inherent constant-
current output (CCO) and constant-voltage output (CVO) for
battery charging. Compared with a full-bridge WPT circuit,
the structure and control strategy of the proposed circuit are
simple. And the shoot-through problem could be avoided in the
proposed circuit. In order to realize the inherent CCO–CVO
without the wireless communication and extra control circuit,
the double-D quadrature (DDQ) coils are used in this article
to remove cross-coupling between coils. And the corresponding
compensation network is designed to realize the automatic
transition from the CCO to CVO. There are no active control
schemes used in the proposed method. The compensation design
could enable primary-side protection of over current against
the accidental removal of the secondary side. There is no
compensation inductor in the secondary circuit, which reduces
the volume and weight of the secondary circuit. Moreover, the
transfer gain does not rely on the transformer parameters, and
more parameters design freedom can be realized. Finally, the
simulation and the experimental verification are carried out to
verify the superiority of the proposed circuit.

Index Terms— Constant-current output (CCO), constant-
voltage output (CVO), highly reliable, single switch, wireless
power transfer (WPT).

I. INTRODUCTION

WIRELESS power transfer (WPT) is known to be a con-
venient and safe way of charging or power supply since

there being no physical connection between the primary and
secondary circuits. It has been widely used in many systems
and products with power levels ranging from low power to
high power such as the battery charging of cell phones [1],
[2], [3], LED driving [4], biomedical implants powering [5],
[6], [7], [8], and electric vehicle (EV) charging [9], [10], [11],
[12]. With the development of artificial intelligence, wireless
charging technology has become indispensable. In order to
extend the life span of the battery and ensure the safety of
the charging process, the charging process is shown in Fig. 1;
the initial constant-current output (CCO) charging mode and
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Fig. 1. Constant current and constant voltage charging curves of a lithium-ion
battery.

subsequent constant-voltage output (CVO) charging mode are
necessary.

In order to realize CCO and CVO in wireless charging
systems, some effective methods have been proposed. Adding
an additional dc–dc converter in the secondary circuit [13],
[14] is an intuitive idea that could realize this target. However,
the extra cost and power loss will be increased. Keeping
a single-stage design in mind, the compensation network is
studied to realize load-independent CCO or CVO. However,
one kind of compensation network could only realize one
single characteristic (CCO or CVO) at one frequency [15],
[16]. Therefore, the hybrid topologies are studied to realize
the switching between CCO and CVO by changing the struc-
ture of the compensation network [17], [18], [19], but the
voltage stress on the mode switches is very high, and the
extra switches reduce the reliability of the system. Therefore,
some topologies with different characteristics (CCO and CVO)
under different frequencies are proposed [20], [21], [22], and
the switching from CCO to CVO charging modes can be
realized by switching the operating frequency from fCC to
fCV. In addition, although the above methods could realize
both CCO and CVO in a single-stage design, battery state-of-
charge (SOC) detection and wireless feedback communication
are inevitable to ensure charging safety. However, the complex
wireless communication and control circuits will also reduce
the reliability of the system.

In order to realize inherent CCO to CVO transition capa-
bility, a novel clamp coil-assisted WPT battery charger is
studied in [23], and the automatic transition from the CCO
to the CVO could be achieved by the working of the clamp
coil. In CCO mode, the circuit operates as a conventional
series–series (SS) compensated WPT converter. And when the
equivalent load of the battery is large enough, there will be
current in the clamp coil, the input current of the primary
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TABLE I
COMPARISON OF DIFFERENT SCHEMES FOR CCO–CVO

Fig. 2. Single-switch WPT system used for battery charging.

coil will be constant, and the circuit operates in CVO mode.
In addition, a hybrid WPT system with inherent CCO–CVO
characteristics is also studied to use in charging applications
[24]. There are two primary coils and two secondary coils in
this method, and the automatic transition from the CCO to
the CVO could be achieved by blocking one of the secondary
coils automatically when the equivalent load of the battery is
large enough. According to the aforementioned methods, SOC
detection and wireless feedback could be saved. However,
the above methods are studied based on the full-bridge WPT
circuit. Four switches and corresponding drive circuits are
used in the circuit. And the coordination of four switches and
the isolation of different drive signals should be considered.
In addition, the above methods with the inherent CCO to
CVO transition capability are based on the basic compensation
network such as the SS compensation network, the transfer
gain of the circuit relies on the transformer parameters, and
the design freedom of a loosely coupled transformer (LCT) is
limited.

Single-switch WPT circuit has only one switch, which
reduces the switching loss, simplifies the control strategy,
and does not have the risk of the shoot-through problem.
Compared with full-bridge WPT circuits, single-switch circuits
have more advantages in low-power occasions due to their
low cost and high reliability. The single-switch WPT system
used for battery charging is shown in Fig. 2. At present,
the load-independent CCO and CVO have been studied in
[25], [26], and [27]. The hybrid compensation network used
in a single-switch WPT circuit has been studied in [25]
to realize CCO and CVO, the circuit operates at a single

operating frequency, and the extra switches are used to realize
the switching between the P-S and P-CLC compensation
networks. In addition to the hybrid topology, P-CLCL and
P-CLC compensation networks are studied to realize CCO
and CVO at two different operating frequencies without extra
mode switches [26], [27]. Although the single-switch WPT
circuit has higher reliability compared with the full-bridge
WPT circuit, the transition from the CCO mode to the CVO
mode in the above single-switch circuits still relies on the
wireless communication or extra control circuit, which reduces
the reliability of the charging system. The operation of a
single-switch WPT circuit relies on the resonance between the
capacitor in the primary circuit and part of the inductance of
the primary coil. It makes the inherent CCO to CVO transition
capability discussed in [23] and [24] very hard to realize in
the single-switch WPT circuit. In order to further improve
the reliability of the single-switch WPT circuit with CCO and
CVO and obtain a kind of low-cost and highly reliable wireless
charging method, consequently, research on the single-switch
WPT circuit with inherent CCO–CVO output is necessary.

Although some schemes have been carried out to real-
ize CCO and CVO for battery charging, as shown in
Table I, there are still deficiencies which are summarized as
follows.

1) There are at least four switches and auxiliary driving
circuits used in the full-bridge circuit, which results in
high costs. Moreover, the shoot-through problem cannot
be avoided.

2) Existing single-switch WPT converters require wireless
communication and SOC detection to realize CCO and
CVO, which is an active control scheme and makes the
system less rugged.

3) In [24], we have also pointed out its deficiencies in
the introduction. Its compensation design cannot enable
primary-side protection of over current against the acci-
dental removal of the secondary and does not allow min-
imal compensation components in the secondary (which
means the secondary will be clumsier). Moreover, since
it is driven by a full-bridge inverter, it also suffers from
the deficiencies mentioned in (1).

A single-switch WPT circuit with inherent CCO–CVO is
proposed in this article as shown in Fig. 3 for battery charg-
ing. Different from the traditional single-switch WPT circuit
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as shown in Fig. 2, an extra LC compensation network is
added to the circuit to realize LC resonance and generate
a high-frequency voltage source. The equivalent analysis of
this kind of novel structure is operated in this article, and
the fundamental component of the output of the inverter
could be obtained. The double-D quadrature (DDQ) coils are
used in this article to remove cross-coupling between coils.
And the corresponding compensation network is designed to
realize the automatic transition from CCO to CVO. The LCL
compensation network in the primary circuit is used to obtain
a CCO of the single-switch inverter. It creates conditions for
the realization of an automatic transition from the CCO to
the CVO. The compensation design could enable primary-side
protection of over current against the accidental removal of
the secondary side. And the proposed method allows minimal
compensation components on the secondary side; there is no
inductor in the secondary circuit. In addition, the transfer
gain of the proposed circuit does not rely on the transformer
parameters, which improves the design freedom of an LCT.
Finally, a prototype of the single-switch WPT charger with
6-A charging current and 72-V battery voltage is built to verify
the correction of analysis in this article.

To this end, the contributions of this article are shown as
follows.

1) A fully passive single-switch driven WPT converter
with inherent CCO–CVO capability is proposed, which
features the elimination of wireless communication, ease
of control, rugged, and no shoot-through problem.

2) The compensation design could enable primary-side
protection of over current against the accidental removal
of the secondary side.

3) Only capacitors compensation design in the secondary
circuit, which reduces the volume and weight of the
secondary circuit.

The rest of this article is organized as follows. The analysis
of the single-switch LC-resonant circuit and the calculated
method of the output voltage of the inverter is detailed in
Section II. The principle of the inherent CCO and CVO in the
proposed single-switch WPT circuit is analyzed in Section III.
And the characteristics of the proposed circuit and the design
of parameters are discussed in Section IV. The performance
of the proposed circuit is evaluated in Section V. Section VI
concludes this article.

II. ANALYSIS OF SINGLE-SWITCH
LC-RESONANT CIRCUIT

Fig. 3 shows the proposed single-switch WPT circuit with
the inherent CCO–CVO output. The circuit on the primary
side includes a single-switch LC-resonant inverter and two
compensation networks in parallel. Q is the MOSFET in the
single-switch LC-resonant circuit. And the extra Lx and Cp
are used to compose the LC-resonant circuit. C1, C2, C3,
and C4 are compensated capacitors. And L1 and L2 are the
compensated inductors. The LCT consists of two groups of
coils. Lp1 and Ls1 are double-D (DD) coils, and Lp2 and Ls2
are unipolar coils. M12 and M34 are their mutual inductance,
respectively. C5 and C6 are the compensated capacitors on the
secondary side. And the outputs of two rectifier bridges are

Fig. 3. Proposed single-switch circuit with inherent CCO–CVO output.

Fig. 4. Equivalent circuit of the proposed circuit: (a) equivalent circuit and
(b) simplified equivalent circuit.

Fig. 5. Waveforms of uCp(t): (a) waveform of uCp(t); (b) waveform of
uCp(t) in one operating period; and (c) simplified waveform of uCp(t) in one
operating period.

connected in parallel, and every rectifier bridge is composed
of four diodes.

The equivalent circuit of the inverter in Fig. 3 is shown in
Fig. 4, which is different from the traditional single-switch
WPT circuit. Due to the extra LC compensation network,
Fig. 4(b) could be obtained from Fig. 4(a), the input volt-
age does not rely on the primary coil like the traditional
single-switch WPT circuit, and the independent source could
be realized. The output voltage of the single-switch inverter
is uCp(t), which is shown in Fig. 5(a). When the MOSFET Q
or the antiparallel diode DQ is turned on, the voltage of Cp
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is Udc. When the MOSFET works at the blocking state, the
voltage waveform of Cp is an underdamped waveform.

When the MOSFET is turned off and before the antiparallel
diode is turned on, the state equation of the circuit could be
expressed as follows:

LX
diLx(t)

dt
= uCp(t)

iLx(t) + Cp
duCp(t)

dt
+

uCp(t)
Z in

= 0
(1)

where Z in is the input impedance.
Then, uCp(t) could be expressed by the following equation:

uCP(t) = −Eeαt sin
(
ω′t + ϕ

)
(2)

where 
α = −

1
2Cp Z in

ω′
=

√
4Z2

inCp − LX

4C2
p LX Z2

in
.

(3)

Therefore, as shown in Fig. 5(a), the expression of uCp(t) in
one switching period T could be expressed by the following
equation:

uCp(t) =

{
−Eeαt sin

(
ω′t + ϕ

)
(0 < t < t1)

UDC (t1 ≤ t ≤ T ).
(4)

In this article, the operational angular frequency ω = 2π /T ,
t1 < T /2, and set ω1 = 2π /t1 and then ω1 > 2ω. The following
equation should be satisfied:

eα 1
2ω < eαt

≤ 1. (5)

In general, the value of 1/(4ωsCp Z in) is very low, and the
value of eat could be regarded as 1. Then, the expression of
uCp(t) in (4) could be expressed by the following equation:

uCp(t) =

{
−E sin

(
ω′t + ϕ

)
(0 < t < t1)

UDC (t1 ≤ t ≤ T )
(6)

where E is the amplitude of the sinusoidal wave in Fig. 5(b)
and ϕ is its phase angle.

To facilitate calculation, the waveform of uCp(t) could be
approximated as Fig. 5(c) from Fig. 5(b). The value of ω′ and
ϕ could be expressed by the following equation as shown in
Fig. 5(c):

ω′
=

π

ty − tx
=

π

(1 − D − DZVS)T − 21t

ϕ =
−2π tx

T

(7)

where D is the duty cycle of MOSFET and DZVS is the zero-
voltage switching (ZVS) margin of the MOSFET; according
to uCp(0) = Udc, the 1t could be expressed by

1t = tx − 0 = t1 − ty =
π · arcsin

(UDC
E

)
180◦ · ω′

. (8)

Fig. 6. Model of the LCT: (a) cross-coupling among coils and (b) structure
of the DDQ coils.

As shown in Fig. 5(c), the balance of the volt-second
product of Cp should be satisfied in one switching, which could
be expressed by the following equation:

UDC ·
(
T − ty

)
=

(
1

ty − tx

∫ ty

tx

E sin
(
ω′t

)
dt

)(
ty − tx

)
=

2E
π

(
ty − tx

)
. (9)

Therefore, the value of E could be calculated by the
following equation:

E =
πUDC · [(D + DZVS)T + 1t]
2[(1 − D − DZVS)T − 21t]

. (10)

As shown in (10), when the input voltage Udc, D, DZVS, and
operating frequency are determined, the value of E could be
calculated by (7), (8), and (10). In this article, Udc is 96 V, and
D and DZVS are 0.55 and 0.08, respectively. And the operating
frequency is 85 kHz. The E could be calculated as 332.4 V.
The voltage stress of the MOSFET is equal to E+ Udc, which
could be calculated as 428.4 V.

The Fourier decomposition of the curve in Fig. 5(c) could
be expressed by the following equation:

a1 =
2
T

∫ ty

tx

(−E) sin
(
ω′t

)
sin(ωot)dt

+
2
T

∫ T

ty

UDC sin(ωot)dt

b1 =
2
T

∫ ty

tx

(−E) sin
(
ω′t

)
cos(ωot)dt

+
2
T

∫ T

ty

UDC cos(ωot)dt .

(11)

Therefore, the amplitude of the fundamental component of
uCp(t) could be expressed by the following equation:

A1 =

√
a2

1 + b2
1. (12)

III. PRINCIPLE OF THE REALIZATION OF INHERENT CCO
AND CVO IN THE PROPOSED CIRCUIT

In order to realize the inherent CCO and CVO, the LCT
adopts the DDQ structure in this article. The coupled rela-
tionships of the LCT are shown in Fig. 6(a). The structure
of the LCT is shown in Fig. 6(b). The DDQ coils could be
used to remove cross-coupling between coils, which has been
discussed in [29]. Therefore, the mutual inductance marked in
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Fig. 7. Thevenin equivalent circuit of the LCL compensation network in the
primary side.

red in Fig. 6(a) is nonexistent. The coupled relationships of the
LCT shown in Fig. 6(a) could be expressed by the following
equation:

jωLp1 jωM12 0 0
jωM12 jωLs1 0 0

0 0 jωLp2 jωM34
0 0 jωM34 jωLs2

 ·


i1
i2
i3
i4

 =


u1
u2
u3
u4

.

(13)

The primary LCL network is composed of the external ele-
ments L1, C1, and L2. And the resonant relationship between
them is shown in the following equation:

jωL1 =
1

jωC1
= jωL2. (14)

When the relationship in (14) is met, the equivalent circuit
is shown in Fig. 7. Zr is the reflected impedance of the parallel
circuits. According to Thevenin’s and Norton’s theorems,
when (14) is satisfied, the impedance of the LC parallel circuit
is ∞. Consequently, the current in L2 is constant and the
current could be expressed by the following equation:

İ p =
U̇ in

jωL1
(15)

where the U̇ in is a sine source, and its amplitude is A1.
Then, according to Fig. 3, the current İ P could be divided

into two parts

İ p = İ p1 + İ p2. (16)

Therefore, based on (13) and the structure of the circuit, the
equivalent circuits after L2 are shown in Fig. 8. The LCT is
modeled as two T networks. And the circuit could be modeled
as two two-port networks. The input voltages are both U̇ P,
and the input currents are İ P1 and İ P2, respectively. Rac1 and
Rac2 are the equivalent ac resistance of the load. Based on
the previous studies, the equivalent load of the battery could
be regarded as a resistor. The resonant relationships of the

Fig. 8. Equivalent circuit of the proposed compensation network:
(a) network I and (b) network II.

two networks in Fig. 8(a) and (b) are shown in the following
equation: 

jωLp1 =
1

jωC3

jωLs1 =
1

jωC5

jωLp2 +
1

jωC4
=

1
jωC2

.

(17)

The two-port networks in Fig. 8 could be divided into
several T networks. And their T-parameters matrices could be
expressed by the following equation:

T1 =

 0 − jωM12
1

jωM12
0

T2 =

 1
−1

jωC2
jωC2 0



T3 =


0 − jωs M34

1
jωs M34

jωsLS2 +
1

jωsC6

jωs M34

. (18)

Therefore, the two-port network in Fig. 8(a) could be
expressed by

T = T1 =

 0 − jωM12
1

jωM12
0

. (19)

Similarly, the two-port network in Fig. 8(b) could be
expressed by

T ′
= T2 · T3 =


1

C2 M34ω2 j

ωLS2 −
1

ωC6

C2 M34ω2 − ωM34


0 C2 Mω2

.

(20)

In order to realize the zero-phase-angle (ZPA) between the
input voltage and input current in the two-port network in
Fig. 8(b), the following equation should be satisfied according
to [20]:

ωLS2 −
1

ωC6

C2 M34ω2 − ωM34 = 0. (21)

Authorized licensed use limited to: SOUTH CHINA UNIVERSITY OF TECHNOLOGY. Downloaded on May 14,2024 at 07:36:35 UTC from IEEE Xplore.  Restrictions apply. 



1962 IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, VOL. 10, NO. 1, MARCH 2024

Therefore, the value of C6 could be expressed by the
following equation:

C6 =
1

ω2LS2 − C2 M2
34ω

4
. (22)

Then, the following equation should be satisfied:
[
U ·

p, I ·

p1

]T
= T

[
U ·

o1, −Io1
·
]T[

U ·

p, I ·

p2

]T
= T ′

[
U ·

o2, −Io2
·
]T

.
(23)

Then, 

I ·

o1 = U ·

p
1

jωM12

U ·

o1 = I ·

o1 Rac1

U ·

o2 = U ·

pω
2C2 M34

I ·

o2 =
U ·

o2

Rac2
.

(24)

The output voltage U̇ o1 and U̇ o2 could be expressed by U̇ p
as shown in the following equation: U ·

o1 = U ·

p
Rac1

jωM12

U ·

o2 = U ·

pω
2C2 M34.

(25)

According to Fig. 8, the input impedances of two networks
are Z1 and Z2. And Z1 and Z2 could be expressed by the
following equation. The equivalent circuit is shown in Fig. 9

Z1 =
ω2 M2

12

Rac1

Z2 =
Rac2

ω4C2
2 M2

34
.

(26)

Due to the output of the two refilters being connected
in parallel, the equivalent resistance of the battery could be
expressed by

RL =
π2

8
Rac1 Rac2

Rac1 + Rac2
. (27)

At the beginning of charging, the equivalent resistance of the
battery is small, and Z2 < Z1 should be satisfied. Therefore,
İ P2 > İ P1. The two networks are both operating. And the
output is determined by the larger one between U̇ o1 and U̇ o2.
According to (25), obviously, the output voltage is determined
by U̇ o2. However, the network in Fig. 8(a) does not stop
working. This is because when the network in Fig. 8(a) stops
working, the Z1 will be zero, and the circuit will not work.
Therefore, Uo1 = Uo2. The value of Rac1 is fixed, and it could
be expressed by

Rac1 = ω3 M12C2 M34. (28)

As the increasing of the equivalent resistance, the value of
Rac1 will increase. When the Rac2 is equal to Rac1 as shown in
the following equation, Z1 = Z2 will be satisfied according to
(26). And İ P1 is equal to İ P2 at this time. As RL continues to
increase, the condition will be switching. U̇ o1 will be larger
than U̇ o2, but the network in Fig. 8(b) will not block due to

the RL being still smaller than 8Rac1/π2. Then, Uo1 = Uo2 is
still satisfied

Rac2 = ω3 M12C2 M34. (29)

During the above analysis, the value of Rac1 is always
constant, and the output dc current IBAT could be expressed
by

IBAT =
2
π

(
Io1peak + Io2peak

)
=

2
π

(
IP1peakωM12

Rac1
+

IP2peak

ω2C2 M34

)
=

2IPpeak

πω2C2 M34
(30)

where Io1peak, Io2peak, Ip1peak, Ip2peak, and IPpeak are amplitude
values of corresponding alternating current. According to
(15) and (30), the output dc current could be expressed by
the following equation:

IBAT =
2A1

πω3C2L1 M34
. (31)

A1 is the amplitude value of U̇ in. According to (31),
the output current is load-independent, and the circuit could
operate in the CCO mode. When the parameters of the LCT
are determined, more design freedom of the output current can
be achieved by adjusting the extra parameters L1 and C2.

As the RL increases up to 8Rac1/π2, Rac2 is nearly ∞, and
network II will be blocked. Rac1 = π2 RL/8. Therefore, only
network I shown in Fig. 8(a) is operating.

Then, according to (15) and (23), the output dc voltage
could be expressed by the following equation:

UBAT =
π M12 A1

4L1
. (32)

Similarly, the output voltage is load-independent, and more
design freedom of the output voltage can be achieved by
adjusting the external inductance L1.

In addition, the situation when the short circuit or open
circuit happens on the load could be dealt with in the proposed
circuit. When the load is short-circuited, Rac2 is zero and Rac1
still satisfies (28). The impedance Z2 will be zero and İ P1 will
be zero. According to (30), the output current is still constant.
And when the load is open circuit, the circuit will operate
in the CVO mode. Therefore, when short circuit or open
circuit happens on the load, the proposed circuit could operate
normally. And when the secondary coil is moved accidentally,
according to the relationship in (17), the impedance Z1 will be
zero, and the impedance Z2 will be ∞. The constant current
IP will inject the coil Lp1, which will not damage the primary
circuit. And the corresponding detection and protection circuits
could be saved.

Based on the above analysis, the input impedance Z in could
be expressed by

Z in =
ω2L2

1(Z1 + Z2)

Z1 Z2
. (33)

Based on the analysis in [20], Z1 and Z2 are both pure
resistances. Therefore, the ZPA of the whole compensation
network could be satisfied.

In this article, the value of A1 is 158 V, M12 is 26.41 µH,
M34 is 23.04 µH, and the UBAT and IBAT are set as 72 V
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Fig. 9. Equivalent circuit of the proposed circuit.

Fig. 10. Input current and input voltage of the parallel networks versus the
equivalent load.

Fig. 11. Relationship between the Cp and LX.

and 6 A, respectively. Therefore, the parameters Ip1peak, Ip2peak,
and UPpeak versus the equivalent load RL are shown in Fig. 10.
As shown in Fig. 10, when the RL is 6 �, Ip1peak equals Ip2peak.
When the RL is 12 �, the circuit in Fig. 8(b) will stop working.
The tendency of the curve in Fig. 10 is consistent with the
above analysis.

IV. PARAMETERS ANALYSIS OF THE PROPOSED CIRCUIT

A. Value Selection of Lx and Cp

Based on the above analysis, the value of Z in could be
calculated. According to (3), keeping the value of the ω′ is
constant, the relationship between Lx and Cp is shown in
Fig. 11. When ω′ is constant, the value of A1 could be kept
constant. In this case, the current in Lx versus the inductance
of Lx is shown in Fig. 12. As the improvement of Lx, the
decreasing speed of the current IL will be slower and slower.
Therefore, the value of Lx should be chosen near the knee
point of the curve in Fig. 12 to decrease the cost and power
loss of the circuit. In this article, the value of Lx should be
approximately 45 µH.

The value of Cp will influence the ZVS condition, and the
ZVS margin Dzvs will influence the fundamental harmonic A1.

Fig. 12. Relationship between the IL and LX.

Fig. 13. ZVS condition versus the value of (a) Equivalent load RL. (b) Cp.

Before selecting the value of Cp, the influence of the load RL
should be analyzed. The ZVS condition versus the load RL is
shown in Fig. 13(a). However, the variation of the equivalent
load has only a little influence on the ZVS condition. There-
fore, the input voltage uCp(t) could be considered constant.
The relationship between the ZVS margin and the value of Cp
is shown in Fig. 13(b). As shown in Fig. 13(b), the DZVS will
increase when the value of Cp decreases. However, when the
capacitance of Cp drops below 40 µF, the secondary vibration
between the inductor and capacitor will occur, which causes
the hard switching of the MOSFET. In addition, the DZVS will
decrease when the value of Cp increases. The ZVS will fail
to realize when the capacitance of Cp exceeds 55 nF.

When the inductance of LX is kept constant, the variation
of Cp will change the maximum value of UDS(t). In Section I,
the maximum of UDS(t) is designed as 428.4 V. Therefore, the
capacitance of Cp should be adjusted until the maximum of
the UDS(t) up to approximately 428 V. The value of Cp could
be obtained.

According to the above discussions, the design flowchart
of key parameters is shown in Fig. 14. Based on the above
discussion, the parameters of the proposed circuit are shown
in Table II.
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Fig. 14. Design flowchart of key parameters.

TABLE II
PARAMETERS OF THE PROPOSED CIRCUIT

B. Influence of Zin on the Circuit

In general, based on a different design of the compensation
network, the equivalent load Z in has three possible types,
as shown in Fig. 15. As shown in Fig. 15(a), when the
Z in could be regarded as a series connection of resistance
and capacitance, the equivalent circuit of Cp will change.
In Fig. 15(a), the equivalent capacitance C ′

p will resonate
with LX.

However, the value of C ′
p is larger than Cp. Therefore,

as discussed before, the ZVS margin will decrease, and the
output of the inverter will be changed. During the operation
of the circuit, the value of Rin and Ceq will change, and the

Fig. 15. Three possible equivalent circuits of the proposed topology when
the Z in is regarded as (a) Ceq and Rin. (b) Leq and Rin. (c) Rin.

Fig. 16. Three corresponding operating states of Fig. 15 when the Z in is
regarded as (a) Ceq and Rin. (b) Leq and Rin. (c) Rin.

value of C ′
p will change simultaneously. Hard switching on the

MOSFET may appear, as shown in Fig. 16(a). And the output
of the inverter cannot be considered as constant. As shown in
Fig. 15(b), the Z in could be regarded as a series connection of
resistance and inductance. The value of C ′

p will be less than Cp.
As the change of the equivalent load, the situation shown in
Fig. 16(b) may appear. The ZVS will fail to realize, and the
voltage stress of the MOSFET will be very high. When the
Z in is pure resistance as shown in Fig. 15(c), the operational
condition of the circuit is shown in Fig. 16(c) when the value
of Cp is appropriate. In this article, the Z in is pure resistance,
as discussed in Fig. 13(a), and the variation of the RL has
little effect on the operating state of the circuit. Therefore, the
ZPA design of the compensation network is necessary for the
proposed circuit.

In order to verify the realization of ZPA, the relationship
between the input phase angle and the operating frequency
is shown in Fig. 17. As shown in Fig. 17, no matter how
the equivalent load changes, the proposed circuit could realize
ZPA in CCO and CVO modes when the operating frequency
is 85 kHz.

V. EXPERIMENTAL EVALUATION

In order to verify the performances of the proposed cir-
cuit, a single-switch WPT circuit with inherent CCO–CVO
is built to provide 6-A load-independent current and 72-V
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Fig. 17. Input phase angle versus the operating frequency in (a) CCO mode.
(b) CVO mode.

Fig. 18. Photograph of the proposed circuit.

load-independent voltage, as shown in Fig. 18. The input dc
voltage is 96 V, and the operating frequency is 85 kHz. Both
the primary and secondary coils consist of two groups, coaxial
circular and DD coils with diameters of 20 cm, as shown in
Fig. 19. The transmission distance is 3 cm. The experimental
equipment consists of the dc input, single-switch LC inverter,
LCT, secondary-side circuit, oscilloscope, and electronic load.
The MOSFET is CGE1M120080 and the secondary-side rec-
tifier diodes are eight MBR20150. The equivalent load of the
battery is emulated by a dc electronic load. A control algorithm
is implemented in an MCU STM32RCT6 for the experiments.

Fig. 20(a)–(d) shows the soft-switching waveform in CCO
mode and CVO mode. The duty cycle is 55.44%. As shown
in Fig. 20(a), when the RL is 12 �, the measured amplitude
of UDS(t) is 432 V, which is close to the calculated value
428.4 V. The Dzvs could be calculated as 1X /T = 6.9% from
Fig. 20(a). This is because the duty cycle in the experiment is

Fig. 19. Photograph of the LCT.

Fig. 20. Waveforms of ZVS in CCO mode and CVO mode: (a) waveform
of ZVS when the RL is 12 �; (b) waveform of ZVS when the RL is 6 �;
(c) waveform of ZVS when the RL is 24 �; and (d) waveform of ZVS when
the RL is 48 �.

Fig. 21. Experimental waveforms of the current in the coils: (a) current in
the primary coils when RL is 12 � and (b) current in the secondary coils
when RL is 12 �.

larger than the design value. When the duty cycle is 55%, the
Dzvs will be 7.3%, which is very close to the design value 8%.

In addition, as shown in Fig. 20(b) and (c), when the RL is 6
(CCO) or 24 � (CVO), the Dzvs and the amplitude of UDS(t)
will be increased, which is in accord with the discussion of
Fig. 13(a).

Fig. 21(a) and (b) gives the waveforms of the currents in
the primary and secondary coils with the output voltage as a
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Fig. 22. Experimental waveforms of the output voltage UBAT and output
current IBAT: (a) CCO mode with the load RL changes from 10–5–10 � and
(b) CVO mode with the load RL changes from 15–30–15 �.

Fig. 23. Experimental waveforms of the ac output voltage and ac output
current when the load RL is: (a) 5 �; (b) 10 �; (c) 15 �; and (d) 30 �.

reference when the equivalent load is set as 12 �. As shown
in Fig. 21(a), the rms values of currents in the Lp1 and Lp2
are 4.7 and 4.6 A, respectively. And the rms values of currents
in Ls1 and Ls2 are 5.8 A and 398 mA, respectively, as shown
in Fig. 21(b). As discussed in Section III, when the RL is
12 �, the output of the circuit in Fig. 8(b) should be 0.
The experimental waveform is consistent with the theoretical
analysis.

Fig. 22(a) shows the waveforms of output voltage UBAT
and output current IBAT in CCO mode. Obviously, when the
load changes from 10 to 5 �, IBAT will change from 6.02 to
6.45 A, and UBAT will change from 60.41 to 32.25 V. The
variation of output current is less than 8%, and the output
current could be maintained at 6 A, which proves that the
proposed single-switch WPT circuit has the characteristic of
load-independent CCO. The characteristic of load-independent
CVO could be verified in Fig. 22(b); when the load changed
from 15 to 30 �, the output voltage could be maintained
at approximately 72 V. And the corresponding ac waveforms
are shown in Fig. 23. The current values marked in Fig. 23
are rms values. And the voltage values marked in Fig. 23 are
maximum values.

The whole charging process is shown in Fig. 24, and the
lines in Fig. 24 are simulation waveforms obtained by the
SABER simulation software. And the rhombi is measured data
obtained by the experiment. Different from the conventional

Fig. 24. Output parameters from experimental date and simulation waves
versus the equivalent battery load.

Fig. 25. Experimental waveforms of the output voltage UBAT and output
current IBAT, when the load RL changes from 5–12–30 �.

Fig. 26. Measured efficiency versus the equivalent battery load.

CCO–CVO charging process, there is a transition process in
the whole charging process, which is caused by the discon-
tinuous current in the rectifier of the circuit in Fig. 8(b).
The transition process could ensure the smooth switching
between CCO mode and CVO mode. When the charging
mode switching is realized by changing the frequency or the
structure of the circuit, there is usually a shift in the output
voltage and current, which may cause some impact on the
battery.

The dynamic process of the charging mode change is shown
in Fig. 25; when the load RL changes from 5–12–30 �, the
circuit will first change from CCO to the transition process,
and then from transition process to CVO. And the whole
process is automatic without any control.

The efficiency curve in the whole charging process is shown
in Fig. 26. The efficiency is calculated by the dc input
power and dc output power, and then processed by MAT-
LAB. The maximum efficiency is 90.2%, and the maximum
output power is about 374 W, when the equivalent load is
approximately 12 �.

The power loss breakdown in Fig. 27 is calculated by the
measured parameters when the output power is 374 W. During
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Fig. 27. Power loss breakdown among circuit components at RL of 12 �.

Fig. 28. Variation of the parameters of the LCT when the misalignment of
coils occurs: (a) DD coils and (b) unipolar coils.

the experiment, the rms value of the current in each part can
be measured by the current probe. And the equivalent series
resistance (ESR) of passive devices used in this article could
be measured by LCR meter. The power loss of MOSFET
in this article is mainly the conducting resistance due to the
waveform on the MOSFET. The conducting resistance Rdson
of the MOSFEET in this article is 80 m�. And the rms value
of the conducting current is 6.6 A. The power loss of the
MOSFET is calculated as 3.48 W. The forward voltage drop
of the rectifier diodes is 0.5 V. And the rms value of ON-state is
5.58 A. The power loss of the rectifier diodes is about 5.58 W.
All the ac resistances of inductors used in this article measured
by LCR meter are 100 m�. The rms values of the currents
in L1, L2, and LX are 4.7, 5.29, and 5.4 A, respectively. The
power loss of the LCT is measured at 18.69 W. The power loss
of the transmitting coils is higher due to there being currents
in both the two transmitting coils, as shown in Fig. 21. Finally,
the power loss of the others is calculated by the overall power
loss and the power loss calculated before.

The DDQ coils adopted in this article have some mis-
alignment tolerance in the x-axis, as shown in Fig. 6(b).
The variation of the parameters of the LCT is shown in
Fig. 28 when the misalignment of coils occurs. As shown in
Fig. 28, the misalignment of the coils nearly does not cause

Fig. 29. Influence of the misalignment on the output.

the variation of the self-inductance of coils. However, the
mutual inductances M12 and M34 will decrease a little when
the misalignment of the coils occurs. In order to illustrate the
influence of the misalignment on the output, the output current
and output voltage when the misalignment of coils occurs are
shown in Fig. 29. In this article, when the misalignment in
the x-axis occurs, the output current in CCO mode and output
voltage in CVO mode are still load-independent. Therefore,
the values in Fig. 29 are the current values in CCO mode
and voltage values in CVO mode measured in experiments.
As shown in Fig. 29, as the increase of misalignment, the out-
put current will increase and the output voltage will decrease.
However, the variation of outputs is not obvious when the
misalignment of coils occurs. In addition, in order to further
improve the misalignment tolerance of the proposed circuit,
the coil structure discussed in [30] and [31] could also be
adopted in this article.

VI. CONCLUSION

This article proposes a single-switch WPT circuit with
inherent CCO–CVO to realize load-independent output with-
out the control circuit and wireless communication. The
automatic transition from CCO to CVO could be realized.
Different from the conventional full-bridge WPT converter,
single-switch WPT circuit could avoid the shoot-through
problem, which improves the reliability and decreases the
cost of the system. The compensation design could enable
primary-side protection of over current against the accidental
removal of the secondary side. There is no inductor in the
secondary circuit, which reduces the volume and weight of
the secondary circuit. The transfer gain of the proposed circuit
does not rely on the transformer parameters, which improves
the design freedom of an LCT. A prototype with 6-A load-
independent current and 72-V load-independent voltage is
built. The ZVS could be realized in the whole charging process
in this study. And the load-independent CCO and CVO have
been verified in the experiment. The maximum efficiency of
the proposed circuit could reach 90.2%. This design can be
applied to various low-power or medium-power and low-cost
wireless charging occasions.
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