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Abstract—In the applications of wireless power transfer for
mobile devices, the pick-up of the wireless power transfer system
often needs to be moved in and moved out. A sudden change in
the system structure will cause high transient voltages or currents,
which could damage the power electronic device of the capacitive
power transfer (CPT). In addition, the standby power of the system
will be too high to work after removing the pick-up. A CPT system
with double T-type resonant networks has been proposed to address
these problems. The steady-state models of the system without the
pick-up and normal state conditions of it are established. The rela-
tionships between the resonant network parameters are analyzed,
and a systematic circuit parameter design method is provided. The
proposed CPT topology and the parameter design method have
been verified by simulation and experiment. The system not only
achieved self-protection under severe load change but also entered
standby mode automatically after the pick-up was moved out.
Besides, the system is restored to the normal state condition when
the pick-up is moved in without additional detection and control
circuitry.

Index Terms—Capacitive power transfer (CPT), double T-type
resonant network, mobile device, wireless power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) technology utilizes
a magnetic field, electric field, laser, microwave, and

another medium to deliver electric power from the power source
to electrical equipment without direct electrical contacts [1]–[3].
It eliminates the need for a direct conductor connection and has
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the advantages of convenience, flexibility, safety, and reliability
[4]–[6]. With the increasing demand for wireless power supplies,
it has attracted the broad attention of researchers in the world.

To realize WPT, there are two most pervasive methods, the
inductive power transfer (IPT) and the capacitive power transfer
(CPT). The IPT technology has developed for many years with
lots of research achievements [7]–[10]. Compared with IPT,
CPT is a relatively new WPT technology based on electric field
coupling [11]–[13]. It provides advantageous features, such as
light, thin, low-cost coupling structures, flexibility in coupling
structure design, the ability to transfer power across metal bar-
riers, and low eddy-current losses in the surrounding metallic
objects [14]–[17]. CPT technology has been investigated in
many fields with a wide range of power levels from several
milliwatts to kilowatts. It has been applied both in low-power
applications such as implanted biomedical devices, consumer
electronics [18], [19] and in high-power applications such as
electric vehicles charging [20]–[22].

In the application of the CPT technology, such as charging
for portable electronic devices (e.g., mobile phone, iPad, laptop)
and unmanned aerial vehicle, or supply for kitchen and house-
hold appliances, the pick-up of the CPT system (i.e., the load,
the secondary side coupling plates, and the power conditioner
circuit) often needs to be moved in and moved out. In this
process, over-voltage and over-current are not allowed. Once the
current and voltage of the primary inverter of the system vary
dramatically, the high transient process associated may damage
the semiconductor switches. Meanwhile, ideally, the system
should work in standby mode automatically after the pick-up
is removed for economical and reliable operation, which makes
the system consume little power after the pick-up is removed.
And the system restores to deliver the required power to the load
effectively when the pick-up is moved in.

There were few relevant studies nowadays focused on the
above problems. The conventional series inductor compensation
method for CPT systems is simple and popular [13], [14]. But
the inductor current will be interrupted when the branch circuit
of the inductor is open suddenly, so the high voltage spikes will
occur when the pick-up is removed, which can cause undesirable
transient and electrical hazards. A CPT system based on a Z-
impedance compensation network is proposed to address the
high voltage spikes issue related to the compensation inductor
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[23]. However, the current of the inverter increases dramatically
after the sudden removal of secondary plates due to the input
impedance decreases sharply, existing the risk of destroying the
semiconductor switches of the inverter.

Although some CPT systems do not use the series inductor
compensation [20], [22], these systems consume much power
(high no-load losses) after the pick-up is removed, which cannot
automatically enter standby mode if there is no additional detec-
tion and control circuit. Besides, these compensation topologies
require extra reactive components on the secondary side, which
will increase the volume and weight of the pick-up, especially in
mobile devices application. In this case, the CPT system must be
designed to eliminate the impact voltage and current to protect
the circuit when the pick-up is removed.

To solve the above problems, add the current detection module
to protect the circuit is an effective solution, but it also fur-
ther increases the complexity of the system. In addition, over-
shoot may make the measuring circuit invalid and damage the
electronic equipment. This article proposed a CPT system with a
double T-type resonant network and a parameter design method.
The proposed system does not generate high over-currents and
over-voltages when the pick-up is removed. At the same time,
this system can automatically enter standby mode with low
power loss when the pick-up is removed, and the system could
restore to the normal state condition when the pick-up is moved
in. It should be noted that all of the above features can be
implemented using the proposed topology without adopting any
extra detection and control method, which simplifies the circuit
and controller design greatly.

It should be noted that the movement speed of the pick-up
depends on the practical applications, the pick-up movement
should be fast or slow is decided by the periodic time of the CPT
system. To avoid misunderstanding, two statements are defined
in this article: the behavior of the pick-up moving slowly is
called “move in” and “move out” and the behavior of the pick-up
moving quickly is named “switch ON” and “switch OFF.”

This article is organized as follows. Section II describes
the topology of the proposed CPT system and analyzes
the characteristics of T-CLC and T-LCL resonant networks.
Section III presents the mathematical models of the system
under no-pick-up and normal conditions; the relationships of the
resonant network components are derived. Section IV provides
the parameter design method of the system. Section V validates
the feasibility and validity of the proposed CPT system and
its parameter design method with MATLAB simulation and
experimental. Finally, Section VI is the conclusion.

II. CPT SYSTEM WITH DOUBLE T-TYPE RESONANT NETWORK

The proposed CPT topology together with the input inverter
and output rectifier is illustrated in Fig. 1. Cs1 and Cs2 are the
coupling capacitor, the three resonant inductors (L1, L2, and
L3), together with the two resonant capacitors (C1, C2), form
the resonant network of the proposed CPT system. The primary
transmitting side is made up of two primary transmitting plates,
the resonant network, a full-bridge inverter composed of four
power MOSFETs S1–S4, and a dc power source Edc. The two

Fig. 1. Schematic for CPT by electric field resonance approach.

Fig. 2. Equivalent circuit of the proposed CPT.

receiving plates, together with a full-bridge rectifier with diodes
D1, D2, D3, and D4 followed by a resistor RL are adopted as
the secondary receiving side. It should be noted that there is no
compensation component on the secondary side of the proposed
CPT system, which is helpful to minimize the volume, weight,
and cost of the pick-up for a CPT system.

In this article, the cross-coupling capacitance in the coupling
structure is much lower than the value of Cs1 and Cs2. For
simplicity, the cross-coupling capacitance is ignored, the same
way has been adopted in [20]. Thus, the coupling capacitance
could be equivalent to two capacitances Cs1 and Cs2.

In Fig. 1, the current is the same on Cs1 and Cs2 because it
is in series. They are equivalent to one capacitor Cs with the
series-connected value of Cs1 and Cs2, the equivalent circuit for
Fig. 1 is obtained and shown in Fig. 2. Req is the effective ac
resistance presented by the rectifier and the load, the equivalent
ac resistance can be modeled as Req= 8RL/π

2. Assume that
all the switches and the input voltage source are ideal, then the
output of the inverter is equivalent to a pulse voltage source uin.
It can be seen from Fig. 2 that L1, L2, and C1 form a T-type
LCL resonant network while C2, Cs, and L3 form a T-type CLC
resonant network. Therefore, the proposed CPT system has a
double T-type resonant network.

The input impedance of the T-CLC resonant network can be
obtained as

Zin1 =
1− ωn1

2 − ωn1
2
/
λ1 + jωn1

(
1− ωn1

2
)/

Q1

jωn1ω01C2

(
1− ωn1

2
/
λ1 + jωn1/Q1

) (1)

where ω01, ωn1, Q1, and λ1 denote the resonant angular fre-
quency, the ratio of angular frequency, load quality factor, and
the ratio of capacitors, respectively. And⎧⎪⎪⎨

⎪⎪⎩
ω01 = 1

/√
L3C2

ωn1 = ω1/ω01

Q1 = 1/(ω01CsReq)
λ1 = C2/Cs

(2)
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whereω1 is the operating angular frequency of the resonant tank.
At the natural oscillation frequency corresponding to ωn1 = 1,
substituting it into (1) yields

Zin1 =
Q1

ω1C2λ1 + jω1C2Q1 (1− λ1)
. (3)

When λ1 = 1, (3) can be reduced as

Zin1 =
Q1

ω1C2
=

1

(ω1C2)
2Req

. (4)

From (4), it can be seen that the T-CLC resonant network
operates at zero phase angle and the unity power factor is
achieved when the normalized angular frequency ωn1 and the
ratio of the capacitor λ1 are equal to one, simultaneously.
Besides, the input impedance of the resonant tank is inversely
proportional to the load resistance, providing impedance trans-
formation downwards or upwards in terms of the value of Req.

Similarly, L1 and C1 form a resonant circuit at resonant
angular frequency ω02, so the input impedance of T-LCL res-
onant network can be obtained as

Zin2 =
Zin1

(
1− ωn2

2
)
+ jωn2ω02L2

(
1− ωn2

2 + λ2

)
1− ωn2

2
/
λ2 + jωn2

2
/
(Q2λ2)

.

(5)
Here, λ2 is designed as the ratio of L2 to L1, when ωn2 = 1,

λ2 = 1, (5) can be reduced as

Zin2 = ω2L1Q2=
(ω2L1)

2

Zin1
(6)

where Zin2, ω2, ω02, ωn2, and Q2 denote the input impedance
of the T-LCL network, operating angular frequency, resonant
angular frequency, the ratio of angular frequency, and load
quality factor, respectively.

For the proposed double T-type resonant network, as shown
in Fig. 2, the load resistance is equalized as a high impedance
(Zin1) transformed by the T-CLC resonant network, then Zin1

can be equivalent to the low impedance (Zin2) by using T-LCL,
which is beneficial to improved output power.

III. MODELING AND ANALYSIS

To simplify the steady-state analysis, the fundamental har-
monic approximation (FHA) method has adopted. Based on the
Fourier trigonometric series formula, the output voltage of the
full-bridge inverter can be expressed as

uin (t) =
4Edc

π

(
sinωt+ 1

3 sin 3ωt+
1
5 sin 5ωt

+ · · ·+ 1
n sinnωt

)
(7)

where Edc is the amplitude of the output voltage of the inverter
and ω is the operating angular frequency of the proposed CPT
system

uin_fd (t) =
4Edc

π
sin (ωt) (8)

where uin_fd represents the fundamental component of uin.

A. Steady-State Equivalent Circuit of the System With Pick-up

It is obvious that ω1 = ω2 = ω according to the equivalent
circuit of the proposed CPT system shown in Fig. 2. Therefore,

Fig. 3. Steady state equivalent circuit of the proposed CPT system with the
pick-up.

the steady-state equivalent circuit of the proposed CPT system
with load can be simplified as Fig. 3 based on (4). It should be
noted that the steady-state equivalent circuit of the CPT system
with load is identical whether the pick-up is moved in or switched
ON.

Substituting (4) into (6) yields

Zin2 =
(
ω1

2L1C2

)2
Req. (9)

Assuming

L1 = kL3 (10)

where k denotes the ratio of L1 and L3. Then, (9) can be
expressed as

Zin2 = k2Req. (11)

In order to simplify the analysis, the resistance of each ele-
ment and wire has been ignored in this article. Therefore, the
transferred power can be expressed as

P =
1

k2Req
U2
in=

1

k2RL
E2

dc. (12)

So, the output voltage can be calculated as

Ueq =
4√
2πk

Edc. (13)

B. Steady-State Equivalent Circuit of the System With No
Pick-Up

When the pick-up is moved out or switched OFF, the steady-
state equivalent circuit of the proposed CPT system with no
pick-up is shown as Fig. 4. From (2), L3 resonates with C2 at ω,
thus Fig. 4 can be simplified as the equivalent circuit of Fig. 5.

It can be obtained from (6) that the input impedance of
the proposed CPT system approaches infinity after the load is
removed or switched OFF

Zin2 = Rinf (14)

where Rinf represents the resistor equals infinity
The proposed CPT system can be transformed to a sinusoidal

voltage source in series with a resistor when the pick-up is moved
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Fig. 4. Steady state equivalent circuit of the proposed CPT system with no
pick-up.

Fig. 5. Simplified equivalent circuit of the proposed CPT system with no
pick-up.

in or switched ON and equals to open-circuit when the load is
moved out or switched OFF. Therefore, the proposed CPT system
could work at a standby state when the pick-up is removed or
switched OFF and deliver power when the pick-up is returned
to the system without extra additional detection and control
circuits.

C. Transient Process During Switching or Moving of the
Pick-Up

The proposed CPT system will transit from one steady-state
to another when the pick-up is switched ON or switched OFF. The
transient response could be analyzed by building the complex
frequency domain (Z domain) model. The equivalent circuit of
the proposed system in the complex frequency domain when the
pick-up is switching OFF is shown in Fig. 6, and the solid line
represents a state after switching.

According to the equivalent circuit, the equations can be
expressed as (15) as shown at the bottom of next page.

The image function of current and voltage can be derived by
(15), then the time-domain solution can be calculated as (16) as
shown at the bottom of next page.

Since the system is an alternating circuit in a steady-state, the
selection of the initial value will affect the difference of transient
response. The maximum amplitude of i1 is selected as the initial
time, where the parameters of the system are shown in Table I
listed in Section V. The transient response of i1 and UL3 when
the pick-up is switching ON as shown in Fig. 7, the enlarged
image is also provided. It can be seen from Fig. 7 that no current
spikes are being generated during the pick-up switching process,
the small overvoltage has produced when the pick-up is switched
OFF, and the overshoot is less than 5%. Meanwhile, the current
of i1 reduces to approximately zero quickly when the pick-up is
switched OFF, the switching time is around 0.3 ms.

When the pick-up moving is slow, due to the time scale of a
physical movement is significantly larger than the periodic time
of the CPT system, the process of the pick-up moving can be

TABLE I
SYSTEM PARAMETERS

equivalent to the variation of the equivalent coupling capacitance
Cs. Therefore, when the resistance of each element and wire has
been ignored, the current I1 and voltage UL3 can be derived by

I1 =

∣∣∣∣ jωC1Cs

kC2 + kCs(ωC2Req − 1)
Uin

∣∣∣∣
UL3 =

∣∣∣∣ ωCsReq − j

kωCsReq + j(kω2L3Cs − k)
Uin

∣∣∣∣. (17)

Fig. 8 shows the relationship between the input impedance
of the proposed CPT system and the equivalent coupling
capacitance Cs, where the parameters of the resonant network
are the same as those of Table I listed in Section V. It can
be seen from Fig. 8 that the input impedance of the proposed
CPT system is minimum when the pick-up is fully coupled,
and it approaches infinity when the pick-up is removed, which
agree well with the aforementioned analysis. Moreover, the input
impedance of the proposed CPT system increases gradually with
the decreasing of Cs and is greater than its minimum value.
Meanwhile, Fig. 8 also shows that the relationship between cur-
rent amplitude and coupling capacitance, the current amplitude
of i1 and i3 increases gradually with the increasing of Cs, there
is no over-current with increasing of Cs. Therefore, there is no
overshoot or unstable condition that will be generated during the
transient process of load moving. It needs to be explained that
the transient process of load switching will be analyzed by Fig. 9
that shows the amplitude-frequency curve and phase-frequency
curve. Before pick-up is removed, that is, when the value of
coupling capacitance is 0. The impedance of the system reaches
a minimal value at the working frequency and the phase to be
zero, which is beneficial for power transmission. According to
Fig. 9 (Cs = 500 pF), the input impedance of the resonance
network gets the maximum value at the working frequency
of the system after the pick-up is removed. At this point, the
output current of the inverter is nearly zero, and the system
satisfies low standby power loss. In fact, the process of the load
removing can be equivalent to the process of Cs decreasing,
and the amplitude–frequency curve during the pick-up removing
(Cs = 250 pF) is also shown in Fig. 9.

D. Selection of k

According to (10), k represents the ratio of L1 and L3. Based
on (2), Fig. 2 can be transformed into different equivalent circuit
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models in terms of the value of k. Fig. 10 is the equivalent
circuit of the proposed CPT system when k < 1, k = 1, and
k > 1. Thus, the equivalent capacitive–reactance XCeq and the
equivalent inductance–reactance XLeq are given by

XCeq
=

XC2

1− k
, k < 1 (18)

XLeq
= (k − 1)XL3

, k > 1. (19)

It is known from (2) that L3 resonates with Cs. The effective
capacitance of capacitive coupler is in the order of a few hundred
picofarad for many CPT systems, and the CPT system generally
operates at several hundreds of kilohertz to megahertz. There-
fore, the value of L3 is usually up to hundreds of microhenries
[13], [20], [24]. If k < 1, then L1 < L3. It is beneficial to reduce
the volume and loss of the inductor, and the power transfer
capability of the CPT system is also enhanced. Moreover, L2

and C2 in Fig. 2 can be replaced by Ceq in Fig. 10, when k
< 1, both the volume and order of the system are reduced with
respect to the original CPT system, and only two compensation
inductors are needed, but it should be noted that the waveform
of i2 would be affected by the high-order harmonic when using
a Ceq. When k > 1, L2 and C2 in Fig. 2 can be replaced by
Leq. L2 resonates with C2 if k = 1, L2 and C2 can be replaced
by a conducting wire (short circuit). In this case, the proposed
CPT system is equivalent to the composition of two identical
inductors (L1, L3) and two identical capacitors (C1, Cs), and
compute of the proposed CPT system is equivalent to the order
of fifth (Cs = Cs1Cs2/(Cs1+Cs2)).

Combining Figs. 3 and 10, the proposed CPT system provides
impedance transformation downwards or upwards in terms of the
value of k. From (12) and (13), the output voltage of the system
is independent of the load resistance, thus, the system has the
characteristic of constant voltage output, and the voltage gain
of k was obtained. The designers can select proper k, according
to the condition of load, to produce the desired output power at
the specified supply voltage and operating frequency. There is
no optimal solution for this case, but a compromise. In most

applications, k ≤ 1 is recommended according to the above
analysis. Here, in this article, the value of k is 0.5. Once we
have k value, L1, L2, and C2 can be designed based on the k
value selection.

IV. PARAMETER DESIGN METHOD

In the theoretical analysis, the FHA method is used to es-
tablished the ac impedance model and analyze circuit topology
[5], [10], [20], [23]. But in simulation, the full-bridge inverter is
considered, and dc voltage is transformed into a high-frequency
square-wave, so higher harmonics are carried into the system,
and the system cannot be analyzed by the FHA method. Taking
use of total harmonics distortion (THD), that is the percentage of
fundamental wave and high-order harmonics to judge whether
the output current is a quasi-sine wave or not. Therefore, the
filtering performance should be evaluated through the THD of
the input current i1 [7]. Here, THD is defined as

THD =

√
∞∑

n=3,5,7...
In

2

I1
× 100% (20)

where I1 and In represent the rms value of the fundamental
component and the odd harmonics of the input current i1,
respectively.

According to the above analysis, a system parameters design
procedure for the proposed CPT system is provided as Fig. 11.
All the resonant network component’s relationships are stated
with the system parameters design flow chart. Generally, the
initial value of operating frequency f is set based on experience,
the value of Edc and the initial value of Cs are specified according
to the restrictions of application fields, and the value of RL is
determined by the requirement of the load. The k value of the
system is around 0.5. The parameters of the L1, L3, and C2 can
be calculated using (10) and (2), L1 and C1 form a resonant
circuit at angular frequency ω.

{
I1(s)(sL1 +R1 +

1
sC1

)− I2(s)
1

sC1
= U(s) + L1i1(0−)− u1(0−)

s

−I1(s)
1

sC1
+ I2(s)(sL2 +R2 +

1
sC2

+ sL3 +
1

sC1
) = L2i2(0−)− u2(0−)

s + L3i3(0−) + u1(0−)
s

(15)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

i1(t) = L−1[I1(s)]

= L−1

⎡
⎢⎢⎣

((L2 + L3)(L1i1(0−) + Us)C1C2s
3 + ((L1i1(0−) + Us)(R2 +R3)− (L2 + L3)U1(0−))C1C2s

2

+((−C1U1(0−)(R2 +R3) + L1i1(0−) + L2i2(0−) + L3i3(0−) + Us)C2 + (L1i1(0−) + Us)C1)s
−C1U1(0−)− C2U2(0−))/(1 + (L2 + L3)L1C1C2s

4 + (L1(R2 +R3) + (L2 + L3)R1)C1C2s
3

+(C1R1(R2 +R3) + L1 + L2 + L3))

⎤
⎥⎥⎦

uL3(t) = L−1[I2(s)(sL3 +R3)− L3i2(0−)]

= L−1

⎡
⎢⎢⎢⎢⎣

((L2i2(0−) + L3i3(0−))L1C1C2s
3 + (R1(L2i2(0−) + L3i3(0−))+

L1(u1(0−)− u2(0−)))C1C2s
2 + (R1C1(u1(0−)− u2(0−)) + L1i1(0−)+

L2i2(0−) + L3i3(0−) + Us)C2s− C2u2(0−))/(1 + (L2 + L3)L1C1C2s
4+

(L1(R2 +R3) + (L2 + L3))C1C2R1s
3 + (C1C2R1R2 + C1C2R1R3 + L1C1+

L2C2 + L3C2)s
2 + (C1R1 + C2R1 + C2R2 + C3R3)s)

⎤
⎥⎥⎥⎥⎦

(16)
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Fig. 6. Equivalent circuit of the proposed system in complex frequency domain when the pick-up is switched OFF.

Fig. 7. Transient process of i1 and UL3 when the pick-up is switched OFF.

Fig. 8. Input impedance of the CPT system versus Cs and current amplitude
Im.

It should be noted that the THD of the input current i1
has a marked impact on the power transfer capability of the
proposed CPT system, the threshold of the THD should be set
as a low value to transfer more power. The system operating
frequency f can be adjusted properly if the THD of the input
current i1 is greater than the threshold. The threshold of THD
is set below 0.5%, and the initial value of f is set as 500 kHz,
reducing frequency properly could obtain the lower THD, so the
frequency is selected as 495 kHz.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

To verify the validity of the proposed CPT system and its pa-
rameter design method, the simulation model is built in LT-spice.

Fig. 9. Relationship between impedance-phase and frequency.

Fig. 10. Equivalent circuit model of the CPT system when k < 1, k = 1, and
k > 1.

The RL value is 30 Ω, the Edc value is 20 V, the k value is 0.5.
According to the parameter design method, system parameters
for simulations are listed in Table I. Although the inductance
is large, the frequency of the system is selected as 495 kHz,
which is helpful to reduce electromagnetic interference at a
lower frequency, and the volume of the inductor can be reduced
by ferrite.

The simulated waveforms of the output voltage and current
of the inverter are illustrated in Fig. 12, the THD of the current
i1 is 0.36%. It needs to be emphasized that the inductor L1 is
slightly larger than L2 to achieve zero voltage switching (ZVS)
for the inverter [5], [13], [23]. It can be seen from Fig. 12 that
the ZVS operation is achieved because the current lagged the
output voltage of the inverter slightly into the resonant tank. The
simulation waveforms of i1 and uL3 are similar to the calculated
results, as shown in Fig. 7.
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Fig. 11. Flowchart of the system parameters design.

Fig. 12. Simulated waveforms of the output voltage and current of the inverter.

B. Experimental Results

In order to study the practical effect of switching ON and OFF

the pick-up, as well as that of pick-up moving. A CPT prototype
is built based on the theoretical analysis and simulation research
in the previous sections. After verification, experimental results
are basically consistent with theoretical analysis, and it is proved
that the simplified mode of coupling structure is reasonable. The
photograph of the prototype is shown in Fig. 13, the experimental
parameters as shown in Table I. To increase the value of coupling
capacitance, the coupling plates are tightly coupled, and just
separated by the electrical tape, the distance of the two plates
is about 0.2 mm. In order to reduce the volume of the inductor,
the Litz wire is wrapped around the outside of the blue shell,
and the ferrite magnetic cores are placed in the blue shell.
The switching devices used in the inverter and rectifier are the
STP30NF20 MOSFETs and the HFA08TB60 diodes, respectively.

Fig. 13. Prototype of the proposed CPT system.

Fig. 14. Experimental waveforms of the uin and i1 of the inverter.

Fig. 15. Experimental transient response of the uin and i1 when the pick-up
move in and move out.

High-frequency ceramic capacitors are used as the resonant ca-
pacitors (CCG81-1U/500pF/8kV and CCG81-2U/1000pF/7kV)
and the resonant inductors are wound with an air core.

Fig. 14 shows the experimental waveforms of the output
voltage and current of the inverter, the input current lags the
voltage to achieve zero voltage switching (ZVS), the waveforms
are similar to the simulation results shown in Fig. 10. Fig. 15
gives the experimental transient response of the inverter output
voltage and current for pick-up moving. The amplitude of the
inverter output voltage is almost constant. The current of the
inverter reduces approximately tozero (less than 0.01 A) without
any current spikes after pick-up is removed, so the input power
Pin will decrease gradually with the decrease of Cs, and the
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Fig. 16. Experimental transient response of the uin and i1 when the pick-up
is switched OFF and ON.

current will quickly increase to its rated value after pick-up is
moved in. The proposed CPT system operates at the standby state
after pick-up is removed, and restores to deliver power after the
pick-up is moved in. The semiconductor switches of the inverter
are well protected from overcurrent and overvoltage all the time.
It should be explained that the physical movement of the load is
carried out manually by moving the whole power pick-up with
respect to the primary transmitter. The overcurrent of i1 is caused
by the coupling change during the pick-up moving process,
thus the experimental results of each operation are slightly
different due to the incontinency in the manual movement. In
the simulation part, the transition between switch ON and OFF

is around 4 ms, it can be observed that the change of switch
process more clearly. However, the transition between switch ON

and OFF can not be reached in a small time at the experimental
conditions.

Fig. 16 shows the experimental transient response of the
inverter output voltage and current for load switching. The
operation of pick-up switching is achieved by just connecting
and disconnecting the load resistor (RL) by a semiconductor
switch at the dc side before the filtering capacitor, the same as
removed pick-up. The experimental result of pick-up switching
follows the same trends as that of physical load movement,
indicating that the proposed CPT system can work well in both
situations, and the response time of the pick-up switching is short
than physical movement. From Fig. 14, the current of i1 reduces
to approximately zero quickly when the pick-up is switched OFF,
the system achieves low standby loss without any control.

Fig. 17 illustrates the experimental transient response of the
voltage across the inductor (L3) for load switching. It can be seen
from Fig. 17 that no voltage spikes are being generated during
the pick-up switching process. Especially, the voltage across the
coupling plates becomes zero after the pick-up is switched OFF.

When the proposed CPT system works in the condition with
30 Ω, the input dc voltage was 20 V and the input dc was
measured to be 1.63 A. The dc output voltage was 28.8 V,
yielding an output power of 27.4 W. The system efficiency under
different load resistance (10–100 Ω) is shown in Fig. 18. The
efficiency increases with the increase of the load resistance and
then dropped slightly. The system efficiency could be over 84%
in the range of 30 to 100 Ω. And the system efficiency decreases

Fig. 17. Experimental transient response of the inductor (L3) voltage when
the pick-up is switched OFF and ON.

Fig. 18. Curve of load resistance RL and efficiency η.

when the resistance is less than 30Ω, which is due to the increase
of system loss. The input power is lower than 0.25 W after the
pick-up is removed or switched OFF. The proposed CPT system
could deliver the required power stably and effectively when
the pick-up is coupled or switched ON and work at a standby
state after the pick-up is removed or switched OFF without any
additional detection and control circuitry. It should be noted that
the voltage of C2 will overshoot when the pick-up is removed,
but the amplitude of UC2 is far less than the UC1 in the work
state. The amplitude of UC2 is just about 500 V even if the
overshoot has occurred, the voltage is still much smaller than
the rated voltage and which is within an acceptable range.

According the experiment result, the stress voltage of uL3

is about 0.8 kV, therefore, the stress voltage in uL3 should be
analyzed with the output power. The stress voltage of uL3 can
be derived by

UL3m =
√
2P ·

√
Req +

ω2L1
2

k2Req
. (21)

The curve of output power and the stress voltage can be
obtained by formula (21), as shown in Fig. 19. The slope of the
curve decreases with increasing output power, the stress voltage
in uL3 is controlled and it will not be over the acceptable range.

The loss distribution of the proposed system is depicted in
Fig. 20. The power loss in the compensation inductors, capaci-
tors, MOSFETs, and diodes can be calculated according to [25].
The purpose of the experiment is to validate the characteristic of
the topology and correctness of the parameter design method.
In the experiment, the efficiency of the system is only 84% due
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TABLE II
COMPARISONS WITH OTHER COMPENSATION TOPOLOGIES

Fig. 19. Output power P versus the stress voltage uL3m.

Fig. 20. Power loss distribution of the proposed system components.V.

to the loss of inverter and rectifier is in large proportion, and the
high-performance electric device (SiC diode) is not applied in
the rectifier, which results in low efficiency. The ratio of losses
with L2 and C2 is not shown in the figure because the losses
are small. Future research will focus on system optimization to
minimize losses and increase efficiency.

C. Comparison With Other Compensation Topologies

Many topologies have been proposed in previous studies. The
proposed system has been compared with other topologies in
the number of external components, efficiency, and transient
standby performances, respectively. The comparison results are
shown in Table II. In Table II, compared to those usually used
topology, the proposed topology has better transient standby
performance. And there have no compensation components on

the load side, which is helpful to minimize the volume and
weight of the load side in practical applications.

VI. CONCLUSION

This rticle proposed a CPT system with a double T-type reso-
nant network for mobile device charging/supply. The equivalent
impedance equations were derived when no there is no pick-up
and normal condition. The transient process of the system is
analyzed. A system parameter design method is presented based
on analysis of the T-CLC and T-LCL resonant networks. At last,
a CPT system is designed and the analytical results are verified
by both simulation and experiment.

The advantages of the proposed CPT system are as follows.
First, the circuit components and the semiconductor switches
in the inverter of the proposed CPT system are well protected.
Second, the system satisfies low standby power losses without
extra control circuits when the pick-up is removed or switched
OFF, and the system could restore the normal state condition
when the pick-up is moved in. Besides, the pick-up in the
topology has no compensation component, thus minimizing the
volume and weight of the pick-up, which is facilitating the
charging or power supply of the mobile device.
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