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Abstract—This article is to present the design, analysis, and
verification of a new hybrid wireless power transfer (HWPT)
system, which has a space-saving coupler structure. The key of
the design is to simplify the two coupling capacitor plates into
one single frame-shaped plate at each side. Then, the coupling
coil for inductive power transfer (IPT) is embedded into the metal
frame to form a compact hybrid coupler. Meanwhile, the coupling
polarity between the coils is specified to realize the superposition
of the inductive and capacitive coupling. As a result, the proposed
HWPT system can offer a good comprise of efficiency promotion
and a space-saving coupler structure simultaneously. To illustrate
the system working principles, the equivalent circuit model is first
derived. Then, a detailed analysis is conducted in terms of the
reflected impedance. Consequently, the mechanism of the efficiency
promotion can be clearly explained. Finally, a prototype is con-
structed with several experiments, which validate the effectiveness
of the proposed HWPT system. Results show that an efficiency
increase of 14% over the pure IPT is obtained at 35-cm distance.
Moreover, the effects of varying the resonant frequency are also
carried out to instruct the practical system design.

Index Terms—Capacitive power transfer (CPT), hybrid coupler,
hybrid power transfer, resonant frequency, wireless power transfer
(WPT).
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I. INTRODUCTION

IN RECENT years, wireless power transfer (WPT) tech-
nologies have been extensively used in various applications,

such as for charging electric vehicles (EVs) [1], [2], power
transmission line monitoring (PTLM) devices [3], [4], and so
on. In general, inductive power transfer (IPT) and capacitive
power transfer (CPT) are the two most pervasive methods to
realize WPT [5]. For IPT, it uses the magnetic field to deliver the
power wirelessly. For CPT, it employs the electric field to form
the power transfer channel. Currently, the IPT has been widely
studied for industrial and domestic scenarios, where the power
level ranges from several watts to tens of kilo watts [6]–[9]. The
CPT is also attracting more and more attention in recent years, as
it is more penetrative for metal barriers with the thinner, lighter,
and less costly couplers [11]–[14].

Actually, for both the IPT and CPT with a resonant structure,
the inductive and capacitive reactance exists simultaneously
and compensates each other. Essentially, when the resonance
occurs, a high frequency magnetic field and electric field will
be generated concurrently across the resonant inductor. Thus,
it is possible to combine both the inductive coupling and the
capacitive coupling to form a hybrid wireless power transfer
(HWPT) system [15]–[19]. As a result, such a hybrid system is
likely to have a stronger coupling ability, i.e., a larger reflected
impedance than the pure IPT system.

Prominently, the stronger coupling ability of the HWPT can
bring many advantages for WPT applications. For instance,
for EV charging applications, the coupling coil can be made
smaller since the extra capacitive coupling will compensate the
reduced inductive coupling. Consequently, the whole system
will be lighter, less costly, and more resistive to foreign metal
objects. For the PTLM applications with large transfer gaps [3],
[4], the power transfer efficiency (PTE) can be improved with
the same coil sizes. As a result, the power supply for outdoor
monitoring devices will be more robust. As investigated in [15],
the combination of the inductive and CPT will open a wide
choice for power management between the IPT and the CPT.

Several works have been investigated on the working prin-
ciples and performance of the HWPT system. First, a HWPT
structure with integrated coupling plates was proposed in [16].
Its topology is shown in Fig. 1(a). On one hand, the two plates
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Fig. 1. Previous hybrid WPT structures. (a) Hybrid structure using common
inductors and coupling plates. (b) Hybrid structure with an external resonator.

on the one side formed the resonant capacitor. On the other
hand, they also formed the coupling capacitor with the plates
on the other side. However, due to the separated placement of
the coil and the plates, extra area of one plate was needed at
each side. Then, in [17], the inductive and capacitive couplers
were further integrated into a single coupler. The way is to fold
the plates of aluminum sheets to increase its self-inductance.
However, the folded aluminum sheets formed a relatively large
volume. Besides, in [18], a general model was proposed for
a hybrid system, where various resonant topologies could be
chosen to resonate the system. Unfortunately, extra areas of
two plates were needed at each side. Furthermore, in [19], a
hybrid system for railway application was presented with an
analysis of its antimisalignment performance. The coupling
plates were placed above or below the coils to save the couplers’
horizontal size. Regrettably, the couplers’ vertical height was
increased. Additionally, in [20] and [21], a hybrid structure with
an extra resonant loop was presented. As shown in Fig. 1(b),
an external inductor with two coupling capacitors was added,
which forms an additional single series-resonant loop. However,
strictly speaking, the systems in [20] and [21] were not an induc-
tive and capacitive combined hybrid system. This is because the
IPT branch and the CPT branch were compensated separately
from each other.

According to the above review, one major drawback of the
existing HWPT systems is the increased coupler sizes due to
the two extra coupling plates at each side. The increased size,
in either horizontal or vertical direction, may result in more
difficulties for practical installation. Moreover, in [16]–[19], the
hybrid system is analyzed in terms of the superposed output
power. Regrettably, the analysis in terms of efficiency contri-
bution is still absent for the HWPT. In addition, the resonant

Fig. 2. Proposed hybrid coupler structure. (a) Single half exhibition. (b)
Overall system structure.

frequencies in these literatures are fixed at one certain value.
Nevertheless, the optimal resonant frequency (ORF) for the
HWPT may change with the transfer gap varying. Thus, the
ORF for the HWPT at various transfer gaps should be explored
to instruct the practical system design.

In this article, a new HWPT system is proposed, which is
capable to provide a good comprise of efficiency promotion and
a compact coupler structure. Fig. 2 shows the system structure,
where an inner coil and outer frame coupler structure is adopted
to form the inductive and capacitive combined coupling. Actu-
ally, the key is to establish an effective capacitive coupling loop
with only one pair of frame-shaped metal frames. First, the de-
sign procedure of proposed HWPT system is introduced. Then,
the system performance is analyzed in terms of the reflected
impedance to clarify the function of each coupling. After that,
the resonant frequency is optimized for various transfer gaps.
As a result, the transmitter can adapt to receivers with different
sizes and transfer gaps. Finally, experiments are carried out to
verify the effectiveness of proposed HWPT system. Addition-
ally, a detailed comparison with the previous designs is given in
Table III in the Appendix.

II. DESIGN PROCEDURE OF THE PROPOSED HYBRID

WPT SYSTEM

The proposed hybrid coupler is shown in Fig. 2(a), where the
coupling coil is embedded inside a metal frame. The inner coil is
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used to establish both the inductive coupling and the resonance
with the lumped compensated capacitor. The outer thin metal
frame is connected to the high voltage resonant node of the coil.
Then, the two parallel frames form a supplementary capacitive
route to further promote the coupling. Essentially, the proposed
hybrid coupler can fully use both the magnetic field and the
electric field. Thus, by using this coupler structure, the proposed
HWPT system is more likely to achieve a good balance between
a high PTE and lightweight with low cost.

The system design procedure includes three steps. First, the
plates for the capacitive coupling should be reduced from two to
one at each side. Second, a proper frame-shaped coupling plate
needs to be designed to achieve both a compact structure and
one comparable coupling capacitance. Finally, a suitable circuit
structure should be established so that the effects of the inductive
coupling and the capacitive coupling can interfere constructively
instead of destructively.

A. Reducing Coupling Plates

Reducing the number of the coupling plates is based on a
survey of suitable WPT scenarios. Essentially, these scenarios
have a common feature that the reference grounds of the Tx
and Rx sides can be directly or equivalently short-connected, as
shown in Fig. 2(b). Thus, only one coupling capacitor is needed
to form the capacitive coupling loop. The suitable scenarios
include but are not limited to the following.

1) For railway EVs: As seen in [12] and [19], the chassis of
the railway vehicle is connected to the track and the ground
through its metal wheels. As a result, the wheels, the track,
and the ground can be performed as a circuit return path.
Thus, the low voltage nodes a and b in Fig. 2(b) can be
considered as short-connected and one coupling capacitor
can be removed.

2) For roadway EVs: As seen in [22], the vehicle body can be
directly connected to the ground shield through metallic
brushes. Thus, only one coupling capacitor is needed.

3) For PTLM applications: On one hand, due to the need of
shielding, the reference ground of the Tx side is connected
to the power transmission line, and the Rx side can be
grounded [3], [4]. On the other hand, calculation results
show that the capacitance between the overhead line and
the ground can exceed 6 nF per kilo meters [23]. This
capacitance is far larger than the coupling capacitance
in CPT systems, which is commonly several or tens of
picofarad. Thus, in such cases, nodes a and b in Fig. 2(b)
are equivalently short-connected.

4) For EVs with large metal chassis: As seen in [24], a two-
plate CPT system can still work effectively, if the stray
capacitance between the chassis and the ground is used as
the current return route. This stray capacitance was tested
as 82 pF, which was several times of the 15-pF coupling
capacitance. Consequently, the total equivalent coupling
capacitance, i.e., the series equivalent values of 82 and
15 pF, is 12.7 pF. Thus, in such cases, the chassis and the
ground can be seemed as short-circuited but with a slightly
smaller coupling capacitance.

TABLE I
COIL DIMENSIONS

Fig. 3. Charge density on the full-area coupling plate.

5) For special WPT applications: As stated in [25], each
passive conductor has a self-capacitance or stray capaci-
tance with respect to the ground. If the conductor is large
enough, an effective return route can be built with the self-
capacitance or the stray capacitance or the combination of
them. However, considering the lack of specific applica-
tion scenarios, such cases will not be further studied in
this article.

Generally, for scenarios 1) through 5), the coupling plates at
the low voltage side can be eliminated, and the two plates at the
resonant high voltage nodes are reserved.

B. Shaping Metal Frames

The fringe effect of charge distribution is used to shape the
coupling metal frames. The fringe effect means that charges are
concentrated at the edges of the coupling plates, when the gap is
relatively large [26], [27]. As a result, the edges contribute more
to the coupling capacitance than the inner area.

First, the charge distribution on a full-area plate is simulated
with the finite-element analysis (FEA) software. The plate pa-
rameters used for the simulation are listed in Table I. Then,
Fig. 3 gives the charge distribution on the full-area square
plate when a pair of the plates is coupled at 35-cm distance.
As seen in Fig. 3, the charge density at location “m1” is 26
times of that at location “m2.” Thus, most of the inner area
can be removed while maintaining one comparable coupling
capacitance simultaneously.
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Fig. 4. Simulated coupling capacitance Ccp versus various border width b.

Second, to obtain a proper border width, the relationship
between the coupling capacitance Ccp and the border width b
is studied. The simulated Ccp-b curve is shown in Fig. 4. When
the border width is 2 cm, the Ccp has a value of 1.32 pF. It is
approximately 75% of the coupling capacitance of the full-area
coupling plates. This result indicates that even if 70% of the plate
area is removed, 75% of the total coupling capacitance can still
be maintained. Thus, the metal frame is designed with a 2-cm
width since this width provides a good balance between a com-
pact frame structure and one comparable coupling capacitance.
Then, the coupling coil is embedded inside the metal frame to
form the hybrid coupler.

It is noted that coils of various types can be embedded,
including the square solenoid coils, the circular solenoid coils,
and the planar spiral coils. Due to the virtues of small thickness,
the planar spiral coil is used as an example in this article.

C. Designing Circuit Structure

First, the series–series resonant topology is selected for the
sake of convenient analysis of the system’s basic characteristics.
As shown in Fig. 2(b), a lumped capacitor is used as the compen-
sation capacitor. Using a lumped compensation capacitor can
bring at least two advantages over the parallel-plate compen-
sation capacitor in [16] and [19]. First of all, the compensation
capacitance will be less sensitive to the surroundings. Moreover,
the extra space of the plates is no longer needed.

Second, special attention should be paid to the coupling
polarity of the Tx and Rx coils [16]. As seen in Fig. 2(b), the Tx
coil is wound in counterclockwise direction, while the Rx coil
is wound in the clockwise direction. Under such configurations,
the effects of the inductive coupling and the capacitive coupling
can be superposed. Conversely, if the two coils are wound in the
same direction, the effects of the two coupling would cancel each
other out. The performance with different coupling polarities
will be compared in Sections III and IV.

So, the key features of the proposed HWPT system are sum-
marized as follows.

1) The proposed HWPT system adopts only one coupling
capacitor to construct the capacitive coupling loop, which
makes the system structure much simpler.

2) The full-area coupling plate at each side is simplified into
a frame-shaped plate. Thus, the coil and the plate can be
integrated as one compact hybrid coupler.

Fig. 5. Equivalent circuit of the proposed HWPT system.

Fig. 6. Capacitance structure of a mid-range parallel frame capacitor.

3) The Tx and Rx coils are wound with different directions
to superpose the effects of both the inductive coupling and
the capacitive coupling.

III. ANALYSIS OF SYSTEM PERFORMANCE

A. Circuit Model

First, the equivalent circuit of Fig. 2(b) is derived as Fig. 5,
which contains three loops. In Fig. 5, C1 and C2 represent the
total compensation capacitance of the Tx resonator and the Rx
resonator, respectively. Ccp is the coupling capacitance between
the two frame-shaped plates. L1 and L2 are the inductances of
the Tx and Rx coils, respectively, and their parasitic resistances
are labeled as R1 and R2, respectively. The ac driving source is
denoted as Vs, and the load is represented by RL. The mutual
inductance between the two coils is represented by –M since the
two coils are reversely wound. Besides, the working current in
the three loops is denoted by I1, Icp, and I2 in turn.

It is noted that C1 and C2 comprise two parts: the capaci-
tance of the series-connected lumped compensation capacitor
and the stray capacitances of the metal frames. As shown in
Fig. 6, two parallel plates have three capacitances: one coupling
capacitance Ccp and two stray capacitances Cstray. Ccp is formed
by the electric coupling between the two plates, while Cstray is
formed by the stray coupling of each plate to the ground and
surroundings. However, for the sake of convenient analysis, the
two stray capacitances are absorbed in C1 and C2, respectively,
and only Ccp are shown in Fig. 5.

Then, the working current in each loop can be derived using
Kirchhoff’s voltage law. For simplicity, the impedances of the
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three loops are predefined as follows:⎧⎨
⎩
Z1 = R1 + jωL1 +

1
jωC1

Zcoup = ZC1 + ZCcp + ZC2

Z2 = RL +R2 + jωL2 +
1

jωC2

(1)

where ZC1, Zcoup, and ZC2 are the reactance of C1, Ccp, and
C2, respectively.

And then, the model in Fig. 5 can be expressed as⎛
⎜⎝

Z1 − ZC1 jωM

−ZC1 Zcoup − ZC2

jωM − ZC2 Z2

⎞
⎟⎠

⎛
⎝ I1

Icp
I2

⎞
⎠ =

⎛
⎝Vs

0
0

⎞
⎠ . (2)

Consequently, the working current in the Tx and Rx loops can
be derived as {

I1 = Vs

Z1+T+2jωMS+ω2M2R

I2 = I1 (S − jωMR)
(3)

where T, S, and R are expressed as follows:

T = − ZC1
2

Ztotal
(4)

S =
ZC1ZC2

Z2Ztotal
(5)

R =
ZC2

2

ZtotalZ2
2 +

1

Z2
(6)

where Ztotal represents the total impedance of the second loop
with consideration of the reflected impedance from the Rx loop
and can be expressed as

Ztotal = Zcoup − ZC2
2

Z2
. (7)

Then, using (3), the input power and the output power can be
expressed as follows:

Pin = Vs · Re (I1) (8)

Pout = |I2|2 ·RL (9)

So, the PTE can be represented by

η =
Pout

Pin
=

|I2|2RL

VsRe (I1)
. (10)

Here, Vs, I1, and I2 all represent their rms values.

B. Parameter Calculation

To evaluate the system performance under various transfer
gaps, the values of the mutual inductance M and the coupling
capacitance Ccp versus distance d should be derived first.

First, the values of M are measured experimentally with the
methods in [28]. Let LX be the total inductance when the two
coils are series connected with a positive mutual inductance.
Then, let LY be the total inductance when they are connected
with a negative mutual inductance. Then, M and the coupling
factor k can be expressed as

M = k
√
L1L2 =

LX − LY

4
. (11)

Fig. 7. Tested results of k values.

Fig. 8. Simulated values of Ccp versus distance d.

For practical coupling coils whose dimensions are listed in
Table I, the tested k values are plotted in Fig. 7, which degrade
rapidly as d increases. Besides, the tested self-inductance is
approximately 125 μH.

Then, based on the results in Fig. 4, metal frames with a 24-cm
border length and a 2-cm border width are used to construct the
coupling capacitor. For the evaluation of Ccp, its values can be
obtained by both the 3-D FEA simulation and the experimental
testing. However, the experimental testing was slightly affected
by the stray coupling, particularly when the transfer gap is large.
Thus, the simulation method is employed to evaluate the Ccp.

The simulated capacitance values of the frame-shaped ca-
pacitor are shown in Fig. 8. For the sake of comparison, the
capacitance values of the full-area capacitor are also depicted.
As one can see, the frame capacitor has a 7.17-pF coupling
capacitance at 5-cm distance, which is 56.24% of that of the
full-area capacitor. With d increasing, this ratio increases to a
value of 75.24% at the 50-cm distance. At this distance, Ccp is
0.79 pF for the frame capacitor and 1.05 pF for the full-area
capacitor. This is because with d increasing, charges are more
concentrated to the edges. Consequently, the elimination of the
inner area has a lower influence on the coupling capacitance.
Furthermore, with a comparison between Figs. 7 and 8, one can
see that Ccp declines much slower than k. This result implies
that the HWPT system may exhibit more significant advantages
over the pure IPT system at a larger transfer gap.

C. System Performance

First, the circuit parameters are tested from the practical
prototype. The results are listed in Table II. Among them, L1,
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TABLE II
CIRCUIT PARAMETERS

Fig. 9. Comparison of calculated efficiencies.

L2, C1, C2, and R1, R2 are all tested using an Agilent E4980AL
LCR meter at 640 kHz.

Second, the PTE values at various transfer gaps are calculated.
By substituting the tested M in Fig. 7, the simulated Ccp in
Fig. 8, and the parameters in Table II in (10), the PTE values
of the HWPT can be obtained. Let ηHWPT, ηIPT, ηCPT, and
ηHWPT-M represent the maximum efficiency of the HWPT, the
pure IPT, the pure CPT, and the HWPT, but with a positive
mutual inductance, respectively. Then, a comparison of their
calculated values is shown in Fig. 9.

As seen in Fig. 9, for the proposed HWPT, an evident effi-
ciency promotion over the pure IPT system is achieved when
d is larger than 20 cm. For instance, when d is 30 cm, ηHWPT

has a value of 57.42%, which is 14.06% higher than ηIPT and
48.11% higher than ηCPT. This result indicates that the IPT and
the CPT can be effectively combined using the proposed hybrid
structure. In contrast, when the winding direction of the Rx coil
is reversed, i.e., the two coils have the same winding direction,
the PTE will be adversely affected. As a result, the ηHWPT-M in
Fig. 9 is much lower than the ηIPT.

Third, the mechanism of the efficiency promotion is funda-
mentally explained with the reflected impedance theory. First,
according to (3), the system’s overall impedance seen from the
inverter is

Zoverall = Z1 + T + 2jωMS + ω2M2R (12)

where (T+ 2jωMS+ω2M 2R) is the total reflected impedance on
the Tx loop and its real part determines the efficiency. Then, the
total reflected real part is divided into three parts: the part from
capacitive coupling Zreal_cap, the part from inductive coupling
Zreal_indu, and the part from the interactive effect of the two
coupling Zreal_inter. The three parts are expressed as⎧⎨

⎩
Zreal_cap = Re (T )
Zreal_indu = Re

(
ω2M2R

)
Zreal_inter = Re (2jωMS) .

(13)

Fig. 10. Comparison of the reflected real part when the system is in resonant
state. (a) At 15-cm distance. (b) At 30-cm distance.

Besides, the real part of the pure IPT is expressed as [29]

Zreal_IPT = Re
(
ω2M2/Z2

)
. (14)

Then, the comparison of these reflected real parts is shown in
Fig. 10, where the system is in resonant state. As one can see,
when the distance is 15 cm, the reflected real parts of the HWPT
and the pure IPT are both much larger than the Tx resistance R1.
In this case, though the total reflected real part of HWPT is 8.68Ω
larger than the pure IPT, the HWPT does not present an apparent
efficiency increase over the IPT. This is because their efficiencies
are already at a high level. However, when the distance is 30 cm
and the reflected real part is comparable to the Tx resistance,
the HWPT exhibits an evident advantage. In Fig. 10(b), the total
reflected real part of HWPT is 1.86 Ω, which is nearly two times
of Zreal˙IPT. Here, the contributions of the inductive coupling,
the capacitive coupling and their interactive effect are 54.3%,
7%, and 38.7%, respectively. Thus, the promoted coupling is not
a simple addition of the pure IPT and the pure CPT. Essentially,
their interactive effect also contributes a significant part.

On the other hand, if M has a positive value, the value of
Zreal˙inter in Fig. 10(b) will be −0.72 Ω. Consequently, the total
reflected real part of the HWPT will be reduced to 0.42 Ω.
Correspondingly, a lower efficiency than the pure IPT can be
observed in Fig. 9.

In general, the proposed HWPT can provide an evident ef-
ficiency promotion when the transfer gap is relatively large. In
small gap occasions, the increased reflected real part also implies
the possibility that the coupling coils can be made smaller while
maintaining a close efficiency value.

D. Resonant Frequency Optimization

Practically, one hybrid transmitter may serve receivers with
various sizes or transfer gaps, i.e., various values of M and Ccp.
For different occasions, the ORF may also be different. Thus, it
will be meaningful to study the effects of varying the resonant
frequency fres to instruct the practical system design.

Generally, when transfer gap is relatively small, fres can be
lowered to reduce the coil resistance and the loss on power
electronics. When transfer gap is relatively large, fres should be
promoted to compensate the reduced coupling. For quantified
analysis, the η-fres curves should be calculated.

First, the coil’s frequency-dependent resistance is tested from
110 kHz to 1 MHz. The tested results are shown in Fig. 11.
Then, using (10) and the tested results of M, Ccp, R1, and R2,
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Fig. 11. Coil’s frequency-dependent resistance.

Fig. 12. Efficiency η versus resonant frequency fres at various transfer gaps.

the η-fres curves at various transfer gaps can be obtained, which
are depicted in Fig. 12. Besides, the values of the ORF are also
marked by the red dots in Fig. 12.

On one hand, when transfer gap is 5 cm, the PTE can
reach 95% at only 200 kHz. A further increase of the reso-
nant frequency would result in a higher coil resistance and,
consequently, a lower PTE. In the case of 5-cm transfer gap
and 200 kHz resonant frequency, the added value of Zreal˙cap

and Zreal˙inter is 0.79 Ω, which contributes only 1% to the total
reflected real part. This result indicates that the two coupling
frames will benefit little to the PTE when the resonant frequency
is relatively low.

On the other hand, when the transfer gap is relatively large, the
ORF will be relatively high to compensate the reduced values of
both M and Ccp. For instance, when transfer gap is 30 cm, the
ORF for maximum efficiency reaches to 1 MHz. In this case, the
added value of Zreal˙cap and Zreal˙inter is 5.05 Ω and contribute
69.5% to the total reflected real part. This result shows that the
two added coupling frames can effectively benefit the PTE when
the resonant frequency is relatively high.

So, the effects of varying the resonant frequency can be
concluded as follows.

1) The larger the transfer gap is, the higher the resonant
frequency should be.

2) The higher the resonant frequency is, the more obvious
the contribution by the two extra coupling frames will be.

E. Practical Application Discussion

First, based on the above analysis, a design procedure is
summarized to instruct the practical design of the transfer link.
Actually, the key is to establish the function relationship among
the system performance (namely the transferred power and
the PTE), the coupler’s dimensions, and the nominal resonant
frequency. Then, researchers can choose the proper parameters
according to their own priorities. Generally, the design procedure
includes seven steps.

1) Constructing a two-plate CPT structure. This is to ensure
that the low-voltage resonant nodes of the two sides can
be directly or equivalently short-connected.

2) Confirming the ranges of the couplers’ dimensions and the
nominal resonant frequency. Commonly, the coils have
regular shapes, such as the planar spiral, the cylinder
solenoid, etc. Whereas, the plates are much more flexible
and can be cut into irregular shapes to fit the practical
available space.

3) Evaluating the mutual inductance and the coupling capac-
itance as functions of the coils’ and the plates’ dimensions.
The mutual inductance can be predicted according to [30]
and [31], and the coupling capacitance can be calculated
with the FEA software.

4) Evaluating the coils’ resistances as functions of the nom-
inal resonant frequency and the coil’s dimensions. The
calculation of coil’s high frequency resistance can refer to
[32]–[34].

5) Confirming other rated circuit parameters. The needed
parameters include the rated driving source voltage and
the rated equivalent load resistance.

6) Calculating the transferred power and the PTE according
to (3)–(10).

7) Choosing the proper values of the couplers’ dimensions
and the nominal resonant frequency. For different appli-
cations, the priorities may be different. Since the system
performance under various couplers’ dimensions and res-
onant frequencies can be predicted with the above steps,
researchers can choose the proper configurations accord-
ing to their own priorities.

Second, some concerns on the system robustness are dis-
cussed with suggestions of available solutions. The concerns
mainly include three issues.

1) Handling the frequency splitting phenomenon with small
transfer gaps. Actually, for the proposed HWPT sys-
tem, the frequency splitting means that the output power
has two peaks against the operating frequency. Whereas,
the PTE does not split, and the maximum PTE is al-
ways achieved near the nominal resonant frequency, as
shown in Fig. 13. Thus, to handle this issue, the key
is to improve the output power at the maximum PTE
frequency. Three solutions are suggested here. The first
one is to decrease the nominal resonant frequency, thus
reducing the reflected impedance. The second one is to
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Fig. 13. Frequency splitting phenomenon of the HWPT system.

simply improve the driving source voltage. The third
one is to use inductor-capacitor-capacitor (LCC)/inductor-
capacitor-inductor (LCL) topology to get rated power at
rated transfer gap [16], [17], [35], [36].

2) Handling the sudden receiver-moving-away cases. In this
case, a large current will be generated in the series-
compensated Tx coil, which may result in device burning
down. To tackle this problem, generally two approaches
can be employed. One is to sense and control [37]. The
other is to implement T-type based compensation topolo-
gies, such as the LCC and LCL topologies [35], [36]. As a
result, the Tx resonant current can be maintained constant
in the sudden receiver-moving-away cases. In addition, a
parallel resonant topology at the Tx side can also prevent
the overcurrent when the receiver is removed [38].

3) Handling the load resistance variation. Typically, if a bat-
tery load is used, its equivalent load resistance will change
during the charging process. The load variation may result
in efficiency decline when the load deviates from the
optimal value. To tackle this problem, one typical way
is to use a boost–buck converter to regulate the equivalent
load resistance. Thus, the optimal load resistance can be
tracked [39].

Third, a T-type based LCC topology is designed as an exam-
ple, as it is capable to handle the frequency splitting, the distance
variation, and the load variation. Usually, the LCC topology
is used to realize a constant Tx resonant current and a unit
power factor of the inverter’s output. As its design procedure
has been illustrated in detail in [35] and [36], this article directly
gives the design results and performance of the LCC topology.
As shown in Fig. 14(a), the designed values of the Lp1, Cp1,
and Lp2 are 5.8 μH, 10 nF, and 5.8 μH, respectively. Here, the
system has a nominal resonant frequency of 660 kHz. Then,
as seen in Fig. 14(b), the LCC-compensated HWPT system
presents a constant Tx resonant current against the distance
and load variations. Moreover, the system’s output power au-
tomatically increases with the distance decreasing, regardless of
the frequency splitting. This is because, when the Tx resonant
current keeps constant, the received power is proportional to the
reflected impedance.

Fig. 14. LCC topology and its effects. (a) LCC circuit structure. (b) Its effects
to maintain a constant Tx resonant current.

IV. PRACTICAL EXPERIMENTS

A. Prototype and Experimental Setup

An experimental prototype is constructed to verify the pro-
posed hybrid system, as shown in Fig. 15. A direct digital
synthesizer module is adopted to generate accurate square wave
exciting signals. The signals are amplified with a gate driver
module, and then drive a MOSFET half-bridge to generate an ac
voltage from a dc power supply. The Tx loop is energized with
the ac and transmits power to the Rx loop through the combined
inductive and capacitive coupling. The received ac is rectified
into dc using a full-bridge rectifier at the Rx side. The output dc
is filtered using capacitors before it drives a resistive load.

As seen in Fig. 15(b), the half-bridge inverter is constructed
by GaN-MOSFETs GS66516B from GaN Systems. Moreover, the
spiral coils are wound with 1200-strand Litz-wire with a single
strand radius of 20 μm. Particularly, the two coils are reversely
wound so that the “–M” in Fig. 5 can be established. Besides,
high voltage ceramic capacitors are used as the compensation
capacitors C1 and C2 due to their low resistance and high
withstand voltage. A bulb of 24 V/20 W is used to indicate the
power transfer effect. The equivalent load resistance before the
rectifier is calculated as 23.34 Ω using the following expression
[33]:

RL_eq =
8

π2
·RL_actual. (15)

Furthermore, the high voltage resonant nodes are connected
to the aluminum frames to construct the capacitive coupling. The
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Fig. 15. Experimental setup. (a) Overview of experimental environment.
(b) Inverter and signal generator. (c) Hybrid coupler and current sensor.

dimensions of the frames are in accordance with the simulation
configurations. The practical parameters of the plates and the
coils are listed in Table I. Particularly, an electrical wire is used to
short-connect the low voltage nodes of the two sides. Moreover,
the two metal frames are designed as open-circuit to reduce the
eddy current along the borders, as seen in Fig. 15(c).

B. Experimental Results

First, the waveforms are recorded with a Tektronix MSO34 os-
cilloscope when the resonant frequency is fixed around 640 kHz
with a lumped capacitor of 460 pF. During the experiments,
the system is tuned to have a fixed load voltage. Then, the
comparison of the proposed HWPT, the pure IPT, and the HWPT,
but with a positive mutual inductance, is shown in Fig. 16, where
the transfer gap is 30 cm. It can be observed that the Tx current
of the HWPT is smaller than that of the pure IPT. This is because
the HWPT has a larger reflected impedance. However, when Rx
coil is flipped over, a larger Tx current will be needed, as seen
in Fig. 16(c).

Then, the curves of the PTE versus the transfer gap are tested
and compared. By integrating the product of the square voltage
and sinusoidal current, the received and transmitted power can
be calculated. Their ratios represent the ac-to-ac efficiencies.
Then, the comparison of the tested efficiency values is shown
in Fig. 17. On one hand, compared with the analytical results
in Fig. 9, the tested ones are slightly lower. This is because the
parasitic resistance of the capacitor is not considered, though,

Fig. 16. Waveforms when the transfer gap is 30 cm and resonant frequency is
around 640 kHz. (a) Proposed HWPT. (b) Pure IPT. (c) HWPT with a positive
mutual inductance.

Fig. 17. Comparison of experimental efficiency values.
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Fig. 18. Waveforms when transfer gap is 30 cm and resonant frequency is
around 984 kHz. (a) Proposed HWPT. (b) Pure IPT.

the general trend in Fig. 17 matches that in Fig. 9. On the other
hand, compared with the pure IPT, the proposed HWPT exhibits
an evident efficiency increment when the transfer gap is large.
For instance, the efficiency increments at 30, 35, and 40 cm
are 13.5%, 14%, and 12.1%, respectively. Particularly, when the
transfer gap is larger than 40 cm, the efficiency of pure IPT is
too low to be recorded, while that of HWPT still has a value of
13.3% at 45 cm. Moreover, the test results of ηHWPT-M have
verified that the two coupling coils should be wound in reverse
directions. Otherwise, the added two metal frames will result
in an efficiency decline. Additionally, the resonant frequency of
the pure IPT is 648 kHz, while that of the HWPT is 632 kHz.
This indicates that the stray capacitance of the metal frame has
an influence on the overall compensation capacitance.

Next, the waveforms for 1-MHz resonant frequency are
recorded. The original waveforms are given in Fig. 18. Com-
pared with the waveforms in Fig. 16, the Tx current of the
HWPT are further reduced. This indicates that a larger reflected
impedance is generated with the resonant frequency increasing.
Moreover, the Tx current ratio of the HWPT to the pure IPT in
Fig. 18 is smaller than that in Fig. 16. This result shows that an
increased resonant frequency will result in a larger contribution
by the two extra coupling frames. The detailed testing conditions
and results of Figs. 16 and 18 are summarized in Table IV in the
Appendix.

Fig. 19. Tested efficiency values with various resonant frequencies. (a) At
30-cm distance. (b) At 40-cm distance.

After that, the curves of efficiency versus the resonant fre-
quency are tested and compared. By changing the compensation
capacitance, the resonant frequency is tuned to 285, 368, 455,
632, and 984 kHz in turn. Then, the frequency-dependent effi-
ciencies are tested at 30 and 40 cm. The tested results are shown
in Fig. 19. When resonant frequency is around 984 kHz, the
tested values are about 5%−7% lower than the analytical ones.
This is because the parasitic resistance of the 200-pF capacitor is
relatively large. Even so, the general trend can still be concluded
as: when the resonant frequency is relatively low, the HWPT
has a close efficiency to that of pure IPT; when the resonant fre-
quency is relatively high, the efficiency promotion will be more
obvious. Thus, when transfer gap is large, the HWPT should
work with a high resonant frequency to fully take advantage of
the added coupling frames. Additionally, comparing Fig. 19(b)
with Fig. 19(a), one can see that the efficiency promotion is more
obvious when transfer gap is larger. This is because the coupling
capacitance declines slower than the mutual inductance with the
transfer gap increasing.

Finally, the LCC topology is verified for the proposed HWPT
system. First, the implemented circuit is shown in Fig. 20(a).
Here, the lumped compensation capacitance is 460 pF, and the
nominal resonant frequency is 660 kHz. Considering that the
practical resonant frequency of the HWPT is 632 kHz due to
the stray capacitances, the values of Lp1 and Lp2 are both set to
6.3 μH. This value is slightly larger than the initially designed
value of 5.8 μH. Then, the LCC topology’s effectiveness against
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Fig. 20. LCC implementation and its effects. (a) Practical circuit implemen-
tation. (b) Effect against distance variation. (c) Effect against load variation.

the distance change is verified. As seen in Fig. 20(b), the receiver
is gradually moved away from the transmitter. As a result, the Rx
resonant current I2 decreases gradually, while the Tx resonant
current I2 keeps almost constant. Furthermore, the effects against
the load variation are verified. As seen in Fig. 20(c), the load is
switched out and in, and I1 stays at the same level. The results in
Fig. 20(b) and (c) have indicated that the LCC topology is also
effective for the proposed HWPT system to maintain a constant
Tx resonant current against the distance and load variations.

V. CONCLUSION

In this article, a new compact HWPT system is proposed,
which adopts a space-saving inner coil and outer frame structure
as the hybrid coupler. The major contributions of the proposed
system are summarized as follows.

1) The hybrid coupler for the inductive and capacitive com-
bined coupling is greatly simplified. As a result, the pro-
posed HWPT system becomes more flexible for practical
implementation.

2) For the HWPT systems, an analysis in terms of reflected
impedance is first conducted, which can clearly illustrate
the mechanism of coupling and efficiency promotion.

3) The resonant frequency is optimized for various transfer
gaps, which helps to instruct the practical system design.

4) The added two metal frames can effectively promote the
coupling between the Tx and Rx sides. Thus, the coupling
coil can be made smaller while maintaining the same
transfer efficiency.

5) The proposed HWPT system presents an evident effi-
ciency promotion at a large transfer gap. This feature
makes it more suitable for large-gap WPT applications,
such as for charging the PTLM devices.

6) Several practical concerns are considered, and the corre-
sponding solutions are suggested. Particularly, a Tx side
LCC topology is designed and verified against the distance
and load variations.

However, due to the introduction of the extra capacitive route,
the system becomes more complex in both the system model
and the interference with the surroundings. In the future work,
a practical HWPT application will be developed with a closed-
loop control.

APPENDIX

TABLE III
COMPARISON OF SURVEYED HWPT CASES AND THIS ARTICLE
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TABLE IV
EXPERIMENTAL TESTING CONDITIONS AND RESULTS
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