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Abstract—This paper proposes a combined inductive and capac-
itive wireless power transfer (WPT) system with LC-compensated
topology for electric vehicle charging application. The circuit
topology is a combination of the LCC-compensated inductive
power transfer (IPT) system and the LCLC-compensated capac-
itive power transfer (CPT) system. The working principle of the
combined circuit topology is analyzed in detail, providing the re-
lationship between the circuit parameters and the system power.
The design of the inductive and capacitive coupling is implemented
by the finite-element analysis. The equivalent circuit model of the
coupling plates is derived. A 3.0-kW WPT system is designed and
implemented as an example of combined inductive and capacitive
coupling. The inductive coupler size is 300 mm X 300 mm and
the capacitive coupler is 610 mm X 610 mm. The air-gap distance
is 150 mm for both couplers. The output power of the combined
system is the sum of the IPT and CPT system. The prototype has
achieved 2.84-kW output power with 94.5% efficiency at 1-MHz
switching frequency, and performs better under misalignment than
the IPT System. This demonstrates that the inductive—capacitive
combined WPT system is a potential solution to the electric vehicle
charging application.

Index Terms—Capacitive power transfer, decoupled-capacitor
model, electric field, electric vehicle (EV), high-frequency wire-
less power transfer, inductive and capacitive combined, inductive
power transfer, magnetic field, misalignment ability, resonant cir-
cuit, soft-switching condition.
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1. INTRODUCTION

IRELESS power transfer technology can be divided into
W two categories: inductive power transfer (IPT) [1], [2]
and capacitive power transfer (CPT) [3], [4]. The IPT system
utilizes magnetic fields to transfer power, and the CPT system
makes use of electric fields.

The IPT technology has been widely studied in previous re-
search. It consists of two planar coils with an air-gap distance
around 150 mm for vehicle charging applications [5]. The two
coils form a separated transformer, in which the primary side is
loosely coupled with the secondary side [6]. The coupling coef-
ficient between the primary and secondary coil is much smaller
than 1.0, and usually in the range of 0.1-0.3. This means that
the leakage inductance is significantly larger than the mutual
inductance. When it is used as a regular transformer, it can-
not transfer high power efficiently. Therefore, a corresponding
compensation circuit is necessary to resonate with the coils and
provide high voltage at both input and output to transfer high
power.

The IPT system can be classified according to the compen-
sation circuit topology. Conventionally, a single capacitor is
connected in series or parallel with the coil which results in
four topologies, listed as series—series, series—parallel, parallel—
series, and parallel-parallel (PP) [7]-[9]. Their advantage is
simplicity. However, they are not suitable for all load conditions
[10]. When the load varies between light and heavy, they can-
not maintain high efficiency. Another problem is that the coil
position misalignment could break the resonance between the
capacitor and coil, which in turn can cause power dramatically
drop or increase.

The double-sided LCC-compensated topology is a better so-
lution to compensate the power-transmitting coils, in which one
external inductor and two external capacitors are required at
each side [11]. With this topology, the resonant tank acts as a
current source to both the input and output, which means the
output current is independent of the load condition. In the bat-
tery charging application, the resonant circuit is, therefore, not
affected by the battery voltage variation. Therefore, it is suitable
to provide constant current charging condition to the batteries.
Another benefit of LCC topology is that it can provide nearly
unity power factor to the input side inverter, so there is almost
no reactive power injected into the resonant tank, which results
in high efficiency for this topology. In [12], a LCC-compensated
system has achieved 96% efficiency at 7-kW output power, and
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the total grid-to-battery efficiency of the wireless charger can
achieve 93%. It is already comparable with the traditional wire-
connected charger with LLC resonant converter [13]. Moreover,
this topology compensates using the self-inductance of the coils,
which is independent of misalignment. Therefore, the resonance
is maintained even in large misalignment cases. Although more
components are used in this compensation circuit, the two exter-
nal inductors can be integrated into the main coils to save space
and make the system more compact [14]-[16].

Compared to the IPT technology, the CPT technology has
not been well studied. Especially in the electric vehicle charg-
ing area, the CPT system has only recently been applied. Most
of the present CPT systems were designed for low-power appli-
cations, including USB devices, lamps, and small robots [17]-
[20]. The transmitted distance in these applications is limited to
the millimeter range and the power is lower than tens of watts.

When two metal plates are separated by an air-gap distance
of 150 mm, the capacitance is small (e.g., tens of picofarad),
which requires a very large inductance value (e.g., millihenry)
or very high switching frequency (e.g., tens of megahertz) to
provide resonant conditions to the capacitor. However, a large
inductor is difficult to make, and its parasitic resistance can
dramatically reduce the system efficiency. Also, too high of a
switching frequency is also difficult to achieve in practice, and
the power level of a high-frequency converter is usually limited
to hundreds of watts [21]. Also, the CPT approach requires
high electric fields to transfer high power, which can result in
significant safety concerns to the general public [22].

The CPT system is classified according to the compensation
circuit topology. Similar to the IPT system, the most widely
used topology in CPT systems is a single inductor connected in
series with the coupling capacitor to form a series resonance.
However, this topology has only been used with large capac-
itances, where the inductance and switching frequency are
reasonable [23]-[26]. Another topology is the class-E converter,
in which the coupling capacitor works as a regular resonant
component [27], [28]. However, its efficiency and power are
limited by the high-frequency converter. A high-frequency
PWM converter has been used to realize capacitive power
transfer [29], [30]. However, it requires the capacitance value
to be in the tens of nanofarad range, and the distance is less
than 1 mm. Current CPT systems have achieved 1-kW power
transfer and 90% efficiency. They have been designed for
stationary charging with the charging gap in the millimeter
range, and also have good field confinement [31].

The double-sided LCLC compensated topology has been pro-
posed in [32], in which two external inductors and two external
capacitors are used on each side of the coupling capacitor. Com-
pared with previous work, this system has the potential to be
applied to mobile charging of an electric vehicle, but generates
significant leakage electric field emissions due to the large air-
gap distance. The system has achieved 2.4-kW power transfer
through an air-gap distance of 150 mm at 90.8% efficiency with
two pairs of 610 mm x 610 mm aluminum plates. The system
also has good performance with large misalignment and air-gap
variation. At 300-mm misalignment, the output power is 2.1 kW
with 90.7% efficiency. At 300-mm air-gap distance, the output
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Fig. 1.

Circuit topology of the LC-compensated IPT-CPT system.

power is 1.6 kW with 89.1% efficiency. It proves that the LCLC
topology is a good candidate to realize capacitive charging for
electric vehicles.

Comparing the circuit topologies of LCC-IPT system and
LCLC-CPT system, it is meaningful to reduce the external com-
ponent number and simplify the circuit design. Therefore, they
can be combined together to make full use of the coupling coils
and metal plates, which results in an LC-compensated IPT-CPT
combined system. The coupling coils work as the IPT com-
ponents, as well as the inductors resonating with the coupling
metal plates. The coupling metal plates work as the capacitive
power transferring components, as well as the capacitors res-
onating with the coupling coils. The circuit topology is shown
in Fig. 1. This system takes full advantages of the electric and
magnetic fields in the resonant circuit.

II. CIRCUIT TOPOLOGY AND WORKING PRINCIPLE
A. LC Compensated IPT-CPT Topology

The corresponding IPT-CPT system topology is shown in
Fig. 1. The primary and secondary sides are separated by a red
dashed line. It is similar with the CPT system proposed in refer-
ence [32], except that two of the inductors L; and Ly are coupled
to transfer power from the primary side to the secondary side
using magnetic fields. At each side, there are only two external
components connected to the coupling coils and capacitors.

For the coupling coils, it is similar to the regular IPT system.
However, it is important to pay attention to the coupling
polarity of L; and Ls. The connection in Fig. 1 can result in an
addition of the inductive power with the capacitive power. If the
coupling polarity is reversed, the two types of power transfer
will cancel. The coil design process will be analyzed in details
in Section ITI-A.

For the coupling capacitors, the four plates are arranged as
shown in Fig. 5. The equivalent circuit model is derived in
Section III-B, which contains two small capacitances, Cs; 2,
and two large capacitances, C; ». Compared to [32], no external
capacitor is connected with the coupling capacitors, and the
system structure is further simplified. The coupling capacitors
design process will also be presented in Section III-B.

An H-bridge MOSFET inverter is used at the input side and
an H-bridge diode rectifier is connected at the output side to the
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Fig. 2. FHA analysis. (a) Simplified resonant circuit topology. (b) Compo-
nents excited by the input voltage. (c) Components excited by the output voltage.

load. Silicon carbide (SiC) MOSFETs (C2M0080120D) from
CREE are used in the inverter. The circuit in Fig. 1 can be tuned
to provide soft-switching conditions to the inverter to mitigate
the switching losses. In the rectifier, SiC diodes IDW30G65C5)
from Infineon are applied.

B. Circuit Working Principle

The input-side inverter generates a square-wave voltage exci-
tation, and injects power into the resonant tank. The output-side
rectifier converts the output ac current into dec form and supplies
the battery. Therefore, both the input and output voltage contain
high-order harmonic components. However, the LC compensa-
tion network serves as low-pass filter; therefore, the fundamental
harmonics approximation (FHA) can be used to analyze work-
ing principle, as shown in Fig. 2.

Fig. 2(a) shows the simplified resonant circuit topology of
Fig. 1. The coupling capacitor is replaced by the equivalent
circuit model in Fig. 6, which will be presented in Section I1I-B.
The input and output are replaced by two sinusoidal voltage
sources. The superposition theorem is used to divide the two-
source circuit into two single-source linear circuits, as shown in
Fig. 2(b) and (c), respectively.

Fig. 2(b) shows the components excited only by the input
voltage source at the design frequency. There are two parallel
resonances highlighted in Fig. 2(b). The components in gray
conduct no current, so they can be treated as an open circuit.
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The circuit in Fig. 2(b) results in the following equations:
w=2m- fo
1

Cy=—F—F7

T 1/Ca + 1/0192
Ch=Ci+—77—+—+

n =t Ue TG (1

w = 1/\/Lf2'0f2
1

o 1/\/L1 1/Cp +1/Cp

where the switching frequency is fs, and C); is the input
capacitance of the coupling capacitor from the primary side.
Equation (1) shows that Lo and Cy, form a parallel resonance,
and the impedance is infinite. There is no current flow through
the inductor Ly. Also, L;, Cy1, and C),; form another parallel
resonance. There is no current flow through the inductor L.
The current on Ly is also the input current to the resonant tank.
So, the input current is independent of the input voltage, which
means the circuit can work as a current source to the input.

Fig. 2(c) shows the components excited only by the output
voltage source at the desired frequency. There are two parallel
resonances highlighted in Fig. 2(c). The relationship between
components is expressed as

1
Cp2_02+1/05+1/01
w=1/\/Ls1-Cp 2)
u):l/ LQ- !

1/Cpo +1/Crs

where C),5 is the input capacitance of the coupling capacitor
from the secondary side. Equation (2) shows that L, and C'yy
form a parallel resonance. Ly, Cy2, and C)» form another par-
allel resonance. There is no current flow through inductors L;
and Lyy. The current on Lys is also the output current to the
load. The output current is therefore independent of the output
voltage, and the resonant circuit works as a current source to the
output.

C. System Power Calculation

First, the circuit in Fig. 2(b) is used to calculate the output
current and output power. It needs to be emphasized again that
the output current only depends on the input voltage, as shown
in Fig. 2(b). The input voltage V] is set to be the reference phasor
in the following analysis.

The parallel resonance of Ly, C'q, and Cy; is considered, so
the voltage on each component can be expressed as

Ven =Wi
jWLl . ‘/1 j(ULl . ‘/1 9
Vii=- - = _ — 2L CV,
H JwLi+1/(jwCp1)  —1/(jwCr1) 1y
_ 1/(jwc1)1)"/1 _1/(jwcpl)"/l_*0f1
VCpl— . - = - — Vl
jwLi+1/(jwCp)  —1/(jwCy1) om 3
3)
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The voltage on C); is also the voltage on the capacitor C;.
So the voltage on C, can be expressed as

1/02 1/02 —C

Vig=——1"2 . — .
2T 1)C, +1/Cy 1/C,+1/C;,  Cp

Ve

‘.

“
Considering the expression (1), the voltage on Cy can be
further simplified as

—C, - Cy

C1Cy + G20 + C1Cy
Since L; and L, are magnetically coupled and there is current

flow through L, there is also a voltage difference between the

two terminals of Ly. The dot end connection in Fig 2(b) deter-

mines the direction of this voltage. So the voltage on Ly can be
expressed as

Voo = Vi. ®

M
L—f Vi1 =W M13Cp Vi (6)

M5 is the mutual inductance, which is written as

Mlg = k‘\/ L1 . LQ (7)

where k is the coupling coefficient. With the expression of (5)
and (6), the voltage on Cy5 can be expressed as

-Cs-Cn- Wi
CICS + C2CS + CICQ

Via =

Ver=Ves —Via= — W M5Ci Vi

®)
Equation (8) indicates that the polarity connection of Ly has
to be the same as shown in Fig. 2(b). Otherwise, the voltage Vo
and V7o will be canceled, and the output power is, therefore,
reduced.
The voltage on C'y» is the same as the voltage on L5, so the
output side current /5 can be expressed as

_ Ve, _ G- Cn - Vi/(jwlys)
ijfQ 0105 + CQCS + 0102

w? M 12 Ofl Vi

I - .

JwLygo

©))

Considering the parallel resonance between L ;o and C'y, and
the expression (1), (9) can be simplified as
_ —jwC - Oflcfz -V —jMys - V1

ClCS +CQCS +0102 walLfQ '

As an H-bridge diode rectifier is used in Fig. 1 at the output
side, the fundamental output current (—/2) and output voltage
V, are in phase with each other. Therefore, the output power can
be expressed as

I

(10)

wCy - Cr1Cra V1|V
Pout = |V2| : |(7I2)| - a,C “!‘15252 |‘|'IC|V|162'2|

Mo |Vi| [V
.
UJLflLfQ

an

In expression (11), the first term is determined by the capac-
itive power transfer, and the second term is determined by the
IPT

wCy - CpCpa - V1| - V2
CCs + CoCs + C1Cy
walL'fg

Pepr =
(12)
Prpr =

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 12, DECEMBER 2016

Equation (10) indicates that the output current (—/5) leads
the input voltage V; by 90°. In the H-bridge diode rectifier, the
output current (—I5) and the output voltage V, are in phase.
Therefore, the output voltage V; is leading the input voltage V
by 90°.

Second, Fig. 2(c) is used to calculate the input current and
input power. It needs to be emphasized again that the input
current only depends on the output voltage as shown in Fig. 2(c).
Similarly to the previous analysis, the input current /; can be
expressed as

_ pno_ —=JwCs - CpiCra - Vi
CCy + CyCy + C1Cy

This equation shows that the output voltage V is leading the
input current /; by 90°. Since the previous analysis proves that
the output voltage V, is also leading the input voltage V; by
90°, the input voltage V; and current /; are in phase with each
other. Therefore, the input power can be expressed as

B = V1| - L] - cos(ov, —r,) = [Va] - [ L]

—j M2 Vs
walLfQ '

13)

(14)

Expression (15) shows that unity power factor is realized
at the input side and there is no reactive power injected into
the resonant tank. Therefore, there is no extra conduction loss
induced by the circulating reactive current, and the efficiency of
the resonant circuit can be very high.

Combining (13) and (14), the input power is further expressed
as

P il 1 = e CrnCra WLV | Mis - IV[1Ve
" ! ! C1Cs + CyCs + C1Cy walLfg '
(15)

Comparing (11) and (15), it shows that the input power is the
same as the output power, which is consistent with the previous
assumption that the losses in all the components are neglected.
According to Dai and D.C. Ludois [30], the relationship between
Cy, Cy, and C satisfies C) > C and Cs > (. So (11) and
(15) can be further simplified as

CriCps Ninyr
P,=P,~wC, ——= - |V;| |V — - V1| | V]
out AW .Gy Vil 2|+wa1sz Vil [V2]
(16)

III. INDUCTIVE AND CAPACITIVE COUPLER DESIGN
A. Inductive Coupler Design

The switching frequency needs to be specified at the begin-
ning of the coupler design. From (12), Pop is proportional
to the coupling capacitor Cy, which is usually in the picofarad
range, so the switching frequency has to be increased to the MHz
level to achieve the desired power transfer by the capacitors.
Since the inductive couplers (coils) share the same frequency as
the capacitive couplers (plates), the switching frequency should
be limited to reduce the skin effect. As a result, the frequency is
set to | MHz.

The contribution of this paper mainly lies in the validation
of the IPT-CPT combined system. For simplicity, shielding of
the leakage magnetic field is not considered in the coil design.
According to a previous study, the ferrite and aluminum plate
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Fig. 3. Dimension of the coils. (a) 3-D view of the coils. (b) Front view of the
coils.

can be used together to shield the leakage field and they will
incur 1%-3% extra loss, depending on the structure [33].

The dimension of the coil is shown in Fig. 3(a) and (b), where
d is the outer length of the coil, d- is the inner length, d is the
air gap, and w is the coil width. The width ratio is defined as
rw = w/d;. The coil has a square shape, and the air-gap distance
is 150 mm. The coil thickness has a little effect on the coupling
coefficient, and is determined by the Litz-wire diameter. In this
case, the thickness is 3.2 mm.

The coupling coefficient k and self-inductance L, of the
coils are simulated in Maxwell, and shown in Fig. 4(a) and
(b). Fig. 4(a) indicates that the coupling coefficient k is mostly
determined by the coil outer length d;. When d; is between 300
to 450 mm, k is in the range of 0.1 to 0.25. Fig. 4(b) shows that
the self-inductance L, can be regulated by varying the width
ratio r,, without affecting coupling coefficient.

In the IPT-CPT combined system, the coils resonate with the
metal plates. Therefore, the coil size cannot be decided with-
out considering the dimension of the plates. The balancing of
the output power of the IPT and CPT system is also an im-
portant specification. The coil dimensions will be determined in
Section IV, where a specific 3.0-kW design example is provided.

B. Capacitive Coupler Design

Four metal plates are used to form capacitors to transfer power
through electric fields, and they are separated into two pairs
at the primary and secondary. The structure of the capacitive
coupler is shown in Fig. 5, where /; is the length of the outer
plate, /5 is the length of the inner plate, d.. is the distance between
the inner and outer plate, and d is the air-gap distance same as
the inductive coupler. The plate thickness is set to be 2 mm.

8475
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Fig. 4. Maxwell simulation of the coupling coefficient and self-inductance.

(a) Coupling coefficient at different dimensions. (b) Self-inductance at different
dimensions.

The circuit model of the plate is shown in Fig. 6. To simplify
the design process, the coupler is symmetric with respect to
the primary and secondary sides. All six mutual capacitances
between each two plates are illustrated in Fig. 6. Because of
the symmetry, Cio = Cs4 and Cj4 = Co3. In the equivalent
circuit, C; = Cs. It needs to be emphasized that C;3 and Cay
do not have to be equal; the same for C's; and Cy,. The nodal
voltage method can be used to derive the relationship between
the original model and the equivalent model. The equivalent
model is used in Section II-B.

For the plates, there are three parameters that need to be
determined: /1, [5, and d... In this design, the outer plate length
is set to be 610 mm due to the space limitation. The other two
parameters, l» and d,., are varied to find the best dimensions.
All the mutual capacitances can be obtained from Maxwell
and converted to equivalent parameters. The plate ratio r, is
defined as r, = Iy /l1. The capacitances C; = Cs1Cs2/(Cs1 +
Cs2) and C » are shown in Fig. 7. This figure indicates that C,
is not highly sensitive to the plate distance d..

The plate ratio is set to 0.75 to maximize the coupling capac-
itance. The parameter d, is, therefore, the only parameter that
needs to be determined. It is used to determine the capacitances
C1,2, and, hence, the resonance with the inductive coils. In Sec-
tion IV, the distance d. will be determined in a 3.0-kW design
example.

IV. 3.0-KW EXAMPLE FOR EV CHARGING
A. Power Ratio of the IPT and CPT System

This system utilizes both inductive and capacitive coupling
to transfer power. It is important to determine the power ratio of
each part, which is the percentage of their contributions. Since
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the IPT and CPT coupler have similar physical size, they can be
designed to transfer the same order of magnitude of power to
the load. According to (1), the power ratio of inductive power
to capacitive power can be defined as

_ My - (C1Cs + C2C + C1Ch)

17
walLf2~wCS‘Cf10f2 ( )

Considering (1), (2), and (7), (17) can be simplified as

. . wzk‘\/LlLQ'(01054-0205—1-0102)
Pepr Cs

(18)
Since L1 = Ly and C; = Co, (18) can be further rewritten:

Prer w?k - LiC1(2Cs + CY) (19)

- FPcpr C

rr-c
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Since L1, Cy1,and C); form a parallel resonance, the inductor
L, can be replaced by the capacitor C'y; and C);

Ppr O C1 + 20

G Cpl + Cfl
CYs CVl +CSCS/(CI +Cs) ’

Chi
(20)
Referring to [32], it is known that C't; > C)1, so (20) is
approximated as

PIPT ~ L. ﬁ . Ol + 203

Cy C)+C,Cs/(Cr+Cy)

The capacitor ratio between C; and C can be defined as
ke = C,/Cy. Therefore, the power ratio can be written as
Ppr Kk 142 k¢
Popr ke 1+ kL/(1+ke)

Fig. 4(a) shows that the coupling coefficient k varies from
0.10 to 0.20, and Fig. 7 shows that the capacitor ratio k. varies
from 0.04 to 0.10. Therefore, the power ratio between the IPT

and CPT system is shown in Fig. 8, in which the IPT system
contributes more to the output power.

rr-c =
FPcepr

@

r_¢ = ~
Pepr

rr-c = (22)
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TABLE I
SYSTEM SPECIFICATIONS AND CIRCUIT PARAMETERS

Parameter Design Value Parameter ~ Design Value
Vin 310V Vout 320V
Prpr 2160 W (72%) Pcpr 840 W (28%)
d, 300 mm L 610 mm
ds 90 mm Iy 457 mm

d 150 mm d. 25 mm
Tw 0.35 Ty 0.75

k 0.130 ke 0.052
fsw 1 MHz Cs 5.0 pF
Ly 14.2 uH Lyo 14.2 nH
Cry 1.78 nF Cra 1.78 nF
L 256.2 pH Ly 264.1 utH
C 96.1 pF Cy 96.1 pF

B. System Parameter Design

In order to get significant power transfer through CPT cou-
pling, the maximum power ratio is set to be 3.0. The coil length
is set to be 300 mm and the coupling coefficient is 0.130. Fig. 7
shows that C is around 5.0 pF. In a 3.0-kW system, the input
voltage is 310V, and output voltage is 320 V4. Substitution of
Vin, Vouts k, C, and P, into (1), (2), (15), and (20), shows that
C; determines the percentage contribution of IPT and CPT, and
also the inductance value L;, as shown in Fig. 9. Considering
the space limitation for the coil, its inductance L; cannot be too
large, so the minimum power ratio is set at 2.0. Therefore, the
acceptable power ratio is between 2.0 and 3.0.

The plate distance d.. is set to be 25 mm and C; = 96.1 pF.
Fig. 9(b) indicates that L; = 264.1 pH, which corresponds to
Ty = 0.35. Fig. 9(a) shows that the IPT system provides 72% of
the total power and the CPT system provides 28%. The designed
system specifications and parameters are shown in Table I. ; is
7% smaller than L, to provide soft-switching conditions [11].
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Fig. 11.  Simulated input and output voltage and current waveforms.

With the dimensions in Table I, the FEA analysis of the two
couplers are conducted at different misalignment conditions.
For the capacitive coupler, the variations of C; » are within 3%
when the misalignemnt increases to 30 cm, so only the variation
of C is considered. For the inductive coupler, the variation of
L, » are within 2%, so only the variation of coupling coeffcient k
is considered. The normalized values of coupling capacitor C
and inductive coupling coeffcient k at different misalignment
conditions are shown in Fig. 10. It shows that, in this system,
the capacitive coupler has better misalignment ability than the
inductive coupler.

LTspice is used to simulate the system input and output power
and waveform, as shown in Fig. 11. The voltage and currrent
are almost in phase with each other at both the input and output,
which is consistent with the analysis in Section II. Also, the
cut off current at the switching transient is 3 A to provide soft
switching.

LTspice simulation also provides the voltage stress between
the metal plates. The RMS voltage between Py and Py is 4.9 kV,
and the RMS voltage between P; and Ps is 3.4 kV. The break-
down voltage of dry air is 3.0 kV/mm and the distance between
Py and Ps is 25 mm, so there is no concern with arcing.

The magnetic field distribution of the inductive coupler is
shown in Fig. 12(a), and the electric field distribution of the
capacitive coupler is shown in Fig. 12(b).

According to the ICNIRP 2010, the safety exposure limit for
the general public to magnetic fields is 6.25 pT [34]. In our
setups, an aluminum shield was not used. The simulation result
in Fig. 12(a) shows that the safe range is 600 mm away from
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Fig. 12. Fields distribution of the coupler. (a) Magnetic field distribution.
(b) Electric field distribution.

Fig. 13.
System.

Experiment prototype of a 3.0-kW LC-compensated IPT-CPT

the magnetic coupler. In the future, if aluminum shielding is
utilized, the magnetic radiation can be significantly reduced.

According to the IEEE C95.1 standard, the safety limit for
electric fields is 614 V/m [35]. Fig. 12(b) shows that the safe
range is 700 mm away from the coupler. In the future, more
research will be conducted to either reduce or shield the electric
field radiation.

V. EXPERIMENTAL DETAILS
A. Experimental Setup

A 3.0-kW experiment prototype is constructed to verify the
proposed system, which is shown in Fig. 13. All the components
are implemented using the values in Table I. The inductors and
coils are made by 3000-strand AWG 46 Litz-wire with a single
wire diameter of 39.8 pm. Since the skin depth of copper is
65.2 ym at 1 MHz, there is no significant increase of ac resis-
tance induced by the skin effect. However, according to Lu ef al.
[36], the proximity effect between bundles in the Litz-wire can-
not be neglected, and the measurement by Agilent LCR meter
E4980A shows that the ac resistance is 3.4 times the dc resis-
tance at 1 MHz. The inductors have an air core, and are wound
on PVC tubes to eliminate the magnetic losses. The coils are
wound on plastic board and there is no magnetic material, as
presented in Section III-A. The insulation between the adjacent
turns in the coils and inductors should be considered to avoid
voltage breakdown. In future designs, the high-frequency mag-
netic material 51 from Fair-Rite will be used in the inductors and
coils to reduce their volume as well as magnetic fields radiation.
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High-frequency thin-film capacitors from KEMET are used
to realize the compensation capacitors Cy; and Cy5. At 1 MHz,
the RMS voltage rating of a single capacitor is about 300 V,
and the RMS current rating of a single capacitor is about 1.0 A.
Therefore, multiple capacitors are connected in series and par-
allel to satisfy the voltage and current requirements. According
to the datasheet, the capacitance values have +5.0% tolerance
from the nominal value. To maintain the accuracy of the ca-
pacitance values, they are measured and tuned by the Agilent
Network Analyze E5S072B. The dissipation factor of the capac-
itors is 18 x 10~* at 1 MHz, which is used to calculate the
equivalent series resistance of the capacitors.

Aluminum plates are used to construct the capacitive cou-
plers. The outer plate length is 610 mm, and the inner plate
length is 457 mm. The distance between the outer and inner
plates is 25 mm, and the thickness of the plates is 2 mm. PVC
tubes are used to hold the plates. The plates are clamped into
slots on the tubes, and it is convenient to move the plates in
the slots to adjust the misalignment. Since there is high voltage
stress between the plates, ceramic spacers are used to sepa-
rate the outer and inner plate at the same side. In this design,
the other circuit components are connected to the edge of the
plates, which influences the current distribution in the plates. In
future research, the connection of the plates and its influence on
efficiency will be studied.

SiC MOSFETs (C2M0080120D) are used in the input in-
verter, and SiC diodes (IDW30G65CS5) are used in the output
rectifier, as mentioned in Section II-A. The digital signal pro-
cessor TMS320F28335 is used to generate the PWM signals for
the inverter. It is convenient to adjust the switching frequency
and dead-time of the signals in the programming codes. The
datasheet shows that the parasitic capacitor between the drain
and source of the MOSFET is only 100 pF at 310 V, so it is
easy to charge and discharge this capacitor during the switching
transient. The MOSFETs in the inverter can therefore achieve
soft-switching conditions.

In Fig. 13, the distance between the inductive and capacitive
coupler is 300 mm to eliminate the influence between them. If
the two couplers are placed close to each other, it can induce
some drawbacks. There are capacitive couplings between the
coils and plates, and so the equivalent capacitance between the
plates can be changed by the proximity of the coils. As a result,
the resonances in the circuit can be changed. Also, the magnetic
fields of the coils can generate eddy current losses in the metal
plates, which can reduce the coil inductance and hence system
efficiency. However, the long distance between the two couplers
will decrease the power transfer density. In future research, the
two couplers will be integrated as a single coupler to increase
the power density. In this case, the interaction between the coils
and plates will be presented in detail.

B. Experimental Results

The experiment is conducted with the designed prototype.
The input dc source voltage is 310 V, and the electronic dc load
works at constant 320 V to simulate the battery pack on the
vehicle. The experimental waveforms are shown in Fig. 14.
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Fig. 14.  Experimental input and output waveforms.

In Fig. 14, the red curve is the square wave input voltage V;
provided by the inverter, and the pink curve is the sinusoidal
current /; injected into the resonant tank. The green curve is
the output square wave voltage Vs to the rectifier, and the blue
curve is the driver signal to one of the MOSFETSs. It shows
that the input voltage and current are almost in phase, so the
system achieves unity power factor. There is little reactive power
injected into the circuit, and the efficiency is maintained. The
output voltage Vy is 90° leading the input V), which agrees
with the analysis in Section II-C. Although there is noise in the
driver signal, its magnitude is within 3 V, which is lower than
the threshold voltage of MOSFETs. Therefore, it is safe to use
this signal as driver.

Fig. 15(a) shows the relationship between the output power
and efficiency of the IPT and CPT combined system. In the
well-aligned case, the output power reaches a maximum of
2.84 kW with an efficiency of 94.45%. When both the inductive
and capacitive couplers have 20-cm misalignment, the output
power drops to 1.35 kW, and the efficiency drops to 91.49%.

Fig. 15(b) shows the output power and efficiency of the IPT
system. In this case, the two pairs of plates are separated far
away to eliminate the capacitive coupling. Only the coils are
used to transfer power. When the coils are well aligned, the max-
imum output power is 1.95 kW with an efficiency of 94.89%.
When the coils have 20-cm misalignment, the output power is
0.75 kW, and the efficiency drops to 91.68%.

Fig. 15(c) shows the output power and efficiency of the CPT
system. In this case, the two coils are separated to eliminate the
inductive coupling. Only the metal plates are used to transfer
power. When the plates are well aligned, the maximum output
power is 0.86 kW with the efficiency of 93.04%. When the plates
have 20-cm misalignment, the output power is 0.69 kW, and the
efficiency drops to 91.18%.

The output power in Fig. 15(a) is the sum of the output power
in Fig. 15(b) and (c), which shows that both the inductive and
capacitive coupler can transfer power in the combined system.
The capacitive coupler has better misalignment ability when
compared to the inductive coupler. When the misalignment
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increases to 20 cm, the capacitive coupler can maintain 80.2%
of the well-aligned power, and the inductive coupler can only
maintain 38.5% of the original power. Therefore, the import
of the capacitive coupler to the IPT system can improve the
misalignment ability of the system.

C. Comparison of Modeled and Experimental Performance

The experimental performance of the IPT and CPT combined
system is compared to the modeled and simulated system in
Section IV. The comparisons include the input voltage and cur-
rent waveforms and the system power and power distribution at
different misalignment conditions.

Fig. 16 shows the comparison of the input voltage and current
waveforms between the simulated and experimental results, and
they agree well with each other. The dashed blue curve is the
simulated input voltage, which is a square wave to accelerate
calculation speed. The solid red curve is the experimental input
voltage, which has a pulse at the switching transient. This is
because there is voltage stress on the MOSFETSs at the turn-on
transient, which can induce some switching losses. However,
the magnitude of the pulse is lower than 50 V, so the induced
power loss can be neglected. The dashed green curve and solid
pink curve are the simulated and experimental input current,
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respectively. The cut off currents of the switching transient are
the same.

When there is misalignment, Cs; and k decrease as shown
in Fig. 10. The FEA analysis shows that the variations of L; o
and Cj 2 can be neglected. Therefore, (12) and (15) and the
parameters in Table I and Fig. 10 are used to calculate the system
power at different misalignment conditions. The comparisons of
the calculation and experiment results of the system total power
and power ratio are shown in Fig. 17.

Fig. 17(a) shows that the calculated and experimental results
of the system total power are close at different misalignment
conditions. The maximum power difference is within 250 W.
When the misalignment is small, the calculation is larger than
the experiment result. This is because the calculation does not
consider the power losses in the circuit components. When the
misalignment increases, the calculation decreases to be lower
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than the experiment result. This is because the calculation is
based on FHA, and all the high-order harmonics currents are ne-
glected. However, with the increase of misalignment, the high-
order currents are becoming relatively larger when compared to
the fundamental current, so the experiment result is larger than
the calculation. It also needs to be emphasized that the differ-
ence of power between the calculated and experiment results
also increase with misalignment. For example, Fig. 10 shows
that, at 20-cm misalignment, the IPT power drops to 25.2%, and
the CPT power drops to 62.1%. However, Fig. 15 shows that,
in experiments, the IPT power drops to 38.5%, and the CPT
power drops to 80.2%. This difference also comes from the ap-
proximation of FHA approach. However, the absolute value of
the power difference is still in an acceptable range. In future re-
search, the calculation expressions will be modified to consider
all the high-order components.

Fig. 17(b) shows the calculated and experimental power ratios
between the IPT and CPT system. The maximum ratio differ-
ence is within 0.30. When the misalignment increases, both the
inductive and capacitive power decreases. The power ratio is
also decreasing, which means the capacitive power becomes
comparable to the inductive power.

VI. CONCLUSION

This paper proposes a wireless power transfer system that
combines inductive and capacitive power transfer. The innova-
tion is that the inductive coupler and capacitive coupler resonate
together, using the compensation components to transfer power.
An LC compensation topology is required at both the primary
and secondary sides. The working principle of the IPT + CPT
system is analyzed to derive the expression of the output power
and the system design process. The inductive and capacitive
couplers are designed using 3-D simulations in Maxwell. A
3.0-kW prototype is constructed to verify the proposed con-
cept. The output power of the combined system is the sum of
the IPT and CPT systems. The high voltage between the metal
plates is an important safety concern in application. In the fu-
ture, the system will be optimized to reduce the voltage and the
corresponding radiated EMI. Also, the inductive and capacitive
coupler can be constructed together to make the system more
compact.
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