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An Inductive and Capacitive Integrated Coupler
and Its LCL Compensation Circuit Design
for Wireless Power Transfer
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Abstract—This paper proposes a novel coupler structure for
wireless power transfer, which takes advantage of both magnetic
and electric fields. The coupler contains four metal structures, two
each at the primary and secondary sides, which are capacitively
coupled. Each structure consists of long strips of metal sheet to
increase its self-inductance, which is then inductively coupled with
the other three structures. The structures are vertically arranged
and the outer structures are larger than the inner ones to maintain
the capacitive couplings. An external LCL compensation network
is proposed to resonate with the coupler. The resonance provides
conduction currents flowing through each plate to establish mag-
netic fields and displacement currents flowing between different
plates corresponding to electric fields. A 100-W output power pro-
totype is designed and implemented to operate at 1.0 MHz, and
it achieves 73.6% efficiency from dc source to dc load across an
air-gap distance of 18 mm. The contribution of this paper is to
propose a concept to transfer power using magnetic and electric
fields simultaneously.

Index Terms—Capacitive power transfer (CPT), electric fields,
inductive power transfer (IPT), IPT and CPT integrated system,
magnetic fields, wireless power transfer (WPT).

I. INTRODUCTION

NDUCTIVE power transfer (IPT) [1]-[4] and capacitive
power transfer (CPT) [5], [6] are two effective methods to
transfer power without galvanic contact. The IPT system uses
loosely coupled inductive coils to generate magnetic fields [7],
[8]. It has been widely applied to the charging of low-power
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portable devices [9] and high-power electric vehicles [10]. It has
the advantage of transferring high power efficiently through a
large air-gap distance. The dc—dc efficiency has achieved higher
than 95% across 150-mm air-gap distance, which is already
comparable with the regular plug-in charger [11], [12].

However, the high-frequency magnetic fields in an IPT system
can generate eddy-current losses in the metal nearby, which can
result in a significant temperature rise and potential fire hazard
[13]. Also, an IPT system usually requires ferrite plates to im-
prove the inductive couplings [14], [15], which can significantly
increase the system cost and limit the practical application area
of the IPT technology.

Compared to the IPT system, the CPT system has two advan-
tages. First, electric fields used in a CPT system do not generate
significant eddy-current losses in nearby metals, and there is no
concern about temperature rising. Second, metal plates are used
in a CPT system to transfer power [16], which can reduce the
system cost and weight. Therefore, the CPT system can be an
attractive alternative of the IPT system.

The CPT technology can be used in both short- and long-
distance applications. When the transfer distance is within mil-
limeter range, the coupling capacitance can be tens of nanofarad
[17], [18], and the transferred power can achieve kilowatt level
with over 90% dc—dc efficiency [19], [20]. One benefit of the
short-distance CPT system is that the electric fields are mainly
confined between the plates and the leakage fields are limited.

From the perspective to extend the application of CPT tech-
nology, the long-distance CPT systems are also studied. When
the transfer distance increases to 10’s or 100’s of millimeter, the
coupling capacitance is in the range of picofarad. One Challenge
in the long-distance CPT system is to transfer higher power us-
ing the small capacitance. Therefore, an LCLC compensation
network is proposed to resonate with the coupling capacitors
and provide high output power [21], [22]. There are also two
safety concerns in the long-distance CPT system. One is the
high voltages and the electric field emission to the surrounding
area, and the other is the parasitic displacement current to the
nearby metal. Although the eddy-current losses are eliminated,
the interaction between the CPT system and the metal foreign
object should also be studied in future research.

Considering the limitations of long-distance CPT system, one
effective method to promote its application is to combine it with
the more developed IPT technology [23], [24]. The IPT system
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usually requires external capacitors to resonate with the coils,
and the CPT system usually needs external inductors to establish
resonance. Therefore, the couplers in IPT and CPT systems can
be combined together, which results in an [IPT-CPT combined
system [23]. Furthermore, The inductive and capacitive couplers
can be integrated into a single coupler [24], which means the
“coils” of the IPT system can also act as the “plates” of the CPT
system and vice versa. Considering the LCC network used in an
IPT system [25] and the LCLC network used in a CPT system
[21], an LCL compensation network can be used to resonate with
the integrated coupler. Compared to [24], this paper provides
more detailed circuit analysis and simulation results. Compared
to the previous combined system described in [23], this paper
has three differences.

First, there is only one coupler in this system, whereas there
are two couplers in [23]. The integrated coupler in this paper can
generate magnetic and electric fields simultaneously. The two
couplers in [23] generate the two fields separately. Second, the
circuit model of the coupler is different. There are both induc-
tive and capacitive couplings in the integrated coupler, which
make its circuit model complicated. Whereas, the circuit mod-
els of the two couplers in [23] are relatively simpler. Third, the
compensation circuit topology is different. In this design, since
the self-inductance of the integrated coupler is limited, an LCL
compensation circuit is required. In [23], the coil inductance is
large enough, so only an LC circuit is used. In future research,
the compensation circuit can be eliminated to further simplify
the system structure.

II. INDUCTIVE AND CAPACITIVE INTEGRATED COUPLER
DESIGN

A. Coupler Structure

The integrated coupler should realize both inductive and ca-
pacitive couplings. In a four-plate capacitive coupler [6], the
size of the plates is different to realize capacitive couplings.
Furthermore, to increase the inductances of the plates and ac-
quire inductive couplings between them, the plates can be cut
to long strips. Therefore, there are in total four strips in this
coupler: Py, Py, P3, and Py. Strips P; and Ps are placed at the
primary side as a power transmitter, and P3 and P, are placed
at the secondary side as a power receiver. The structure of this
inductive and capacitive integrated coupler is shown in Fig. 1.

Fig. 1(a) shows the detail of the primary-side strips P; and
P,. In this design, the coupler is symmetric from the primary
to secondary side, so P3 and P, have the same structure as
P; and P,. Each strip is folded with aluminum sheets to in-
crease the self-inductance. Strip P; is larger than strip Ps to
realize the capacitive coupling with the secondary-side strips.
There are two kinds of currents flowing in this integrated cou-
pler; conductive currents and displacement currents. The con-
ductive currents generate magnetic fields, which contribute to
the inductive coupling. The displacement currents between the
strips relate to the capacitive couplings.

Fig. 1(b) shows the three-dimensional (3-D) view of the in-
tegrated coupler structure. Polyimide tape is used to provide
insulation between adjacent strips. Nylon spacers are used to
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Fig. 1. Structure of the inductive and capacitive integrated coupler.
(a) Primary-side detail, (b) 3-D view, and (c) front view.

separate the primary and secondary strips and provide the air-
gap distance.

Fig. 1(c) shows the front view and dimensions of the inte-
grated coupler. Strips P3 and P, are on the top of P; and Py. The
aluminum sheet, with a thickness 74; = 0.2 mm, is folded to a
square shape, and the size of each square is defined as s. Due
to the aluminum sheet available in the lab, the total length of
P, and Pj is predetermined to be [; = 13s, and the total length
of Py and Py is Iy = 8s to simplify the design process. The dis-
tance between P; and P, is equal to the distance between P53 and
P4, which is defined as d;. Distance d; can be adjusted by the
thickness of the insulation tape. The air-gap distance between
the primary and secondary side is defined as d. In this specific
design, considering the size of the aluminum sheet available in
the lab, s is set to be 36 mm. Therefore, d and d; are the two
remaining parameters need to be determined in the following
design.
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Fig. 2. Equivalent circuit model of the coupler.

B. Circuit Model

The circuit model of the designed integrated coupler is shown
in Fig. 2. The self-inductances of the four strips are defined as
Ly, Ly, L3, and Ly. There are inductive couplings between each
pair of the strips, resulting in six mutual inductances: Mo, M3,
M4, M3, Moy, and Ms,4. The polarity of the inductive couplings
is also identified in Fig. 2, which will be used in the following
circuit analysis. The circuit analysis in Section III will show that
the mutual inductance My3, M14, Ms3, and Mo, contribute to
transferring power from the primary to secondary side, and the
equivalent mutual inductance M., is defined as

Moy = Mg + My + Moz + Moy. (D

There are also capacitive couplings between the strips. Ac-
cording to Zhang et al. [6], there are six coupling capacitances
in the coupler. Since the cross-coupling capacitances between
P, and P4, and between P, and P3, are relatively small, they are
neglected in this design to simplify the circuit model. The capac-
itance between P; and P» is defined as C;, and the capacitance
between P3 and Py is defined as Cy. Because of the symmetry
of the coupler, there exists C; = Cs. The coupling between P
and P3 is defined as Cy, and the coupling between Py and Py
is defined as Cyo. In Fig. 2, Cy; and Co are in series, which
results in an equivalent capacitor Cy = Cy1 Cy2/(Cs1+Cs2). Cy
and Cy can be defined as the self-capacitances of the coupler,
and C; can be defined as the mutual capacitance.

C. Maxwell Simulation

The finite element analysis (FEA) by Maxwell is used to sim-
ulate the plate parameters in different dimensions. It can perform
both magnetic and electric field simulations, which provide the
inductances and capacitances of the coupler, respectively. When
the air-gap distance d varies from 10 to 25 mm, and the plate
distance d; varies from 0.5 to 4.0 mm, the Maxwell-simulated
parameters are shown in Fig. 3.

In the electric fields simulation, Fig. 3(a) shows that the self-
capacitance C; decreases with the increasing plate distance d;,
and the air-gap d does not affect C;. Fig. 3(b) shows that the
mutual capacitance Cg decreases with the increasing air-gap d,
and the plate distance d; does not affect C;. In the magnetic fields
simulation, Fig. 3(c) shows that equivalent mutual inductance
M. also decreases with the increasing air-gap distance d, and
the plate distance d; does not affect M.
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Fig. 3. Maxwell-simulated parameters when d and d; vary. (a) Capacitance

C1., (b) capacitance Cs, and (c) inductance M.

Considering the simulation results in Fig. 3(a) and the thick-
ness of the polyimide tape available in the lab, the plate distance
d; is set to 1.2 mm, and the resulting capacitance C; is 910 pF.
Compared to the self-capacitances in previous references [21]-
[23], this C; is relatively large to reduce the required resonant
inductance. Then, considering the simulation results in Fig. 3(b)
and (c¢) and the nylon spacer size available in the lab, the air-gap
distance is set to 18 mm. The resulting mutual capacitance C is
16.7 pF and the equivalent mutual inductance M, is 0.49 pH.
Based on the available materials in the lab, the dimensions of
the coupler are shown in Table I, and the corresponding circuit
parameters are simulated in Maxwell and also presented.

III. LCL COMPENSATION CIRCUIT TOPOLOGY FOR THE
INTEGRATED COUPLER

A. Circuit Topology

Based on the LCC compensation circuit for an IPT system
and the LCLC compensation for a CPT system, a double-sided
LCL compensation circuit topology is proposed to resonate with
the integrated coupler, which is shown in Fig. 4. There are both
magnetic and electric fields generated by the integrated coupler
to transfer power.
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TABLE I
DIMENSIONS AND MAXWELL-SIMULATED CIRCUIT PARAMETERS OF THE
INTEGRATED COUPLER

Parameter Design Value Parameter Design Value
I 468 mm Iy 288 mm
d 18 mm dy 1.2 mm
K 36 mm Al 0.2 mm
L (Ly) 2.06 uH Ly (Ly) 0.76 uH
My (M34) 0.55 uH My (Ma3) 0.08 pnH
Mlg 0.19 ,LLH M24 0.15 #H
C (C) 910 pF Cs1 (Gs2) 33.4 pF
M., 0.49 nH Cs 16.7 pF
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Fig. 4.  Circuit topology of a double-sided LCL compensated system with an
integrated coupler.

Fig. 5. Equivalent circuit of the inductive and capacitive integrated system.

Since the Maxwell simulations in Table I show that the self-
inductances of the coupler are very small, two large external
inductors Leyx; and Leyo are required to connect in series with
the coupler to increase the equivalent inductances. This can
also help to reduce the switching frequency of the system. Two
pairs of resonances L;1—Cyy and Lgo—Cyo are used at the input
and output side to convert the voltage sources to current ones.
They also act as low-pass filters to reduce the harmonics current
injected to the resonant circuit.

A full-bridge inverter with four MOSFETs is used at the
transmitter side to generate ac excitation to the resonant tank. An
uncontrolled diode rectifier is used at the receiver side to provide
dc current to serve the battery load. Therefore, the voltages V;
and V5 are both in square waves.

When the integrated coupler is represented by its circuit
model, the equivalent circuit of the system is shown in Fig. 5.
The polarity of the connection to the integrated coupler should
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Fig. 6. FHA of the inductive and capacitive integrated system. (a) Simplified
circuit topology, (b) excited only by input source, and (c) excited only by output
source.

be paid attention to make sure that the contributions of the in-
ductive and capacitive couplings are in the same direction to
maximize the output power. The detailed circuit analysis will
be presented later.

B. Circuit Working Principle

The fundamental harmonics approximation (FHA) method is
used to analyze the working principle of the resonant circuit,
as shown in Fig. 6. The square wave input and output are re-
placed by two sinusoidal voltages, and the high-order harmonics
components are neglected, which results in a simplified circuit
topology in Fig. 6(a). The power losses in the circuit compo-
nents are also neglected to simplify the circuit. Furthermore, the
superposition theorem is further used to analyze the input and
output voltages separately.

Fig. 6(b) shows the system excited only by the input source,
where two parallel resonances in the circuit are highlighted,
and the resonant frequency is defined as wy. In this way, there
is no current flowing through L;; and L.yo, and the circuit
analysis process can be significantly simplified. The induc-
tor L¢oy and capacitor Cro form the first resonance, which is
expressed as

LyyCry = —. (2

Sl =
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The external inductor L.y, the coupler inductances L;, Lo,
and mutual inductance M+ are considered together as an equiv-
alent primary inductance L., which is expressed as

Leql = Lexl + Ll + LQ + 2M12- (3)

In the circuit model of the integrated coupler, the capacitors
Ci, Cy, C41, and Cyo form an equivalent capacitance to the
primary side, which can be expressed as

CiCy 10y + C,Cy + CsCy
Ci+Cy Cs + Cy '

Ceql = Cl + (4)

The primary equivalentinductance L., the equivalent capac-
itance C,q1, and the capacitance Cy; form the second resonance
in Fig. 6(b), which is expressed as

1 1
wWoCeqi woClp1

WULoql - =0. (5)

In Fig. 6(b), the voltage on C, is caused by the capacitive
coupling, which is expressed as

Cfl Cs
Voo =V, - | — e 6
2 1 < Ceql) 1 G (6)

By substituting (4) into (6), the Cy voltage is simplified as

G@Cfl

Ver =V me e e v 06y

(7

In Fig. 6(b), the voltage on Lj is caused by the inductive cou-
plings, and expressed by the mutual inductance M3 and Mos.
Considering the polarity of the connection of Ls, the voltage on
Ls is expressed as

Vis = jwoMizlpy + jwoMaslps. (3)
The current I1,; and I 5 are expressed as
Ity =19 = —=Vi - jwoChr. )
Therefore, the voltage Vp 3 is simplified to be
Vg = Vi - (M3 + Mag) - wiCyy. (10

The voltage on L, is caused by the mutual inductances M4
and My, and it can be expressed as

Via = jwo Mgl + jwo Moy Ips. (11)
It is further simplified as
Vig = Vi - (Mg + Myy) - wiCyy. (12)

Then, the voltage across Cys is expressed as

ch2 = - VL3 - VL4 + VCQ
= — Vi (M3 + Myy + Moy + May) - wiCry
. Vi 'CsCfl
C,Cy+C,CL + C,Cy°

13)
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Therefore, the output current (—/5) to the load is given as
—I, = — Vega - jwoChra

(M3 + Mg + Moz + Moy) - jwoCry
Ly
n Vi - jwoCsCp1Crs
C1Cy + C,Cy 4 C,Cy”
Fig. 6(c) shows the system excited only by the output source,
and there are also two parallel resonances highlighted, which
will be analyzed using similar process in Fig. 6(b). The in-

ductor L¢y and capacitor C¢; form one resonance, which is
expressed as

(14)

1
LpiCpo= el (15)

The equivalent secondary inductance L.q2 and capacitance
Ceq2 are defined as
{Lqu = Lexo + Ly + Ly +2Msy

— c,Ci _ C1Cy+CC1+CCy .
Ceqz =C2 + gigy = ]

(16)

O, +Cy

The other resonance forming by the inductance L2, the
capacitances C,q2 and Crs is expressed as

1 L,
woCoq2  woCla .

wo Leq2 - (17)

In Fig. 6(c), the voltage across C; is caused by capacitive
coupling, and expressed as

CfQ Cs
Ver=Va - | — . 18
1 2 < Cqu) AR (18)
By submitting (16) into (18), the C; voltage is simplified as
c,C
Ver ==V L (19)

T C1Cy + OO0 + CiCy

The voltages V1,1 and Vi 5 across L, and L, are caused by the
inductive couplings, and relate to the mutual inductances M3,
M4, M3, and My, Similarly, the voltages are expressed as

{VLI = —Vo - (M3 + Myy) - wiCyo . 20)
Vig = —Va - (Mag + May) -w80f2
Then, the voltage across Ct; is expressed as
Ve = Vi + Vo + Voo
= — Vo - (Myz + Myy + Moz + May) - wiCro

‘/2 . CsCfQ

— . 21
C1Cy + C,C + CyCy D
Therefore, the input voltage I; is expressed as
I = Ve - jwoCpy
_ v (Mg + Myg + Mg + May) jwoClo
= -V
L
Va 'oncscflcﬁ (22)

- 010y + C,Cr +C.Cy
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Considering (2) and (15), the input and output current are
further simplified as

_ VajwoCsCr1Cyo
Ci1Co+CCr1+CCy

Vy - J(Mig+Myg+Msog+Msoy)

I =~ wolLji Ly

VijwoCs Cr1Cro
CiC,+C,Ci+C,Cs
(23)
Since an uncontrolled diode rectifier is used at the secondary
side, the output voltage V> is in phase with the output current
(—13). The first equation in (23) shows that /; is 90° lagging
Vs, and the second equation shows that V| is also lagging (—1I2)
by 90°. Therefore, the input voltage V; is also in phase with
the input current /;. According to (23), the system power is
calculated as

1 v i(Mig+ Mg+ Myt M)
L=V A +

Mz + My + Moz + Moy

P 4 =
out W[)LflLfQ

+ WQCSCflcfQ
C1Cy + C,Cy + CsCy

-Wal-Val. 24

From (23), it can also be shown that P, = P,,;, which is
consistent with the assumption to neglect circuit components
losses and also validates the previous circuit analysis. The power
contributions by inductive and capacitive couplings are defined
as Prpr and Pcpr, which are expressed as

Ppr = Mg+ Mg +Myzg+ Moy . |V’1| . |V’2‘

wolL 1 Lys
c.cpc, 25)
_ wWobsUr1Ciro
Pepr —mﬁ/ﬂﬂ/ﬂ
The polarity of the connection in the integrated coupler de-
termines the sign of the mutual inductance M3, M4, Mo,
and M»,. When the inductive power Prpt and capacitive power

Pcpr are both positive, the system power is maximized.

IV. DESIGN EXAMPLE WITH THE INTEGRATED COUPLER
A. Power Ratio Calculation

According to (25), the power ratio between the IPT and CPT
couplings is defined to be r;__ ¢, and expressed as
rr-c =

wt - (Mg + My + Mas + May) - (C1Cy + CCy + CCs)
Cs

(26)

If the equivalent inductive coupling coefficient k; and the
capacitive coupling coefficient k¢ [6] are defined as

kr = Mg+ Mia+Mog+ Moy

LegiLeg
SRV (GENeR R{e NN
Considering (4), (16), and (7), the power ratio is
expressed as
k

I 2
rr-c = 77— Wy \/LeqlLquCeqlcqu-

e (28)
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TABLE II
SYSTEM SPECIFICATIONS AND CIRCUIT PARAMETERS

Parameter ~ Design Value Parameter Design Value
Vin 50V Vout 50V

fow 1 MHz Cs 16.7 pF
Liy (L) 1.54 nH Cry (Cra) 16.5 nF
Ly (L3) 2.06 nH C (Cy) 910 pF
Ly (Ly) 0.76 uH Mg 0.49 uH
Lex 24.8 uH Lexo 253 uH
kt 1.8% kc 1.8%

Considering (5) and (17), if C¢1>>Ceq1 and Cia>>Ceq2,
the power ratio is approximated as
kr
T~ —.
1-C o
It means the power ratio is approximately the ratio between
the inductive and capacitive coupling coefficients in the IPT—
CPT integrated system, which is the guideline to balance the
power contribution between the two couplings.

(29)

B. Circuit Parameter Design

Using the integrated coupler in Table I, a 140-W input power
inductive and capacitive integrated system is designed in this
section. To simplify the design process, the circuit parameters
are also designed to be symmetric from the primary to secondary
side. According to (24) and the coupler parameters in Table I,
the specifications and circuit parameters are calculated, which
are given in Table II.

In the system, the input and output voltages are designed to
be 50 V. The switching frequency is set to be | MHz to increase
the CPT system power. The primary external inductance Ly is
24.8 uH, and the secondary external inductance Ly is slightly
larger than L. to provide a soft-switching condition to the
MOSFETs in the input inverter [21].

The system power can be regulated by adjusting L¢; and Lso,
and they are both 1.54 p/H to achieve 140-W system power.
The equivalent inductive and capacitive coupling coefficient kg
and k¢ are both 1.8%, Therefore, the two couplings contribute
equally to the system power, which means Pipr = Pcpr =
70 W.

C. System Simulation

Using the parameters in Table II, the system performance
is simulated in LTspice. For simplicity, the power losses in
the circuit components are also neglected. At 50 V input and
output voltage condition, the simulation shows that the system
achieves 140 W power. The simulated input and output voltage
and current waveforms are shown in Fig. 7.

Fig. 7 shows that the voltage and current are almost in phase
at both the input and output side. Also, the input voltage V; is
about 90° lagging the output voltage Vs, which validates the
circuit analysis in Section III. The input current /7 is slightly
lagging the input voltage V; to provide soft-switching condition
to the MOSFETs.
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Time(ps)

Fig. 7. LTspice-simulated input and output voltage and current waveforms.

TABLE III
RMS VALUE OF THE VOLTAGE STRESSON EACH COMPONENT

Parameter ~ Voltage  Parameter  Voltage
Vi1 35V Vig2 35V
Ve 55V Vet 55V
Vi ex1 720V Vi ex2 720 V
Vei-pa 680 V Vp3_p4 680 V
Vpq P3 500 V Vpo_pa 560 V

The circuit simulation by LTspice can also provide the volt-
age stress on each circuit component, as given in Table III.
The voltages on L¢q, Lo, Cr1, and Cyy are relatively low, and
the voltages across the external inductors L.y and L.yo reach
720 V. In the integrated coupler, the voltages between the same-
side strips Vp1__po and Vp3__p4 are both 680 V. The voltage
between the transmitter and receiver strips Vpj__p3 is 500 V,
and Vpy__py is 560 V. Since d; = 1.2 mm and d = 18 mm in
this design and there are insulation taps between the adjacent
strips, there is no concern about arcing between the strips.

The magnetic and electric field emissions of the coupler
are also simulated in Maxwell to determine the safety-
operation area. The voltages and currents acquired in circuit
simulation are used as the excitations in the FEA simulation.
The Maxwell simulation results are shown in Fig. 8.

Fig. 8(a) shows the magnetic field distribution around the
integrated coupler. According to the circuit simulation, the cur-
rent excitation flowing through each strip is about 4.6 A, and
the transmitter and receiver currents are 90° out of phase. The
direction of the currents is indicated in Fig. 5. Fig. 8(a) shows
that the magnetic fields are concentrated in the center part of
the coupler. The maximum magnetic field density between the
transmitter and receiver is about 120 ¢ T, and the safety limit of
field density to human body is 27 T at 1 MHz [26]. This shows
that the magnetic field attenuates rapidly with distance, and the
safe range is about 30 mm away from the coupler.
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Fig. 8. Field emissions of the inductive and capacitive integrated coupler.
(a) Magnetic field and (b) electric field.

Fig. 8(b) shows the electric field distribution around the in-
tegrated coupler. In the simulation, the voltages between the
strips are the same with the values in Table III. Also, it shows
that the electric fields are concentrated in the center part of the
coupler. The maximum field strength in the center of the cou-
pler is about 10 kV/m, and the safety limit of field strength
is 614 V/m at 1 MHz [27]. The safe range is about 120 mm
away from the coupler. Therefore, the electric field determines
the safety working area of the coupler. In future research, the
electric fields can be reduced by either reducing the voltage
stress or using the electric field shielding method. Two large
plates can be used in the coupler to reduce the electric field
emissions without affecting the system power transfer capabil-
ity [28].

V. EXPERIMENTS
A. Experimental Setup

Using the parameters in Table I, a prototype of the inductive
and capacitive integrated coupler is constructed, as shown in
Fig. 9. Multiple strips are screwed together to form the trans-
mitter and receiver. Nylon spacers are used as the holder of the
transmitter and receiver. The total size of the coupler is 468
mm x 468 mm. The parameter values of circuit components,
including the integrated coupler, are measured by an Agilent
E5072B network analyzer, as given in Table IV. The measured
values are within £10% tolerance of the desired values.

The experimental setup of the inductive and capacitive inte-
grated system is shown in Fig. 10. The compensation circuit
components values are the same with Table II. Since the skin
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Fig. 9. Prototype of an inductive and capacitive integrated coupler.
TABLE IV
COMPARISON OF THE DESIGNED AND MEASURED PARAMETERS

Parameter  Design Value Measurement Parameter Design Value Measurement
Liy 1.54 uH 1.45 pnH Cr1 16.5 nF 16.4 nF
Lo 1.54 nH 1.42 pnH Cia 16.5 nF 16.4 nF
L, 2.06 pH 2.26 nH Cy 910 pF 942 pF
Ly 0.76 pH 0.82 uH C, 910 pF 931 pF
Ls 2.06 uH 226 uH C, 16.7 pF 18.1 pF
Ly 0.76 uH 0.84 uH Meq 0.49 nH 0.55 uH
Lex1 24.8 uH 24.6 uH Lexa 253 uH 25.5 uH

Fig. 10.

Experimental setup of an inductive and capacitive integrated system.

depth of copper is 66 ym at 1 MHz, 2175-strand AWG 46 Litz
wire with 40 pym diameter is used to make the compensation
inductors L¢q, Lgo, Lex1, and Lexo. The compensation capac-
itors are high-power and high-frequency film capacitors from
KEMET, and the dissipation factor is about 0.18% at 1 MHz.
When connecting the coupler into the circuit, the polarity of the
connection should follow Fig. 5 to maximize the system power.

Since the switching frequency is as high as 1 MHz,
wide bandgap devices are used in this system. A general-
purpose inverter consisting of silicon carbide (SiC) MOSFETSs
C2MO0080120D is used at the input side to provide ac excita-
tion. The digital controller TMS320F28335 is used to generate
pulse-width modulation (PWM) signals for the MOSFETsS, and
the dead time between the PWM signals is about 60 ns to realize
soft switching of the MOSFETs in the full-bridge inverter [25].
The output side rectifier uses SiC diodes IDW30G65C. In the
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Fig. 11. Experimental results of inductive and capacitive integrated system.
(a) Waveforms of voltages and currents. Ch 1 (blue): drive voltage Vi, ive; Ch
2 (red): input voltage V7 ; Ch 3 (green): output voltage Vs ; Ch 4 (pink): input
current /1 . (b) System power and efficiency.

future design, low-power devices will be used in the circuit to
reduce the system cost and increase the efficiency.

B. Experimental Results

Experiments are conducted using the setup in Fig. 10. A dc
voltage source is used to supply power and an electronic dc load,
working in constant voltage mode, is connected at the output
side to emulate a battery load. When the input and output voltage
are both 50 V, the experimental results are shown in Fig. 11.

Fig. 11(a) shows four channel measured waveforms. Channel
1 measures the driver signal of MOSFET, channel 2 measures
the input voltage V;, channel 3 measures the output voltage
Vs, and channel 4 measures the input current /; . Since a diode
rectifier is used at the output, the output current (—/5) is in
phase with the output voltage V5, and its phase information is
represented by V5. In this high-frequency (1 MHz) system, the
drive signal Vg,iyve 1S very important because it relates to the
switching performance of the MOSFET.

Fig. 11(a) shows that V; and /; are almost in phase with each
other, which are consistent with the simulation waveforms in
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Fig. 12.  Power loss distribution among the circuit components.

Fig. 7. Therefore, the reactive power injected into the resonant
circuit is limited and the unnecessary power losses are reduced.
The waveform of input current /; is 10x scaled down by the
probe in the measurement. The cutoff current at the switching
transient is about 1 A and the soft-switching condition of the
MOSFETs is achieved. At the output side, Vs, is about 90°
leading the input voltage Vi, which also validates the circuit
analysis in Section III. There is no noise in the driver signal
Virive, S0 it is safe for long-time operation. The experimental
waveforms in Fig. 11(a) are similar to those in Fig. 7. The slight
differences in waveforms are caused by parameter differences
between the actual system and the designed system, as given in
Table IV.

Fig. 11(b) shows a screen shot from the power analyzer, indi-
cating the system power and efficiency in the nominal input and
output condition. The input power is 139.4 W, the output power
is 102.7 W, the power loss is 36.7 W, and the efficiency from
the dc source to dc load is 73.6%, including the MOSFETSs and
diodes. To confirm that the inductive and capacitive couplings
in the integrated coupler both contribute to transferring power
and their contributions are equal, the polarity of the coupler con-
nection is flipped in further experiment, and the experimental
result validates that there is no power received at the load side.

The experimental results in Fig. 11 show that the dc—dc ef-
ficiency of the designed IPT-CPT integrated system is rela-
tively lower than a conventional IPT [11] or CPT system [21].
The power loss breakdown among the circuit components is
estimated and shown in Fig. 12. The parasitic resistances of
the MOSFETSs, compensation inductors, and capacitors can be
estimated from their datasheets and measurements [11]. The
forward voltage of the diodes in the rectifier can also be ob-
tained from the datasheet. Using the simulated currents flowing
through the components, their power loss is therefore estimated.
Since soft switching of MOSFET is realized, the switching
loss can be neglected. The experimental total loss is 36.7 W
in Fig. 11(b), and the remaining power losses should be in the
integrated coupler.

Fig. 12 shows that the integrated coupler dissipates most of
the power losses. It is because the qualify factor of the designed
inductive and capacitive integrated coupler is relatively low.
The coupler can generate both magnetic and electric fields, and
the magnetic fields can induce extra eddy-current losses in the
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Fig. 13.  Experimental dc—dc efficiency at different output powers.

coupler, which lower the system efficiency. Considering the
direction of the magnetic fields in the integrated coupler, its
structure can be redesigned to reduce the eddy-current loss and
improve its quality factor.

The other reason of low efficiency is that the inductive and
capacitive coupling coefficients k1 and k¢ in this system are
only 1.8%, which is much lower than the conventional IPT or
CPT systems. According to Li and Mi [29] and Lu et al. [30],
the efficiency of an IPT or CPT system relates to the inductive
and capacitive coupling coefficient and the components’ quality
factor. Lower coupling coefficient and quality factor result in
lower system efficiency. In future design, k1 can be increased
by increasing the coupler mutual inductance and decreasing the
external inductance L.y; and Leyo, and k¢ can be increased by
reducing the coupler self-capacitance C; and Cs.

The system dc—dc efficiency is also measured at different
power level, which is shown in Fig. 13. The system efficiency
increases with the increasing power. When the output power is
higher than 30 W, the system can maintain a dc—dc efficiency
higher than 70%.

C. Discussion: Potential Benefits of an Integrated Coupler

Generally, an inductive and capacitive integrated coupler has
three potential benefits compared to the conventional IPT or
CPT system, which are addressed as follows.

First, the integrated coupler has the potential to increase the
power density of a wireless power transfer (WPT) system. Since
both magnetic and electric fields are used to transfer power, its
power density can be higher than an IPT or CPT coupler.

Second, the integrated coupler has the potential to reduce the
amount of compensation components. The self-inductance and
self-capacitance of the integrated coupler can resonate together,
which means the external circuit components can be reduced or
even eliminated.

Third, the integrated coupler has the potential to reduce mag-
netic field emissions. The metal plates used in the coupler can
work as shielding plates for the magnetic fields.

As a pioneering work studying an integrated coupler, the
main contribution of this paper is to propose this integrated
concept and validate its effectiveness. Since this is the very first
attempt, the experimental results show that the proposed coupler
in this paper has not realized the aforementioned three potential
benefits of the integrated coupler.
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Compared to the combined coupler in [23], the most impor-
tant merit of this paper is that this is the first time to integrate
inductive and capacitive couplers together into a single coupler.
The demerit of this specific system is that the power density and
efficiency is still lower than the combined coupler.

Considering the integrated design in this paper and the com-
bined design in [23], there are a few possible directions to further
improve the performance of an integrated coupler in future work.
For example, the integrated coupler can utilizes spiral coils to
increase its self-inductance and magnetic coupling coefficient.
According to (25), the system power can therefore be increased
and the power density can also be improved. Meanwhile, if the
self-inductances of the coupler are large enough, the external
inductances Leyx; and L.xo can be eliminated to simplify the
circuit topology. Moreover, Litz wire can be used to build the
coupler to improve its quality factor. According to Li and Mi
[29] and Lu et al. [30], if the coupling coefficient and quality
factor are both increased, the system efficiency can therefore be
significantly improvded. In this way, the efficiency of an inte-
grated system can be comparable with the conventioanl IPT or
CPT system. These will be investigated in future research, and
the potential benefits of an integrated coupler could be realized.

VI. CONCLUSION

This paper proposes an inductive and capacitive integrated
coupler structure for wireless power transfer. Maxwell FEA
simulation results of the coupler are provided, from which the
equivalent circuit model is derived. An LCL compensated circuit
topology is proposed to resonate with the coupler. The working
principle and power expression are presented. A 140-W input
power system is designed to demonstrate the proposed coupler
structure. The main contribution of this paper is to propose a
new concept to utilize both magnetic and electric fields in single
coupler to realize wireless power transfer. In future research,
the coupler structure and circuit parameters will be optimized
to improve the system power and efficiency.
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