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Abstract—The double-sided LCC topology provides a highly effi-
cient compensation method for electric vehicle (EV) wireless charg-
ing systems. However, the two compensated coils occupy a large
volume. In order to address the volume increase as well as to be
compatible with unipolar coil structures, which are widely applied
in EV wireless charging systems, an integration method is intro-
duced in this paper. Aspect ratios of the compensated coils are
studied to minimize the respective coupling effect. With the pro-
posed integration method, the extra coupling coefficients are either
eliminated or decreased to a negligible level. A wireless charging
system with the proposed integration method is built and the ex-
perimental results show that the system resonates at 85 kHz and
delivers 3.09 kW with a de—dc efficiency of 95.49% at an air gap of
150 mm. Furthermore, a comparison with the integration method
into bipolar coil structures is presented and the results demon-
strate that the system with the proposed integration method is
more immune to front-to-rear and vertical misalignments.

Index Terms—Electric vehicles (EVs), integrated coil design,
LCC compensation topology, wireless power transfer.

1. INTRODUCTION

N IMPORTANT application of wireless power transfer
A is to charge electric vehicles (EVs) [1]-[4]. Research ar-
eas in wireless charging for EVs include coil design [S5]-[11],
compensation topologies [12]-[17], power converters and cor-
responding control methods [18]-[21], foreign and living object
detection [22]-[25], electromagnetic field radiations [26], [27],
and environmental performance [28]. While all such areas are
important, in this work we focus on optimizing coil structures,
as they are the primary elements that set the theoretically achiev-
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able power transfer rate and efficiency. In general, it is desired to
maximize their quality factor and geometrical arrangement: the
higher quality factor and the coupling coefficient, the higher the
system efficiency. In stationary wireless charging systems, there
are mainly three coil structures [4]: 1) solenoid coil structures
[5]; 2) unipolar coil structures [6]; and 3) bipolar coil structures
(also referred to as DD coil structures) [7]. Since solenoid coils
generate a double-sided magnetic flux pattern, half of which
does not couple the receiver, they are not commonly adopted
in EV charging applications. Instead, unipolar and bipolar coils
are more popular. Unipolar coils, in which one pair of magnetic
polarities is generated once the coils are excited, give a relatively
higher coupling coefficient and generate vertical magnetic flux.
Bipolar coils, in which two pairs of magnetic polarities are
generated once the coils are excited, present a relatively lower
coupling coefficient and develop horizontal magnetic flux. Ex-
perimental results in [8] show that bipolar coils have a better
performance when horizontal misalignment occurs in the di-
rection vertical to magnetic flux conduction path, which is the
door-to-door direction.

To minimize the VA-rating of the power supply and maxi-
mize transferred power, coils in EV wireless charging systems
are typically not driven directly, but instead, are compensated
with a collection of capacitors and inductors [14]. Compensation
in this manner can help achieve soft switching, thereby improv-
ing the efficiency of the corresponding power converters. It can
also help deliver a constant current or constant voltage output,
which may be advantageous in various applications [14], [15].
There are four basic compensation topologies where a single ca-
pacitor is used to resonate with the primary and secondary coils:
series—series (SS), series—parallel, parallel-series, and parallel—
parallel. Among them, SS is more widely used in EV wireless
charging systems since the resulting resonance is independent
of the coupling coefficient and load condition. However, it is not
strictly necessary to employ only a single reactive compensation
element per coil—for example, the double-sided LCC topology,
proposed in [15], includes an inductor and two capacitors on
each side of the circuit. The LCC topology inherits the advan-
tages of the SS compensation topology while offering more
flexibility to optimize the system efficiency and achieve zero
voltage switching. However, compared to SS, the double-sided
LCC topology has an obvious drawback: the two compensated
inductors occupy a large volume.

In order to address the large volume increase, Li et al. [16]
proposed integrating the compensated inductors into the main
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Fig. 1. Double-sided LCC compensation topology with integrated compen-
sated coils and the cross couplings among the coils [17].

system coils. The integration method can effectively make an
LCC wireless charging system more compact; however, three
additional types of coupling coefficients manifest, as illustrated
in Fig. 1: same-side coupling coefficients ki¢; and kogo, cross-
side coupling coefficients ki, and kop, and extra cross-side
coupling coefficient kgi¢2. Li ef al. analyzed the extra coupling
coefficients and built a wireless charging system to transfer
6.0 kW with a dc—dc efficiency of 95.3%. Kan et al. [17] put
forward a new integration method in which the extra coupling
coefficients were either eliminated or minimized to a negligible
level. While the presented analysis was simplified, the experi-
mental results demonstrated a system that was able to deliver
3.0 kW with a de—dc efficiency of 95.50%, which was compet-
itive to that in [16]. However, the proposed integration method
could be only utilized with bipolar coil structures.

This paper extends the work of [17] by analyzing and demon-
strating an LCC compensation topology that is compact and
efficient, and importantly, compatible with unipolar coil struc-
tures. Here, the coil structures are studied through ANSYS
MAXWELL, in which the aspect ratio of the compensated coil
is used as an important design specification to minimize the ex-
tra cross-side coupling coefficient. A wireless charging system
with the proposed integration method is built to transfer 3.09 kW
power with a dc—dc efficiency of 95.49%. Furthermore, the ex-
perimental results in [17] and this paper are compared, and the
results show that the wireless charging system with the proposed
integration method has a competitive performance under fully
aligned condition and under door-to-door misalignment while
achieving superior performance under front-to-rear and vertical
misalignment. The contributions of this paper are concluded as:

1) it proposes an integration method compatible with unipo-
lar coil structures in a wireless charging system using LCC
compensation topology;

2) the proposed integration method eliminates the extra
cross-side coupling coefficient, which is an advantage
over the integration method in [17]; and

3) the wireless charging system with the proposed integration
method has competitive performance under fully aligned
condition and door—door misalignment, and superior per-
formance over the system in [17] on front-to-rear and
vertical misalignments.

II. ANALYSIS

Integration makes the wireless charging system using LCC
compensation topology more compact and the design of the
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Fig. 2. (a) Overview and (b) cross-sectional view of coil structures with the
proposed integration method.

system simpler. Fig. 2 shows the overview and cross-sectional
side view of a coil structure with integrated compensated coils.
On each side of the coil structures, there are four orderly ar-
ranged layers: the main coil, the compensated coil, a ferrite
plate, and an aluminum shield. In particular, the main coils are
unipolar and the compensated coils are bipolar. The power is
transferred wirelessly from the primary side to the secondary
side via the magnetic field generated by the two main coils. The
ferrite plates and the aluminum shields provide sufficient mag-
netic shielding so that the generated magnetic field is concen-
trated within the coil structures. The compensated coils are not
designed to transfer power, but tune the magnitudes of currents
in the main coils so that a high efficiency will be achieved. Thus,
the two compensated coils are preferred to have the lowest cou-
pling effect between themselves and minimal interference with
the two main coils.

In the newly proposed method, a bipolar compensated coil is
integrated into a unipolar main coil, which is shown in Fig. 2.
We take primary coils as an example. The net magnetic flux
W¢11, which is generated by the primary compensated coil L
and passing through the main coil L, can be expressed as

Uy = // B - dS) (1)

where By is the magnetic flux density and dS; is the surface
element at the primary main coil. The magnetic flux, generated
by a bipolar coil, flows from one of its magnetic dipoles to the
other. The net magnetic flux is zero since the amount of magnetic
flux enters into L, equals to the amount of magnetic flux flows
out of it. Therefore, the coupling effect between L; and Ly is
eliminated and the coupling coefficient kj¢; is zero. Similarly,
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the net magnetic flux Wy 5 generated by Ly and passing through
L» is zero and the coupling coefficient ko between Lo and L
is zero. The integration eliminates the same-side coupling coef-
ficients and the cross-side coupling effects when fully aligned.
Since the relative positions of the same-side coils do not change
when misalignment occurs, the same-side coupling coefficients
are still zero on both sides during misalignment. The relative po-
sitions of every two cross-side coils change and the cross-side
coupling coefficients appear. Fortunately, the gap between every
two cross-side coils is considerably large. The respective cou-
pling coefficients are small and can be neglected at the frequency
of interest, which will be verified by the experimental results in
Section IV. The extra cross-side coupling coefficient exists all
the time and it can be minimized to a negligible level, which
will be studied and verified in the later sections. Therefore, only
the main coupling coefficient is considered in the analysis. In
addition, to simplify the analysis in this section, the equivalent
series resistances (ESRs) of all the inductors and capacitors are
neglected.

Fig. 3 shows the equivalent circuit of the double-sided LCC
compensation topology. The full-bridge inverter and rectifier
are omitted for simplicity. Instead, v, is the ac voltage after the
inverter, R. is the equivalent resistance of the DC Load before
the rectifier, and M is the mutual inductance between L; and
L. In the circuit, L¢; resonates with Cy; and Lo is combined
with C5 to resonate with Cls; symmetrically, Ly resonates with
Cts and the combination of L; and C} resonates with Cfy.
Therefore, equations can be derived as

1 1 1
Ly — =0,wly — — — =0
whi WCfl Whe UJCQ waQ
1 1 1 2)
Ly — =0,wl; — — — =0
whi wCy Wi wC;  wCq

where w is the resonant angular frequency in radians. A mesh
current method can be applied and the circuit is divided into four
meshes, which is shown in Fig. 3. Solving the circuit equations,
the input power equation can be derived as

M? R, v?
Pin:R ac'.* — cq dC. 3
@ (v i) WZL%L%Q )
In addition
2v2
Vac = i‘/in £0°
s
M =Fk-+/LiLs 4)
8 8VU2
Feq = ﬁRL T m2p,
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where Vi, is the dc input voltage of the full bridge inverter, &k
is the main coupling coefficient between L; and Lo, Ry, is the
load resistance, V, is the dc battery voltage, and P, is the output
power. In this section, the power loss is ignored and P, equals
to P,. After combining (3) with (4), the power can be rewritten
as

8k V Ll L2 ‘/in‘/o

Rn = Po =
m2wLe Ly

)

III. SYSTEM DESIGN

A wireless charging system from the dc input to dc battery
mainly consists of three parts: an inverter, a rectifier, and coils
with compensation networks. The power loss of the wireless
charging system originates from the three parts. The SiC MOS-
FETs are selected for the inverter, while the diodes are chosen
for the rectifier. Since zero voltage switching is achieved in the
inverter stage, most of the power loss in the inverter and rec-
tifier is the conduction loss of the MOSFETs and diodes, which
is approximately 31 W in a 3.0 kW wireless charging system.
This contributes to 1% efficiency drop. Therefore, the majority
of the system power loss is from the coils and compensation net-
works. In a wireless charging system with a double-sided LCC
compensation topology, there are eight circuit components: four
inductors (i.e., coils) and four capacitors. The power loss in the
circuit components is determined by their ESRs. The ESR of an
inductor is determined by its quality factor, frequency, and in-
ductance value, while the ESR of a capacitor depends on its dis-
sipation factor, frequency, and capacitance. Under the resonant
condition, the frequency is fixed and based on (2), the capaci-
tor values are determined by the inductor values. Therefore, the
design is focused on optimizing the values of the four inductors
so that the system is able to achieve the highest efficiency at the
desired output power. Since the power transfer replies on the
coupling between the two main coils, the maximum coupling
coefficient is desired within the main coil dimensions. The di-
mensions of the primary and secondary main coils are “600 mm
x 450 mm x 4 mm” and “400 mm X 300 mm x 4 mm.” The
secondary is relatively smaller since it is installed on the vehicle.
Here, the dimensions of the main coils remain the same with
those in [17] for a fair comparison in Section V. The air gap
between the two main coils is 150 mm. The coupling coefficient
is closely related to the coil geometry and varies with the pri-
mary and secondary coil widths in Fig. 4(a). It is maximized at
0.2305 when the primary coil width is 200 mm and secondary
coil width is 90 mm, which is shown in Fig. 4(b).

The two main coils are wound by the same type of litz wires.
The required coil widths are achieved and the turn numbers are
different. The self-inductances of the main coils are determined.
Based on [17], the efficiency of a wireless charging system
using the double-sided LCC compensation topology is mainly
determined by the ESRs of the inductors and the capacitors.
In order to achieve the highest efficiency at the desired output
power, the same design procedures as in [17] are followed and
Fig. 5 presents the calculated results from MathCAD. Based on
(4), when the output power is 3.0 kW and the battery voltage is
340 V, the equivalent load resistance is 31.23 2. The efficiency
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Fig. 4. (a) Design variables in the main coil simulation model and (b) simu-
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is maximized at 97.0% in Fig. 5. Here, the power loss from the
inverter and rectifier is ignored when calculating the efficiency.
The required self-inductances of the primary and secondary
compensated coils are 56 and 43 pH, respectively.

With the required values, the compensated coils are designed
by employing ANSYS MAXWELL. Since the extra cross-side
coupling between the two compensated coils is unexpected
from the design point of view in this paper, the minimum extra
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Fig. 6. Two placements: (a) placement I and (b) placement II.

cross-side coupling is the goal. As analyzed in Section II, the
bipolar coils are selected as the compensated coils and inte-
grated into the unipolar main coil structures. Different aspect
ratios of the compensated coils are studied to obtain the mini-
mum coupling. The aspect ratio is defined as “W/L,” where W
is the length of the compensated coil in the Y-direction and L is
the length in the X-direction. The magnetic flux generated by a
bipolar coil is single-directional rather than isotropic. Therefore,
the placement of the two compensated coils affects the coupling
coefficient between them. Two kinds of placement as shown in
Fig. 6 are studied: 1) placement I, in which the two coils are
fully aligned; and 2) placement II, in which the two coils are
misaligned with an angle of 90°. In addition, the areas of the pri-
mary and secondary compensated coils are approximately fixed
at 50 000 and 40 000 mm? in all simulation cases.

A. Placement I

For placement I, the studied aspect ratios are “1:2,” “3:4,”
“1:1,” and “4:3” for both the primary and secondary compen-
sated coils. Simulation results are shown in Fig. 7(a) and the
minimum coupling coefficient is 0.019 with the primary aspect
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Fig. 7. Simulation results of k¢1¢9 at (a) placement I and (b) placement II.

ratio of “4:3” and the secondary aspect ratio of “3:4.” Addition-
ally, the inductances of the primary and secondary compensated
coils are kept at 56 and 43 pH within 3% fluctuations in all
simulation cases.

B. Placement II

Placement II is shown in Fig. 6(b) and the same aspect ratios
are studied for both the primary and secondary compensated
coils. As shown in Fig. 7(b), the extra cross-side coupling co-
efficients are close to zero. Also, the compensated inductances
remain at the desired values with 3% fluctuations in all simula-
tion cases. The primary aspect ratio of “3:4” and the secondary
aspect ratio of “4:3” are selected for the primary and secondary
compensated coils for the purpose of winding the coils easily.

In addition, in order to verify that the compensated coils
are the most compact with the proposed integration method,
simulation studies of compensated coils in ferrite-core and air-
core types are conducted. Fig. 8 shows the simulation models
and in particular, the ferrite-core is made up of two E-cores. The
compensated coils in different types are simulated to achieve
the desired inductance values and their volumes are compared
in Table I. It is obvious that the air-core coils occupy the most
space, the ferrite-core coils less, and the integrated coils the least.
Furthermore, the integrated coils have two more advantages over
the ferrite-core coils: 1) the integrated coils are planar, which
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TABLE I
VOLUME FOR EACH COIL

Coil type Lg Lo

Air core 1.810 x 10° mm®  1.609 x 10° mm?
Ferrite core  3.712 x 10° mm?®  3.740 x 10° mm?>
Integrated 2250 x 10° mm®  1.800 x 10° mm?

is easier for packaging; and 2) the integrated coils are more
cost beneficial from material’s point of view. The integrated
coil needs more litz wire, while ferrite-core coils require four
E-cores. The price of lite-wire is $1.16 per meter, while one
E-core costs $18.75. By calculation, the integrated coils save
$50.99 per wireless charging system.

The compensated coils are wound and measured. The reso-
nant frequency is constant at 85 kHz. Once the inductances are
determined, the capacitors C, C5, Cyy, and Cys can be calcu-
lated based on (2). Specifically, as stated in [16], the capacitor
Cy is 8% larger than the calculated value to guarantee zero
voltage switching of the MOSFETS.

IV. EXPERIMENT

Experiments were conducted from dc power source to dc
electronic load. A full-bridge inverter and a full-bridge rectifier
are used for power conversion between ac and dc. Based on our
experience, the current densities in coils are desired to be less
than 2.5 A/mm?. Therefore, coils are wound with 800-strand
AWG-38 litz wires. Ferrite plates are made of 3C95 ferrite bars.
On each side of the wireless charging system, the main coil, the
compensated coil, and the ferrite plate are wound or placed in
separate plexiglass boards, which provides sufficient insulation
and guarantees safe and reliable operation. The measured circuit
parameters are compared with the respective simulation results
in Table II. The measured values match well with the simulated
values. Based on series-aiding and series-opposing method in-
troduced by [29], different coupling coefficients under the fully
aligned condition and four misaligned conditions are measured.
Here, under each of the four misaligned conditions, misalign-
ment only occurs in a single direction. For example, when the
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TABLE II

CIRCUIT PARAMETERS

Parameters Simulated values Measured values  Error
Primary main coil inductance 229.47 uH 242.10 pH 5.21%
Ly
Primary compensated coil 56.30 pH 60.08 H 6.29%
inductance L
Secondary main coil 182.30 uH 191.21 pH 4.66%
inductance Lo
Secondary compensated coil 43.61 uH 43.57 uH 0.09%
inductance Ly
Primary capacitor C'; 19.70 nF 19.26 nF 2.28%
Primary compensated capacitor 58.38 nF 58.35 nF 0.05%
Ch
Secondary capacitor C'y 25.80 nF 25.68 nF 0.47%
Secondary compensated 79.67 nF 80.47 nF 1.37%
capacitor Cy

TABLE III

MEASURED INDUCTANCE VALUES

Conditions Ly Ly Ly Ly
Fully aligned 24210 pH 19121 pH  60.08 pH  43.57 uH
Zmisalign = 50mm 24224 yH 18882 puH 5993 uH 4352 pH
Xumisalign = 100mm 24477 ygH  190.61 pH  59.99 pH  43.54 uH
Yimisalign = 100mm 24581 pH 19144 yH  60.06 pH  43.50 uH
Yisalign = 150mm 24741 yH 19152 yH 5984 uH - 43.45 uH

TABLE IV

MEASURED COUPLING COEFFICIENTS
Conditions k ki kere o ki ko kpip
Fully aligned 0.2208 0.0028 0.0015 0.0002 0.0029 0.0006
Zmisalign = 50mm  0.1439  0.0026 0.0062 0.0001 0.0011 0.0007
misalign = 100mm  0.1886 0.0026 0.0057 0.0205 0.0055 0.0002

Yisalign = 100mm  0.1426  0.0008 0.0060 0.0010 0.0490 0.0011
Yiisalign = 150mm  0.0869 0.0021 0.0058 0.0014 0.0474 0.0009

misalignment in the Z-direction is 50 mm, the misalignment in
the X- and Y-direction is zero. The results on measured induc-
tances and coupling coefficients are listed in Tables III and IV.
It is demonstrated by the measured results that the inductance
values remain almost the same, only the main coupling coeffi-
cient should be considered, and other five coupling coefficients
are negligible at the frequency of interest.

The design parameters are presented in Table V. The input
dc voltage and dc load voltage are both 340 V. The resonant
frequency is at 85 kHz and the air gap is 150 mm, which is
appropriate for passenger cars. The output power is designed to
be 3.0 kW. The experiment setup of the coil structures is shown
in Fig. 9. The bipolar compensated coils are integrated into the
unipolar main coils. Moreover, in each turn of primary main
coils, there are two litz wires in parallel. This not only ensures
the coil width is the same as that in the simulation of Section III
but also guarantees the primary main self-inductance is within
the reasonable range.

The experiment is conducted when the primary and secondary
coil structures are fully aligned and the respective waveforms
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TABLE V
SYSTEM SPECIFICATIONS

Parameters Designed values
Input de voltage 340V
Output dc voltage 340 V

600 mm x 450 mm x 4 mm
640 mm x 496 mm x 8§ mm
711 mm x 559 mm X 2 mm
400 mm x 300 mm x 4 mm
480 mm x 352 mm x 8§ mm
508 mm x 406 mm X 2 mm

Primary main coil dimension
Primary ferrite plate dimension
Primary shield dimension
Secondary main coil dimension
Secondary ferrite plate dimension
Secondary shield dimension

Air gap 150 mm
Resonant frequency 85 kHz
Maximum output power 3.0kW

|r Iu (ﬁ

ku (7

||J

(b)

Fig. 9. Experiment setup of (a) primary coils and (b) secondary coils.

are shown in Fig. 10. The input and output dc voltages are both
340 V. The input ac current ¢r; is almost in phase with the input
ac voltage v,. and a small phase shift is to guarantee the soft
switching of the MOSFETs S; — Sy. As can be seen from Fig. 10,
when S; and S, are turned OFF, the instantaneous value of i¢ is
approximately 4.0 A, which is larger than zero. Therefore, the
drain-to-source voltages of S; and S, are zero when they are
turned OFF. In addition, based on [17], a current value of 4.0 A is
sufficient to charge the parasitic capacitors of Sy and S3 during
the dead time so that the drain-to-source voltages of both S, and
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Fig. 11.  Experimental results on output power versus efficiency.

S3 are almost zero when they are turned ON. Thus, zero voltage
switching is realized.

Experiment on misalignment in different directions is also
conducted and all the experimental results are presented in
Fig. 11. When the system is fully aligned, the wireless charg-
ing system delivers 3.09 kW power with a dc—dc efficiency of
95.49% at an air gap of 150 mm. When misalignment occurs,
the main coupling coefficient k decreases, while other parame-
ters remain almost the same and there is almost no other extra
coupling coefficient. The output power P, drops with k£ when
the same dc input voltage and load voltage are applied. Fig. 12
shows the normalized values for P, and k. The rated values
for P, and £ are 3.09 kW and 0.2208 when the system is fully
aligned. In Fig. 12(a) and (b), P, drops at the same rate with
k when misalignment occurs in the Z- or X-direction. The dif-
ferences are within 2%, which validates (5) in Section II. In
Fig. 12(c), when misalignment occurs in the Y-direction, the
maximum difference is approximately 10%. It is because the
cross-side coupling coefficient kos arises as the misalignment
increases. However, ko is under 0.05 under all conditions of
misalignments in the Y-direction, which is shown in Table IV.
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(c) Y-direction.

Therefore, the difference is acceptable and the adverse effect
can be ignored. Hence, with the integration method, the extra
coupling coefficients are eliminated or minimized to a negli-
gible level and the wireless charging system is more compact.
Furthermore, the efficiency of the wireless charging system is
kept high. Thus, the experiment verifies the proposed idea.

V. DISCUSSION

Two integration methods, named as integration into bipolar
coils method (IB method) and integration into unipolar coils (IU
method), are separately given in [17] and this paper for wireless
charging systems using the LCC compensation topology. In this
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TABLE VI
PHYSICAL DESIGN COMPARISON

Quantity Items IB method TU method

Total length Litz wires 92.92 m 86.58 m

Voltage/Current-rating (rms) 4 1205 V/12.69 A 923 V/9.45 A
Cr 374 V/16.60 A 439 V/13.67 A
Co 803 V/13.97 A 997 V/14.25 A
Cra 405 V/20.76 A 442V/19.70 A

section, the physical design parameters and system performance
are compared between the two wireless charging systems with
the two integration methods. Moreover, in order to make a fair
comparison, power converters and the dimensions of the main
coils, the ferrite plates, and the aluminum shield are all the
same. An interoperability study of the proposed integrated coil
structure with bipolar and unipolar coil structures is conducted
at the end of this section.

A. Physical Design Parameters

From material’s point of view, the two wireless charging sys-
tems with the two integration methods employ the same power
converters and are controlled by the same microcontroller. Fur-
thermore, the ferrite plates and aluminum shields are the same in
the two systems. The difference occurs in the total length of litz
wires used in the two systems and the voltage and current ratings
of the capacitors at 3.0 kW output power. Table VI presents the
comparison results. The total lengths of the litz wires used in
two systems are almost the same and the voltage and current
ratings are similar for respective capacitors.

B. System Performance

Power and efficiency are the two main indexes in the sys-
tem performance of a wireless charging system. As indicated
by the experimental results on horizontal misalignment (i.e.,
X-direction and Y-direction) in [17] and this paper, the output
power of each system is different in the X-direction from that in
the Y-direction even though the same input dc voltage is applied
and both misalignments are 100 mm. Moreover, once an EV is
parked, it is more difficult for a driver to adjust the EV in the
door-to-door direction than in the front-to-rear direction. There-
fore, in each system, the direction with a higher output power
is aligned with EV’s door-to-door direction and the direction
with a lower output power is aligned with EV’s front-to-rear
direction.

Fig. 13 shows the comparison of the system performance
of the systems when the system is fully aligned, door-to-door
misalignment is 100 mm, front-to-rear misalignment is 100 mm,
and vertical misalignment is 50 mm. Efficiencies are compared
when the same amount of output power is delivered by the two
systems. The two systems have almost the same efficiency when
the output power is the same when the system is fully aligned
and door-to-door misalignment is 100 mm. However, the system
with the IU method has a relatively higher efficiency when front-
to-rear misalignment is 100 mm and vertical misalignment is
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Fig. 13.  Comparison on system performance when (a) system is fully aligned,
(b) door-to-door misalignment is 100 mm, (c) front-to-rear misalignment is
100 mm, and (d) vertical misalignment is 50 mm.
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TABLE VII
MAIN COUPLING COEFFICIENT IN DIFFERENT SCENARIOS

Scenarios IB method TU method
Value Dropped (%) Value Dropped (%)

Fully aligned 0.1877 0 0.2208 0

Door-to-door misalignment  0.1578 15.9 0.1886 14.6

= 100 mm

Front-to-rear misalignment ~ 0.1042 44.5 0.1537 30.4

= 100 mm

Vertical misalignment 0.1045 443 0.1439 34.8

= 0mm

50 mm. It is because the main coupling coefficient in the system
with the IU method drops more slowly than that in the system
with the IB method as front-to-rear misalignment or vertical
misalignment occurs. As shown in Table VII, k separately drops
30.4% and 34.8% from its original value in the system with
the IU method when front-to-rear misalignment is 100 mm and
vertical misalignment is 50 mm, while 44.5% and 44.3% in the
system with the IB method.

Thus, based on the comparison of the physical design param-
eters and system performance, both systems employ a similar
amount of materials and perform well in power and efficiency.
The wireless charging system with the IU method is compar-
atively better since it transfers power with a higher efficiency
at the same output power level when front-to-rear or vertical
misalignment occurs.

C. Interoperability Study

An interoperability study on the proposed coil structure with
bipolar and unipolar coil structures has been conducted. The
primary coil structure is either bipolar or unipolar, while the
secondary coil structure employs the proposed integrated coil
structure, in which a bipolar compensated coil is integrated into
a unipolar main coil. The coupling coefficients under the fully
aligned condition are analyzed and measured. In one case, the
primary coil is bipolar, as shown in Fig. 14(a), the net amount
of magnetic flux generated by L; and passing through L, is
zero. Therefore, the main coupling coefficient is zero. The pri-
mary main coil L; and secondary compensated coil Ly, are
both bipolar and fully aligned. The coupling coefficient ko
exists and a voltage will be induced from L; to Lsy. However,
power still cannot be transferred. It is because the secondary
main coil Ls, together with two capacitors Cy and Cfs, forms
a parallel resonant circuit, of which the impedance is infinite
under the resonant condition. In the other case, the primary coil
is unipolar, as shown in Fig. 14(b), which is the same as the
one in this paper. The coupling coefficients % is maximized and
k1o is almost zero. The power transfer capability of the two
main coils is maximized. Both the simulation and experimental
results are summarized in Table VIII. In order to successfully
transfer power, the two main coils in a wireless charging system
must be in the same type and fully aligned. Furthermore, for
wireless charging systems using LCC compensation topology,
the integration method should be selected based on the main
coil type.
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Fig. 14.  Interoperability study with (a) primary bipolar coil and (b) primary
unipolar coil.

TABLE VIII
INTEROPERABILITY STUDY

Primary main coil type k ki f2
Simulation Measured ~ Simulation Measured

Bipolar 6.398 x 107 7.241 x 107 0.0564 0.0619

Unipolar 0.2310 0.2208 0.00014 0.0002

VI. CONCLUSION

In this paper, an integration method for unipolar coil struc-
tures in EV wireless charging systems using the LCC compen-
sation topology is proposed. It effectively eliminates the extra
coupling coefficients resulted from integration, simplifies the
design, makes the system more compact, and keeps the outstand-
ing system performance of a wireless charging system using the
double-sided LCC compensation topology. The aspect ratios of
compensated coils are analyzed to minimize the respective cou-
pling coefficient through simulations. In addition, a wireless
charging system with the proposed integration method is built
and the experimental results demonstrate that the system is able
to transfer 3.09 kW with a de—dc efficiency of 95.49% at an air
gap of 150 mm when fully aligned. Furthermore, a comparative
study of the physical design parameters and system performance
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between a wireless charging system with the proposed method
and a wireless charging system with the integration into bipo-
lar main coils has been conducted. The results show that the
wireless charging system with the proposed integration is better
because of its superior performance on EV’s front-to-rear mis-
alignment and vertical misalignment. Therefore, the proposed
integration method is more applicable.

Our future work is to install the wireless charging system
with the proposed integration method on a vehicle. Specifi-
cally, our work is focused on two aspects: 1) further optimize
the integrated compensated coils in order to improve the elec-
tromagnetic interference performance; and 2) design a foreign
object detection system by employing arrays of auxiliary coils
and adjust the threshold values according to the magnetic field
generated by main coils and compensated coils.
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