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Abstract- With the rapid development of wireless power
transfer (WPT), the self-resonant WPT system without
using additional compensation capacitors has attracted
attention. However, most of reported self-resonant WPT
systems have low power transfer (less than 100 W) and
high operating frequencies at megahertz. In this paper, four
multi-layer, self-resonant WPT coil pads with different
dielectrics are designed and experimentally validated. The
aim of this paper is to increase the power rating and
decrease the operating frequency for capacitor-free WPT
system compared to reported systems used in consumer
electronics. Analysis of integrated compensation
capacitance, inductance, and parasitic capacitance of the
coil is provided. Finite Element Analysis (FEA) is used to
evaluate four dielectric materials, mica, polypropylene,
polyimide, and fiberglass. An experimental setup has been
developed, which can achieve more than 360 W power
transfer for a 120 mm air gap with an efficiency of 82% and
an operating frequency of near 80 kHz.

Index Terms- Wireless power transfer, capacitor-free,
self-resonant, dielectrics.

|. INTRODUCTION

IRELESS power transfer (WPT) concept using two-loop

resonators has been reported for more than one hundred
years by Nikola Tesla [1-3]. As so far, by the advantages of
cableless and electrical isolation, the WPT technology has been
used in many applications such as charging, heating, and
lighting [4, 5]. Most importantly, the WPT technique is getting
more and more attention due to the rapid development of
portable electronics, implanted medical devices, and electric
vehicles (EVs) [6, 7].

The WPT utilizes the electromagnetic field to constitute the
power flow path. In order to generate and receive the coupling
magnetic fluxes, the transmitter and receiver coil pads are
needed but the coupling coefficient is low due to the large air
gap. A resonant circuit is required to reduce the voltage-to-
current rating. As a result, high frequency and high voltage
compensation capacitors are required, which increases the
complexity and cost and reduces reliability. Thus, a self-
resonant coil where the compensation capacitor is integrated
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within the pad is desirable. System compactness is attractive to
medium power applications, such as the autonomous mobile
robot (AMR), electric unicycle or scooter, and unmanned aerial
vehicle (UAV) [8-10], where space and weight constraints on
specific dimensions such as the height and weight are more
demanding.

Particular coil parasitic capacitance from the coil structure
can be utilized to replace the compensation capacitor. In order
to achieve the integrated capacitance between coil turns, the
bifilar coil topology is popular to constitute the self-resonant
circuit. There are two main types: open-end coil and short-end
coil [11]. The open-end coil is equivalent to an inductor with a
series connected capacitor, which has been commonly used as
the compensation network [12]. The short-end coil is
equivalent to an inductor with a parallel connected capacitor.
By using the open-end coil topology, a multi-frequency self-
resonant WPT system has been presented with the resonant
frequencies of 2.5 MHz and 13 MHz [13]. Besides, the parasitic
capacitance of saline water filled helical coil was used to
transfer the wireless power underwater [14].

Printed rectangular and spiral coils have been used for self-
resonant WPTs. A short-end coil with double layer printed
spiral coil topology, which is able to transmit power of 150 W
at the frequency of 4 MHz, was presented in [15]. To increase
efficiency, high quality factor self-resonant structures were
investigated for mobile device charging [16]. However, current
researches are limited to frequencies in the order of hundreds
of kilohertz and megahertz [17-19]. The capacitor-free self-
resonant WPT topology with lower frequency and medium
power rating (hundreds of Watts) is absent.

In this paper, four-layer capacitor-free, self-resonant WPT
coil structures with different dielectrics are designed and
experimentally validated. The key is to integrate the capacitor
and inductor into a single coil pad. Common dielectric
materials mica, polypropylene, polyimide, and fiberglass
sheets are adopted to compare the proposed structure. The low
frequency (less than 100 kHz) medium power (more than 300
W) capacitor-free multi-layer coil can be potentially applied on
some curved surfaces of the appliances due to the coil
flexibility and thickness [20, 21].

In Section II, the typical WPT system is presented. In
Section III, modeling of the proposed capacitor-free WPT coil
including inductance and capacitance calculation is discussed.
In Section IV, simulation and measurement of four self-
resonant coils are compared. In Section V, an experimental
prototype is tested to verify the feasibility of the proposed
topology. A conclusion is drawn in Section VI.
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Fig. 1. Typical topology of the WPT system with series-series
compensation for wireless battery charging.

Il. TYyPICAL WPT SYSTEM

As depicted in Fig. 1, the transmitter side consists of an AC-
DC converter connected to the main grid, a high frequency DC-
AC inverter, and a transmitter coil and compensation circuitry
(the series capacitor compensation in this case). The receiver
side normally consists of the identical or similar coil and
compensation circuitry and an additional DC-DC converter for
battery charging. As shown in Fig. 1, Ly and Ly are the
inductance of the transmitter coil and the receiver coil; My is
the mutual inductance between the transmitter coil and the
receiver coil; Crand Cy are the compensation capacitors of the
transmitter side and the receiver side; Urpc and Ur ¢ are the
output RMS voltages of the AC-DC converter and DC-AC
converter at the transmitter side; Ug4c and Ug pc are the input
RMS voltages of the AC-DC converter and DC-DC converter
at the receiver side; I74c and I 4¢ are the RMS currents of the
transmitter coil and the receiver coil.

When the operating frequency is set at @, the WPT system
can be described in voltage equations as

IT,AC(RTco[l +1/(ja)CT)+ijT)+jwMTRIR,AC = UT,AC
JOMp Iy o + 1y 4o (Rppy +1/ (jOCp) + joLy +R,,.) =0

T,AC

(1

where Rreoil, Rreoir and Ry, are the resistances of the transmitter
coil, the receiver coil, and the equivalent load of the receiver
side AC-DC rectifier. The equivalent series resistance (ESR) of
the compensation capacitors is neglected.

Thus, the input power Py 4c of transmitter LC tank and the
output power Pour.ac of receiver LC tank are

P -U I _ UT,ACZZR,AC |
IN,AC T.4CtT,4C |(MTRa))2 17 ZR,AC|

T,AC
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where Zg 4c and Zr 4c can be expressed as
Zyac =Ry +1/ (jCp) + jooL, + R

Reoil
Zp s =Ry +1/ (JOCp) + joL;

Then, the coil-to-coil transmission efficiency #4c.ac is
_ F OUT, AC _|

M o’R,,
Micsc = - I e 10070
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In order to achieve the maximum power transmission
efficiency, the operating frequency should equal the resonant
frequency @, of both the transmitter and the receiver LC tanks:

w=w,=1/L,C, =1/ JL,C, Q)
With the identical transmitter coil and receiver coil, the

maximum transmission efficiency can be achieved when the
currents in both coils are the same, where the AC equivalent

Lac

3)

load Ri. equals @,Mrr. For the experiment, the DC load R4
after the AC-DC converter at the receiver side is set as
R, =m'w,M,, /8 ©6)

In the resonant circuit, high voltage will be produced due to
the high frequency and high current. As a result, several series
and parallel connected capacitors have to be employed to
withstand the high voltage, which increases the cost and
complexity and reduces the reliability of the system.

[1l. MODELING OF PROPOSED CAPACITOR-FREE WPT

The proposed capacitor-free self-resonant WPT coil pad is
shown in Fig. 2(a), consisting of four main parts: the copper
foils, the dielectric, the adhesions for foil and dielectric, and the
ferrite core. The proposed capacitor-free coil pad is designed
with outer size of 270mm % 270 mm and inner size of 180mm
x 180 mm. The thickness of the pad depends on the number of
layers for the coil windings.
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Fig. 2. Proposed capacitor-free WPT coil pad. (a) Exploded view of
multi-layer coil structure. (b) Sectional view of integrated capacitors and
inductors. (c) Equivalent circuit of multi-layer coils.

A. Equivalent Circuit Model of Two-layer Coil

As shown in Fig. 2(b), the copper foil stenciled in spiral
traces for coils, foil adhesion, dielectric sheet and dielectric
adhesion are stacked to form one coil layer. Multiple layers are
assembled together to form the self-resonant winding for the
pad. In each copper foil, any turn out of the total N, turns of the
coil can be regarded as a one-turn inductor as denoted by Lov;,
2. As shown in Fig. 2(c), the capacitance between each turn
and the adjacent layer can be lumped into a capacitor as
denoted by Cyv;-1, vz for analysis simplification. The coil layers
are alternatively series connected, i.e., Layer 1 series connected
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to Layer 3, Layer 5 and Layer 2n-/; Layer 2 series connected
to Layer 4, Layer 6 and Layer 2n.

Inductance and lumped capacitors are considered identical
due to the symmetrical layout and materials of coils. Therefore:

C(l,n) = C(2,n) == C(Nl—l,n)’n =12,---,N, +1 ™
L(l,n) = L(Z,n) == L(Nl,n)’n =1, 23""Nz
The voltage equations in two-layer coil system are [22]
Loy = VL(z,n ’VL<1,2) = VL(:,:; LA VL(l,u) = VL(zm
(®)

n n
Ve, + Z‘VLM =V, .+ ZVLM (n=1,2,---,N,)
= i=

where Vi, and Vi, are the voltages across the n,, inductor
at Layer | and Layer 2, respectively. V¢ ) is the voltage across
the ny, capacitor between the two layers.

From (8), voltages across all distributed capacitors C)
between Layer 1 and Layer 2 are identical although their
capacitances are different. The two-layer coil pad consists of
multiple loops and each loop has an equivalent circuit of two
pairs of capacitors and inductors, i.e. Cy1n2 and L, vz as one
pair and the Cyy, n2+1), L2 n2+1) as the other as shown in Fig. 3(a).
Due to the symmetrical layout and coil materials, the
inductances of every ny turn at different layers are identical, so
are the voltages Vii w2 and Vi) across the inductors. Thus,
the voltages Ve nz and Ve nz+1) across capacitor Nz and No+;
are identical. The same deduction can be adopted to the next
loop until all single loops are completed. Then the capacitor
voltage can be expressed as
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Fig. 3. Two-layer coil pad simplification. (a) End loop circuit calculation.
(b) End loop equivalent circuit after simplification. (c) Two-layer coil
equivalent circuit.

As shown in the dashed area of Fig. 3(a), /; and I, are the
input currents into the end loop circuit, /s is the output current
from the end loop. Then, /; can be expressed as

dVC(M’Z) dVC(I,NZH)
I = C(l,/vz) + C(I,N2+l)
dt dt 10
dr, (10)
CI.NZ _ Cl,fvz—l
:(C(I,NZ) + C(],N2+1) ) # _(C(I,NZ) + C(I,N2+1))T

The mutual inductance between L, 2 and L, 2 can be
calculated as

M

1,2,N2) — k(l,Z,NZ)

L, oL

(LN2)™(2,N2) (ll)

Since the same magnetic flux linking L., vz and L, 2 due
to the same geometry, the coupling coefficient k., 2 n2) can be
regarded as 1. The voltage crosses the L, nz is the sum of
induced voltage from and L ~z and Lo, a2, which can be

calculated as

dI, dr,
L v = L(LNZ) E + L(Z,NZ) E
oda+r) o d (12)
=L v ar =L n2 E

Based on equations (10) and (12), the end loop circuit can be
modelled as a capacitor and an inductor, as shown in Fig. 3(b).
By iterating the above analysis, the entire two-layer coil can be
modelled as a capacitor and an inductor as shown in Fig. 3(c).
The equivalent capacitance is the sum of capacitance between
Layer 1 and Layer 2, which can be calculated as a parallel-plate
capacitor of the total foil area covered by different dielectrics.
The calculation of the equivalent inductance will be discussed
in Section E.
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Fig. 4. Potential and voltage distributions of different layer connections.
(a) Opposite direction with the sequence of A-B-D-C. (b) Same direction
with the sequence of A-B-C-D.

B. Connection of Layers

As analyzed in Section A, the odd layer coils are series
connected such as Layer 2n-3 connected to Layer 2n-1 to form
an inductor as well as the even layer coils. There are two
connections between two odd or even layers: opposite direction
as shown in Fig. 4(a) and same direction as shown in Fig. 4(b).
For both connections, the potential distribution linearly
increases with respect to reference point A. However, the
voltage AV distributions between the ny, of Layer 2n-1 and the
ng of Layer 2n+1 are not the same [23]. As shown in Fig. 4(a),
the opposite direction has an unevenly distributed voltage 4V
while the same direction has an evenly one as shown in Fig.
4(b). The connection with the same direction has less
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electrostatic energy stored due to the even distribution of
voltage, which benefits inductor design in terms of lower
electric field and parasitic capacitance. Therefore, the same
direction connection with the sequence of A-B-C-D is
preferable and is adopted in this paper.

C. Capacitance Calculation of Adjacent Coil Layers

As shown in Fig. 5, the foil adhesion, dielectric, and
dielectric adhesion are inserted within the two copper foils. The
total turn-to-turn capacitance between two layers can be
calculated as a planar capacitor. Thus, the total area A, of the
planar plate is equal to the sum of the area of each turn.

Ay = A+ A, + A+ -+ Ay, (13)

For the proposed capacitor-free coil pad, there are three
materials, foil adhesion, dielectric, and dielectric adhesion
sandwiched between the two copper foils. The total capacitance
between two copper foils can be regarded as three capacitors
with different dielectric materials connected in series [24].
Then, the layer-to-layer capacitance Crayer-io-Layer 1S

d d d
CLayerfta—Layer = 1/ ( ! + - + 2 ) (14)

K80 Arpa K€ Arym

K1E0 Appra
where ¢y is the permittivity of space, d;, d>, and ds are the
thickness of the foil adhesion, dielectric and dielectric adhesion,
respectively; k;, k2, and k3 are the relative permittivity of the foil

adhesion, dielectric and dielectric adhesion, respectively.

AI A2 A3 e ANZ

(dy, k1)
(ds x2)
(ds, x3)

Dielectric

Copper foil Dielectric adhesion

Fig. 5. Layer-to-layer capacitance calculation inserted with multiple
dielectrics.

D. Single-layer Fringing Effect
Considering the parasitic electric field between turns of the
single-layer coil, the parallel parasitic capacitance, which is
undesirable, will be induced, especially when the distance of
every two turns is small. As shown in Fig. 6, the fringing
electric field is applied to four parallel connected capacitors
between two conductors via the air, foil adhesion, dielectric,
and the dielectric adhesion, respectively [25]. Thus, the
parasitic capacitance Crym-io-rurn between two turns can be
expressed as
C,

Turn—to—Turn (15)
where Cuir, Ceoitad, Caie, and Caieaqa are the partial capacitance
with the air, the foil adhesion, dielectric, and the dielectric
adhesion, respectively.

+C, +C

diead

= Cair + C

coilad die

‘ Wurn ‘
Fig. 6. Single-layer coil parasitic field distribution with multiple materials
inserted.

outer inner )
LLayerl - 4 ln( @

Based on the conformal mapping and the assumption of the
magnetic wall [26], each capacitance can be calculated
separately. The calculation method is listed in the Appendix.
For the first layer adjacent to the ferrite core, as shown in Fig.
2(b) there is no dielectric adhesion inserted. The ferrite core
will have a slight variation on the fringing effect when
comparing with that without ferrite core [27]. As a result, the
ferrite core affects the undesirable parasitic capacitance of
single coil inductor rather than the desirable series integrated
compensation capacitance. The self resonant frequency is
determined by the desirable compensation capacitance between
coil layers while the undesirable parasitic capacitance will
slightly decrease the self resonant frequency. The capacitance
with the ferrite core Crriee can be calculated by replacing the
dielectric with the ferrite and no need to calculate the Cgicaq, as
listed in the Appendix.

E. Inductance Calculation

As shown in Fig. 3(c), the single-layer coil inductance Liayer
is calculated by each turn’s inductance and their mutual
inductances, as expressed

N2 N2 N2
LLnyerl = ZL(U) + ZZMi,j (W) (16)
i=1 i
where M; ; is the mutual inductance between i turn and j* turn

at the same layer.
Since the proposed coil topology is with the square pad
shape and wound by thin copper foil, the self-inductance of the
single-layer coil without ferrite core can be calculated as [28]
_1.27u,N,* (L., +1 2.07

)+018¢+013¢{r1ﬂ

where u is the permeability of free space, louer and e are the
outer and inner side lengths of the square coil pad, ¢ is the fill
factor, which is calculated by (Louter Linner)/ (Loutert Linner)-

Thus, the total inductance is calculated by
N1/2 N1/2 N1/2

LTomI = Z LLayer(i) + Z Z MLayer,i,j (l * ])
i=1 i

where Miayer,; ; is the mutual inductance between i layer and
j™ layer coil pad. The mutual inductance Miuwer; ; can be
regarded as Liqyer. Thus, the total inductance is

2
N,
LTuml =(71j LLayerl

IV. SELF-RESONANT SIMULATION AND COIL MEASUREMENT

Four types of capacitor-free coil pads are proposed and
fabricated with different dielectric materials, namely, mica,
polypropylene, polyimide, and fiberglass, as shown in Fig. 7.
A double-sided non-woven tape with acrylic adhesive is used
between the copper foil and dielectric. The dielectric constant
of acrylic adhesive is 3.6. The thicknesses of the foil adhesion
and dielectric adhesion are 0.026 mm and 0.1 mm, respectively.
The copper foil with a width of 6.4 mm is used to wind the coil
pad. There are 6 copper foil layers, where each copper foil layer
has 6 turns. The distance between two turns is set at 1.3 mm.
Specifications are listed in Table I. Results of analytical
calculation, finite element analysis (FEA), and measurement
are compared. The FEA results are obtained with ANSYS
Maxwell and the measured results are from the N4L Phase
Sensitive Multimeter PSM3750.

(18)

(19)
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TABLE |. Specifications of Different Capacitor-free Coil Pads

Thickness (mm) 0.2 0.127 0.152 0.229
Dielectric constant 2.8 23 4.0 5.5
Dielectric strength (kV/mm) 25 57.5 39.5 19.7
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* To show the connection pattern clear, the scale has been changed.

(e)

Series connection between outer turn and inner turn

4 ‘Laver 5 \ Equivalent.".‘:‘
Current in™, :-J"!W‘-' ! dielectrjic ™ ! see
i e .
|

oy ]

Equivalent LC tank |

()

Fig. 7. (a) to (d) proposed capacitor-free coil pads with four different
dielectric materials. (e) 3D view of six-layer structure and connection. (f)
Connection of Group 1 (turns on the Layer 1, Layer 3, Layer 5) and
Group 2 (turns on the Layer 2, Layer 4, and Layer 6), each Group has
one terminal open-circuited and the other connected to the AC output
of the rectifier/inverter. Two Groups are connected via integrated
capacitor as designed to form a series compensation circuit as a LC
tank.

As shown in Fig. 7(e), turns on six layers are divided into
two single inductors, where turns on Layer 1, 3, and 5 are
directly series connected as Group 1 and so do the turns of
Layer 2, 4, and 6 as Group 2. For one single inductor, the
connection pattern is shown in Fig. 7(f), where the inner turn
of Layer 2 is series connected to the outer turn of Layer 4 as an
example. One terminal of each Group is connected to the AC
output of the rectifier/inverter and the other is open-circuited.
Only the inner turn of Layer 1 and the outer turn of Layer 6 are
directly connected to the AC rectifier/inverter output, while the
inner turn of Layer 2 and the outer turn of Layer 5 are open-
circuited. By using this structure, turns of each Group are
directly connected by conductors but turns between Groups are
connected via the integrated capacitor as designed. Therefore,
the integrated capacitor is equivalently connected in series with
the inductor to form the compensation circuit, as shown in Fig.

7(D).
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Fig. 8. Self-inductance results from theoretical calculation, FEA
simulation, and experimental measurement at 85 kHz.
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Fig. 9. Experimental measurements of sweeping inductances from 30
kHz to 230 kHz. (a) With mica dielectric. (b) With polypropylene
dielectric. (c) With polyimide dielectric. (d) With fiberglass dielectric.

A. Self-inductance

As shown in Fig. 8, the self-inductance results among
theoretical calculation, FEA simulation, and experimental
measurement at 85 kHz are compared between pads with and
without ferrite cores. It can be found that the inductance of
different materials has a negligible difference. As shown in Fig.



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

9, the self-inductances are measured from 30 kHz to 230 kHz.
The inductance at the frequency range of 80~90 kHz shows
small variations. In addition, the inductance with ferrite core
shows slight variations within 1.9% on horizontal
misalignments, while large variations under very low airgaps,
as shown in Fig. 10(a) and (b). This small variation with respect
to large misalignment has demonstrated that the resonance will
maintain when using the integrated capacitor with some
misalignment tolerance.

In practical applications, the self-inductance will vary
slightly with the vertical and horizontal misalignment so does
the mutual inductance [29-31]. As shown in Fig. 10(c), the
mutual inductance with ferrite core drops faster than that
without ferrite core after the horizontal misalignment of 100
mm. When the vertical misalignment is increased, the mutual
inductances without ferrite core and with ferrite core decrease
exponentially, as shown in Fig. 10(d).

240
p-©-9-9-0-9-90-9-0-0.9.¢_.¢ 240 .\..
fan —~ "-.._‘_.._ -
s} 210 :I::L *-0-9-9-0
2 =2104
S | -e- With ferrite g
S 1801 . Without forr & g0l With ferrite
3 Ithout ferrite é -=- Without ferrite
E g
o 150 & 1504
= -E-m-E-a-a-E-E-E-a-a-a--e < 5-S-m--8-9-8-8--E-0-2-8
{75 } ¥ 1 1 wn
0 50 150 250 50 100 150 200
Horizontal misalignment (mm) Vertical misalignment (mm)
(@) 120 (b)
550 -o| " .5~ without ferrite c °, To- without ferrite
240 O -0~ with ferrite S -0 - with ferrite
jo3 o. 8
g 30 O, =]
g £ 601 B,
207 e g o o
= oo, = 30 g LR
§ 10 .D""c_.‘_ﬂ 5 Ore-p :o “““““ 0
§ 0 ~o,'_" § O O--o ta]
150 200 50 100 150 200

0. 50 1?.0 . v
Horizontal misalignment (mm) Vertical misalignment (mm)
(c) (d)

Fig. 10. Self-inductance and mutual inductance measurements when
polypropylene coil pad as transmitter and polyimide coil pad as receiver
are adopted. (a) Self-inductance with horizontal misalignments at the
airgap of 120 mm. (b) Self-inductance with vertical misalignments. (c)
Mutual inductance with horizontal misalignments at the airgap of 120
mm. (d) Mutual inductance with vertical misalignments.

B. Self-resonance of Capacitor-free Coil Pad

The capacitor-free coil can be regarded as an LC tank. By
using the N4L IAI2 and PSM3750 as an LCR meter, the
impedance and phase of the capacitorless coil at a range of
frequency are measured. The impedance of the capacitor-free
coil pads with and without ferrite cores are swept as shown in
Fig. 11 and Fig. 12, respectively. The sweeping frequency is
from 30 to 230 kHz with a resolution of every 0.1 kHz per
sample. The resonance frequency is identified when the
impedance is the minimum while the phase angle is zero.

It can be found that the self-resonant frequencies of mica,
polypropylene, polyimide, and fiberglass capacitor-free coil
pads are 122.5 kHz, 98.9 kHz, 92.5 kHz, and 100.3 kHz,
respectively, without ferrite cores. Meanwhile, with the ferrite
core, the self-resonant frequencies of mica, polypropylene,
polyimide, and fiberglass capacitor-free coil pads are measured
at 94.3 kHz, 76.9 kHz, 72.2 kHz, and 78.1 kHz, respectively.
The desirable frequency range should be 80-90 kHz. However,

due to the air bubbles in a multi-layer coil pad, the measured
resonant frequencies are slightly shifted away.
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Fig. 11. Frequency characteristics of the capacitor-free coil pad without
using ferrite core. (a) Impedances with four dielectrics. (b) Phase angle
with four dielectrics.
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C. Series Integrated Compensation Capacitance

The capacitance results among theoretical calculation, FEA
simulation, and experimental measurement are compared in
Fig. 13. With ferrite cores, the compensation capacitances of
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mica coil pad, polypropylene coil pad, polyimide pad, and
fiberglass coil pad are derived as 12.8 nF, 18.4 nF, 21.1 nF, and
18.5 nF, respectively. There is a small change for the
capacitances between the pads with and without the ferrite
cores. The errors between theoretical and measured results for
mica, polypropylene, polyimide, and fiberglass coil pads are
8.3%, 11.4%, 6.0%, and 2.4%, respectively.
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Fig. 14. Parasitic capacitance of a single coil inductor (directly
connected group). (a) Equivalent circuit. (b) Impedance characteristics
without ferrite core. (c) Impedance characteristics with ferrite core.

D. Parasitic Capacitance of Single Coil Inductor

Due to the high frequency operation and inserted multi-layer
dielectrics, the undesirable parasitic capacitance of single coil
inductor will be introduced and then lower the self-resonant
frequency as shown in Fig. 14(a). In order to measure the
parasitic capacitance, the impedance characteristics of single
coil inductor without ferrite core are swept from 100 kHz to 3
MHz as shown in Fig. 14(b). The undesirable parasitic
capacitance is calculated based on the measured impedance and
the resonance. The measured resonance frequencies without
ferrite core of mica coil pad, polypropylene coil pad, polyimide
coil pad, and fiberglass coil pad are 730 kHz, 606 kHz, 585
kHz, and 625 kHz, respectively. The corresponding
undesirable parasitic capacitances without ferrite core are
achieved as 350 pF, 490 pF, 537 pF, and 475 pF.

After adding the ferrite core, as shown in Fig. 14(c), the
undesirable parasitic capacitances are 367 pF, 503 pF, 556 pF,
and 490 pF for mica coil pad, polypropylene coil pad,
polyimide coil pad, and fiberglass coil pad. The ferrite core has
a slight effect on the undesirable parasitic capacitance.

Deviation between the calculations and the measurement
results has been observed which is caused by the assembling of
coils. The impedance measurement uses an N4L IAI2
impedance analyser equipped with four internal shunts and a
four-wire Kelvin connection. This impedance analyser is used

in combination with the N4L PSM3750 phase sensitive
multimeter to plot the impedance and phase with respect to
frequency. The bandwidth of the impedance measurement of
this set is from DC to 50 MHz. Since the resonance frequency
of interest is around 85 kHz, the impact probe’s resistance and
capacitance for this measurement are negligible.
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Fig. 15. Insulation evaluation based on electric field distributions. (a)

Mica coil pad. (b) Polypropylene coil pad. (c) Polyimide coil pad. (d)
Fiberglass coil pad.

E. Insulation Evaluation

Considering the multi-layer and multi-turn coil topology, the
insulation should be analyzed to avoid possible breakdown
between two adjacent turns and layers. The electric field
distribution can be used to evaluate the insulation ability. When
20 A peak-to-peak current is injected into the capacitor-free
coil pad at 85 kHz, the maximum potential difference can reach
to 1.23 kV for each single inductor coil. The electric field
distributions regarding different dielectrics are shown in Fig.
15. It can be seen that the electric field of the polypropylene
coil pad is much higher than other coil pads due to its thinner
thickness.

The FEA results show that all electric field distributions are
significantly lower than the rated dielectric strengths listed in
Tale 1. Thus, it is verified that much higher current can be
sustained and the selected dielectrics have a good insulation
ability to suit the capacitor-free WPT system.

V. SYSTEM EXPERIMENTAL VERIFICATION

An experimental setup has been built as shown in Fig. 16 in
which the transmitter is a conventional capacitor compensated
coil pad and the receiver is the proposed capacitor-free coil pad.
The airgap between the transmitter and receiver is 120 mm, the
inductance of the transmitter conventional coil is 205 pH, the
load after rectifier is set at 61 Q.

In order to match the self-resonant frequencies of the
capacitor-free coil pads with mica, polypropylene, polyimide,
and fiberglass, the capacitors with 14 nF, 20 nF, 22.2 nF, and
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20 nF are accordingly compensated for the conventional
transmitter coil. The MAGNA-POWER TSD1000-20/415+HS
DC supply is used. The high frequency AC input for the
transmitter is generated by a SiC MOSFET (CREE,
C3MO0075120K) based H-bridge, which is operated with a duty
ratio of 50%. The PWM signals were generated and controlled
by the LAUNCHXL-F28379D. The deadtime is kept at 80 ns.
The SiC diode rectifier employs SiC Schottky diodes (ON
Semiconductor, 512-FFSH40120ADNF155). After that, the

capacitance of 220 uF is used as a filter to reduce ripple voltage.

Conventional transmitter

- L .
<ony Capacitor-free coil pad _

I.Z:

Céacitor-free colil pad
e ]

e s e Y

(b)
Fig. 16. Experimental setup of capacitor-free WPT system under lower
operating frequency. (a) Setup schematic. (b) Setup prototype.

When the DC input voltage is 65 V and the operating
frequency has been tuned to the self-resonant frequency of each
capacitor-free coil pad, the measured voltage and current
waveforms from LeCroy HDOS00OA are shown in Fig. 17. It
should be noticed that the gating setting needs to adapt the
operating frequency to ensure accurate power measurement.
Based on the measured waveforms, the received powers and
transmission efficiencies are achieved for further comparison
as listed in Table II. It can be found that the polypropylene coil
pad presents the highest efficiency of 82% due to its thinner
thickness thus lower dissipation factor tand of 0.014. It is worth
noting that, the efficiency result is obtained from the system
with only the receiver using capacitor-free self-resonant coil
but the transmitter using the WPT conventional coil. The
conventional WPT coil of the transmitter has an adjustable
compensation circuit to facilitate different capacitor-free coils
having different resonant frequencies.

The medium power WPT systems have potentials for mobile
devices such as UA Vs and electric scooters thus the receiver of
the WPT is required to be small and light for such mobile
devices. Although the capacitor-free coil can be applied at both
the transmitter and the receiver, the advantage of lightweight
and compactness of capacitor-free coils makes them more
suitable for the receivers.
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Fig. 17. Measured voltage waveforms, current waveforms, received
power, and transmission efficiency with different dielectrics. (a) Mica
coil pad. (b) Polypropylene coil pad. (c) Polyimide coil pad. (d)
Fiberglass coil pad.
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TABLE Il. Experimental Comparison of Different Coils

Received power (W) 309.5 363.6 405.1 374.5
Transmission efficiency 78% 82% 78.3% 79%
Dissipation factor tand 0.046 0.014 0.021 0.018

The received power distributions regarding different DC
input voltage are shown in Fig. 18. It can be found that the
tested power can reach up to 470 W and the highest
transmission efficiency is 82% from the polypropylene coil
pad. The loss breakdown of mica, polypropylene, polyimide,
and fiberglass coil pads are shown in Fig. 18(a), (b), (c¢), and
(d), respectively. In the power loss distributions, Pg-converer
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corresponds to the rectifier loss, Pr.q corresponds to
compensation capacitor loss at the transmitter side, Prcon
corresponds to the copper loss of the transmitter coil, Pg.cap
corresponds to the capacitance loss of the proposed capacitor-
free coil pad, Pgr.coi corresponds to the copper loss of the
proposed capacitor-free coil pad. All power loss distributions
are under the input voltage of 65 V and the received power of
the capacitor-free coils with mica, polypropylene, polyimide,
and fiberglass are 312.1 W, 367.7 W, 405.3 W, and 370.8 W,
respectively. Meanwhile, the corresponding efficiencies of the
mica, polypropylene, polyimide, and fiberglass coils are
77.2%, 81.8%, 78.3%, and 78.7%, respectively.
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Fig. 18. Received power distributions under different DC input voltages
and power losses distribution. (a) Mica coil pad. (b) Polypropylene coil
pad. (c) Polyimide coil pad. (d) Fiberglass coil pad.

Due to the skin effect at the high operating frequency near
the self-resonance frequency, the AC resistance will account
for the most of the total resistance [32-34]. The skin depth is
0.22 mm for copper at 85 kHz thus the maximum effective
thickness for conduction of each turn is 0.44 mm. This effective
thickness for conduction at 85 kHz is considerably larger than

that operating at hundreds kHz or MHz in other capacitor-free
IPT wireless power transfer systems, thus more room for
increasing the foil thickness to reduce the copper loss at lower
resonance frequencies such as 85 kHz. The foil used for the coil
in this paper has a thickness of 0.04 mm which can be increased
by severalfold in order to reduce the copper loss and then
improve the transmission efficiency. It should be noticed that
the receiver capacitor loss of polypropylene coil pad is the
smallest of that among all four coils.

A comparison between the multi-layer capacitor-free coil
and the conventional wireless charging coil having the same
power rating has been given in Table III.

TABLE lll. Comparison of the proposed capacitor-free coil and
conventional WPT coil with the same power design of 400 W.

Multi-laver Conventional
Items un-ayer WPT coil with
capacitor-free coil . P
compensation circuit
Prototype
Operating 80-120 kHz 81.38-90.0 kHz
frequency
Quality factor 23 56
Efficiency 82% 91%
g (Due to p?’;tlaﬁle copper 18.7'1 g

Weight - . (Due to Litz wires, and

foil, and no compensation . .

. compensation capacitors)
capacitors)
Power Gravimetric: 10.29 W/cm? Gravimetric: 7.26 W/em®
density? Volumetric: 4.12 W/g Volumetric:2.44 W/g
.. 15 nF
gdilgf;al N/A EPCOS PP capacitor 1kV
p DC voltage

Coil 0.96 mm 1.44 mm
thickness . :

1 All comparisons are based on the same power rating (400 W) design for the proposed
capacitor-free WPT system and the conventional WPT system.
2 The power density is calculated for the resonant circuit excluding the converters.
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Fig. 19. The prototype to measure the electric field and the magnetic
field at different positions.
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Fig. 21. Proposed capacitor-free coil EMI test when vertical height of
test point is set at 70 mm. (a-b) Magnetic field at horizontal distance of
100 mm, and 300 mm. (c-d) Electric field at horizontal distance of 100
mm, and 300 mm.
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Considering the EMI issue, the electric field and the
magnetic field at different positions are measured as shown in
Fig. 19, where the compared conventional WPT coil is
designed with the same power of 400 W. The Beehive 100C is
applied to measure the magnetic field and the Beehive 100D is
applied to measure the electric field. The RIGOL DSAS815 is
used as a spectrum analyser. The EMI measured results of the
conventional WPT coil and the capacitor-free coil are shown in
Fig. 20 and Fig. 21, respectively. In terms of the magnetic field,
there is no obvious difference between the conventional WPT
coil and the capacitor-free coil under the same current with
peak value of 4 A. In terms of the electric field, that of the
capacitor-free coil is slightly lower than that of the
conventional WPT coil. It is because that the multi-layer
copper foils also behave as a shield. As a result, the proposed
capacitor-free coil would not introduce serious EMI problems
when comparing to the conventional WPT system.

With the aim to further evaluate the frequency response, the
received powers with frequency sweeping have been
conducted to compare the difference between the capacitor-
free coil and the conventional WPT coil, as shown in Fig. 22.
It can be found that when the input power is kept the same with

varying frequencies, the frequency responses of the capacitor-
free coil and the conventional WPT coil are the same.

ot 05 . i

_TGLevel —— —
" 10,00 dBm

Input power -10 dBm

Frequency swee from
l((:lI’IZ to 200

uuuuuuuuuuuuuuuu

Input power w1th frequency
(a)

8000 g a0

o—_— (]

000 g YT

d TG Lovel | TG Level

o -1000dBm - N T _ 2y -10.00 dBm - kk"'-‘,_, |
/ TT— / Tr—
= 1 - | o b -

Received power /" Received power
o i ’J.-'
A R,
Frequency sweep from Frequency swee from
s seen 10 kKHz t0 200 wsersee s 10 KHZ t0 200
SR e e R
(b) (c)

Fig. 22. Frequency response analysis for the proposed capacitor-free
coil and the conventional WPT coil. (a) Fixed input power of -10 dBm
with frequency variation. (b) Received power of the conventional WPT
system. (c) Received power of the capacitor-free system.
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Fig. 23. Emissivity enhancement for the copper foil by painting the

surface with black acrylic paint.
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Fig. 24. Thermal images of the coil pads with different dielectrics after
the black acrylic painting. (a) Mica coil pad. (b) Polypropylene coil pad.
(c) Polyimide coil pad. (d) Fiberglass coil pad.

The thermal performance is captured by a thermal imaging
camera FLIR E53. The emissivity is enhanced by painting the
black acrylic paint on the copper foil for the thermally
reflective surface as shown in Fig. 23. The thermal images of
the proposed coil pads are presented as shown in Fig. 24. The
ambient temperature is 20 °C with a current of 5 A peak-to-
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peak value. The maximum temperatures of all coil pads are
under 33°C.

All experimental results verify the feasibility of the proposed
capacitor-free coil pads for the medium power WPT system.
The polypropylene possesses the lowest loss. The performance
should be further improved by using better fabrication and
reducing the adhesion layers. In order to increase the power
rating and reduce the copper loss, thicker copper foil or more
copper layers can be added at the same layer winding.

V1. CONCLUSION

In this paper, multi-layer capacitor-free self-resonant WPT
coil pads with four dielectrics are proposed and implemented.
The proposed system has been experimentally verified at 470
W received power by using copper foil with only 0.04 mm
thickness. The multi-layer topology integrates the inductance
and capacitance into one single coil pad, the compensation
capacitor for the WPT system can be eliminated. The self-
resonant circuit with multi-layer topology has been modeled
and simplified. The fringing effect has been analyzed to
evaluate the undesirable parasitic capacitance in a single coil
inductor. The insulation between the two coil layers has been
evaluated. Both the simulation and experimental results have
been provided to verify the proposed capacitor-free WPT
system. The thermal images have shown that the proposed
capacitor-free coil pads are also thermally feasible.

APPENDIX

When considering the single-layer fringing effect, the
parasitic capacitance between turn and turn can be calculated
based on the conformal mapping and the assumption of the
magnetic wall. All symbols listed in the following equations
have been indicated in Fig. 6.

Thus, the capacitance with the air is calculated by

ko — dair

W[urﬂ (20)
C, = lﬁ)il‘goF (ky)

The capacitance with the foil adhesion is calculated by

k = tanh( 4d )/ tan! h( d1 ) o
coilad :El/é)ilgo(KZ —K)F (k)
The capacitance with the dielectric is calculated by
k, = tanh(—"% ) / tanh(—" Yy
4(d, + d ,) 4d, +d,) (22)

1
Che = Eljbilgo (1, —15)F (k)

The capacitance with the dielectric adhesion is calculated by

k, = tanh(— %5 )/ tanh(— o
4(d, +d, +d,) 4(d, +d, +d,) (23)
1
Clicaa = Elfoflg() (s =D F (ky)

where the F(k;) (i=0, 1, 2, 3, 4) is expressed as
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