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Abstract

A copper-foil electromagnetic coupler and its equivalent decoupled circuit model are developed in this paper to reduce the weight and cost of Wireless
Power Transfer (WPT) systems, and improve system efficiency. The coupler consists of four stacked square spiral copper-foil coils, combining inductance and
capacitance to enable the WPT system to function without the need for extra compensation components. The decoupled circuit model of the cross-coupling
coils is analyzed and transformed equivalently. Through the design of structure and circuit parameters, the coupler achieves self-resonance. Besides, the
conditions of both load-independent constant current or constant voltage output and input zero phase angle (ZPA) are given. The regularities of the
electromagnetic coupling coefficient and system resonant frequency varying with the geometric parameters are obtained for system design and
optimization. An experimental prototype is implemented and characterized. Under the operating conditions of 1.056 MHz and a 60-mm air-gap distance,
measured performance yields an output power of 111.84 W, and a DC-DC conversion efficiency of 90.34%.
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Introduction

Combining advanced modeling and analysis methods, wireless
power transfer (WPT) technology effectively addresses the issue of
unsafe and inflexible access associated with conventional charging
methods!'-3.. To increase the efficiency and power transfer capabil-
ity of the WPT system, the existing research generally adopts two
basic methods: improving the compensation structure and its
parameter design method®”]; optimize the electromagnetic
coupling structurel®9], The first method can raise the system output
power, realize constant voltage or current output, suppress high-
order harmonics, and reduce the reactive power component of the
input. The second method has advantages in increasing the effi-
ciency and power density, improving the misalignment ability,
maintaining the system security, and reducing the system cost.

Four typical compensation topologies (S/S, S/P, P/S, and P/P) were
utilized to improve the performance of inductive power transfer
(IPT) systems, but they are prone to load sensitivity issues['o.
Regarding capacitive power transfer (CPT) systems, the coupler can
be equivalent to two series coupling capacitors or six cross-coupling
capacitors'12 In centimeter-range power transmission applica-
tions, the method of using a large inductance for series reactive
power compensation comes at the expense of system security and
environmental adaptability!’3l. In response to the challenges faced
by IPT and CPT systems, a range of high-order compensation
topologies, such as LCL (inductor capacitor inductor), LCC (inductor
capacitor capacitor), CLC (capacitor inductor capacitor), and LCLC
(inductor capacitor inductor capacitor), have been proposed. This
paper presents a novel parameter tuning method based on an LCL
compensation topology. The proposed approach provides
enhanced flexibility in the design of IPT systems, along with
improved suppression of higher-order harmonics and a reduction in
coil current', A dual-side LCC compensation topology along with
its resonant scheme has been designed to ensure that the resonant
frequency of the IPT system remains immune to variations in
coupling coefficient and load, thereby maintaining stable and
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predictable operationl’>. A n-CLC compensation structure at the
transmitter and T-CLC compensation structure at the receiver are
adapted in the CPT system, which achieves constant current output
when switching between multiple receivers!'l, To minimize the
voltage stress imposed on the coupler to enable high-efficiency
power delivery across long distances, a CPT system with double-
sided LCLC compensation structure is put forward!'”l. To continu-
ously improve WPT system performance, scientists have carried out
in-depth studies on electromagnetic coupling structures. A signifi-
cant amount of focus has been placed on the development of a
hybrid inductive and capacitive WPT (HWPT) systeml'8l. A novel
HWPT system is presented that achieves a favorable trade-off
between enhanced efficiency and a compact coupler designl'9, In
addition, an inductive and capacitive integrated coupler, made up
of bent aluminum plates, is introduced(2%, offering a novel concept
and approach for wireless charging. A 10 kW HWPT system exhibits
a significant performance advantage, outperforming both previ-
ously published IPT and CPT systems across a range of misalign-
ment conditions2'l. However, all of the above couplers have to be
compensated by high-order network. In general, the magnetic-field
coupler is typically constructed from Litz wire, whereas the electric-
field coupler is composed of metal plates. To enhance performance,
Litz wire, metal plates, and high-order compensation topologies are
often incorporated. However, this approach comes at the expense
of greater volume, weight, and cost, creating a critical barrier for
WPT technology's progress and market adoption. In conclusion, the
majority of existing research has focused on enhancing the output
power, the efficiency, and the transfer distance of WPT systems,
while neglecting the concomitant increases in volume, weight, and
cost.

Aimed at resolving the problems outlined previously, this study
puts forward a novel integrated copper-foil electromagnetic coupler
and a comprehensive methodology for its modeling and decou-
pling. Fabricated from copper foil, the four planar square spiral coils
that constitute the electromagnetic poles are designed with the
objective of alleviating the skin effect, consequently minimizing
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ohmic losses. Cross-coupling is generated among the four copper-
foil coils; consequently, mutual inductances and cross-coupling
capacitors are established. Compared with the previous research
work, the proposed hybrid electromagnetic coupler is very
lightweight and low cost, and the WPT system is very simple and
practical for electric vehicle. The remainder of this paper is orga-
nized into the following sections. This paper first introduces the
coupler structure and its decoupled model. The equivalent circuit of
the coupler is analyzed and simplified, and the couplers' inherent
electrical parameters are designed to make it self-resonance. Then
the working conditions of both load-independent constant current
(CQ) or constant voltage (CV) output and input ZPA are obtained. In
the following, the structure of the coupling electromagnetic pole is
optimally designed based on Maxwell to balance the electric field
and the magnetic field, and an efficient and portable electromag-
netic coupler is constructed. Simulation and experimental results
validating the proposed coupler and WPT system are discussed in
verification part, concluding with the findings in the end.

Coupler structure, circuit modeling,
and self-resonant principle

Copper-foil electromagnetic coupler

As shown in Fig. 1, the electromagnetic poles of the proposed
coupler take the form of square spiral windings fabricated from
copper foil. By leveraging the previously ignored parasitic capaci-
tance of the coil, a significant improvement in power transmission
performance can be achieved. Under the influence of both electric
and magnetic fields, this coupler inherently integrates a combina-
tion of self-inductance, mutual inductance, and cross-coupling
capacitor. The three-dimensional model of the copper-foil electro-
magnetic coupler is presented in Fig. 1a. Its key components are
four planar square spiral electromagnetic poles and an insulating
dielectric layer. Figure 1b depicts the front view of the copper-foil
electromagnetic coupler, where the four electromagnetic poles and
insulating dielectrics are stacked. Electromagnetic pole P, dielectric
D,, electromagnetic pole P,, electromagnetic pole P,, dielectric D,,
and electromagnetic pole P; are lined successively from bottom to
top. /; is the side length of P, and P5, while [, is the side length of P,
and P,. d, and d; are the transfer distance and the distance between
the same-side electromagnetic poles (also the thickness of the
dielectric), respectively.

System circuit topology and its equivalent
simplification

With a view to structural simplification, this WPT system deliber-
compensation components. The

ately omits any additional
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copper-foil electromagnetic coupler utilizes its inherent capaci-
tance and inductance characteristics to achieve self-resonant. A
schematic illustration of the non-compensated circuit configuration
is achieved in Fig. 2, where leakage field reduction is achieved by
connecting the inner electromagnetic pole P, to the inverter's high-
potential output terminal and the outer electromagnetic pole P, to
the low-potential output terminal'23. For simplicity, the circuit char-
acteristics are analyzed employing the Fundamental Harmonic
Approximation (FHA), with ohmic losses in the coupler omitted. Due
to the equivalence between the six-capacitor cross-coupling and
three-capacitor n-type modelsi?4, the circuit from Fig. 2 can be
simplified as depicted in Fig. 3, where Uj, (U, = Ug.-4/7) and
Req (Req =Ry - 8/7r2) are defined as the inverter's fundamental output
voltage component and the equivalent AC load resistance, respec-
tively. The parameters in Figs 2 and 3 satisfy the following equiva-
lent transformation relationship:
Cyy = Ci3:Cu—Ci3-Cy
Cr3+Cou+Ci3+Cuy
C1=Cry—Cy + (C13+C14) - (Co3+Co4)
Ci3+Ciy+Co3+Cn
(C13+C14)-(Cra+Co4)

Cr7Coi=Cut Ci3+Cra+Cp;3+Coy W

The electric field coupling coefficient is expressed as:

kcpr = Cu @
V(Ci +Cu)-(C2+Cy)

According to the reciprocity theorem, the =n-type capacitor
network composed of C;, C,, and Cy, can be transformed into a T-
type capacitor network composed of C,, Cg and C.. Furthermore,
the multi-coupled inductor circuit can be equivalently represented
as a controlled-source circuit, wherein the mutual inductance volt-
ages are replaced by current-controlled voltage sources (CCVS).
Figure 4 shows the equivalent circuit. The capacitors satisfy the
following equations:

¢ -C Ci-C
Ci=Ci+Cy+—M ¢ =—2"8
c C(% CAgC%"'CC
Cp=Ci+Cr+—2  C=—L2=C 3)
aYe CatlagCe
2°Lm ALC
Ce=Cr+Chy+ Cy=—A—C
emmTEMT e M Ci+Cp+Co

Based on Kirchhoff's law, the input and output voltage can be
expressed as:

Uin = joLody +joMa 1) +jw(Mays + Mag) s
+Upp +jwLi 1) +joMpp 1y +jw(Mis + Mig)l
Usa = —[jwLa s + jw(Myy + Map)Iy +jwMsslr + Upc]
—UU)L3IZ +jw(M31 +M32)11 +jwM3412]

4

By substituting /; — I5 for I,, the input voltage can be simplified as:

Ps )
S D,
Py h
d;
b
p, < >
[ D, il
P, — ds
< i >

Fig. 1 Basic structure of the copper-foil electromagnetic coupler. (a) 3D graph of the coupler. (b) Front view!??,
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Fig. 3 System m-type equivalent model.

Uin = jol{(Ly + Ma1 + Moz + Moy + It + My + M3 + M)
+jwl(=M3— M4 =My —Mps) + Uap
= jwl(Lov + Lim) +jwl Liv + Uap

(5)
By substituting /, + /5 for I;, the output voltage can be simplified

as:
Uout = —jwh(Ly + Myy + Myy + My3 + Lz + M3 + M3 + M3y)
+jwl(=Myy — Mgy — M3; —M3p) + Upc
= jwh(Lay + Lanv) + jwlz Lay + Ugc (6)
where,
Ly = =Mz — Mg — Moz — Moy
Lim=Li+Mp+Miz+ My
Lom = Ly + Moy + Moz + Moy
Lam = Lz + M31 + M3 + M3y
Laym = Lo+ My + Myp + My3 @)

In this paper, the magnetic-field coupling coefficient is conceptu-
alized as:
Lm
V(Lm + Lim + Lov)(Lm + Lam + Lam)
which is used to describe the magnetic coupling degree between
coils.

®)

klPT =

Circuit decoupled and parameter self-
compensation

According to Egs (5) and (6) in system circuit topology and
its equivalent simplification, the controlled source circuit shown in
Fig. 4 can be decoupled as a T-type model shown in Fig. 5. All

I L, joMyl, joMyl joMyl, Ca

3 Q
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inductances and capacitors are independent of each other. The
simplified circuit can be divided into three impedance stages.

Based on the AC impedance method, the impedances at each
stage depicted in Fig. 5 can be expressed as:

1 .
Z| = — +_|a)(L4M + L3M) +Req

jwC:
Z ! +jwL;
. w
1 jwCs Jwlm
Z) = 1
Zi+ - +jwL;
1 jwCs Jwlm
1 .
Zin=2p+ +jw(Lam + Lim) )
JwCx

For practical implementations, the electromagnetic coupler is
often deliberately designed to be symmetric, specifically featuring
identical dimensions between pole pairs P; and P3, or alternatively,
P, and P,. Furthermore, the distance between P, and P, is equal to
the distance between P; and P,. Therefore, the circuit parameters in
Fig. 1b have the following relationship:

{CIZ =Cs {Ll =L {M12 =Mz (10)
Ciy=Cp |(La=Ly |Miy=M>

According to Egs (1), (3), and (6), the parameter relationships can

be simplified as:

{Cl =G {LIM =Lam

an
Cy=Cc=C+2Cm

Lov = Lam
According to Eqgs (3) and (11), the electric-field coupling coeffi-
cient kcpr, and magnetic-field coupling coefficient kjpr shown in Eqgs
(2) and (8) can be re-expressed as:
Ca

Cs+Cp
M

- Ly + Lyt + Loy

kepr =
(12)

klPT

According to Egs (9), (11), and (12), if the system works in the
input ZPA condition, the imaginary part of the system input
impedance should be equal to zero, so the parameters must satisfy
one of the equations as follows:

W CACp(Lim + Lam + Ln) = C4 + Cpp (13)

or
2L()ZLMCAC3+2(1)2CA(L|M+L2M)(CA+CB) -1
2w4CiCB(L1M + Lov)(Lim + Lov + 2Lwm) + U.)ZC%CBR%q +2C4+Cp B
(14)
Considering the above two conditions, some system parameters
can be solved, as shown in Table 1, where A, B, and C are expressed
as follows:

A = C%Cg (L + Low) (Lim + Loyt + Lag)
B = CLCBR%, —2CACpLy —2CA (Liv + Low) (Ca + Ci)

C=2CA+Cg (15)

(I:C JoMuly  joMuol, joMyh Ly L

U,
v r\) AB

—| 4 L JjoMpl,  joMyl joMl,

_)_f'YW\_<> > /,\+ H o I|._+®_®_®_rwv\_,_.
+ AU la :

\/

Usc

I )
JjoMsil,

JoMzly  joMsal; L,

Fig. 4 Controlled source equivalent circuit.
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P, ; Law Ca ; | Law

U, @

-

Ziy | Z,

Fig.5 System T-type decoupled model.

Since the current I, is independent of R, under the first ZPA
condition, the system operates in a CC output mode. For the
second ZPA condition, the numerator and denominator of the
output voltage U, are conjugate complex numbers. The modulus
of {7, can be expressed as:

| Ca (Lin+Lom) = 1+jewCaReq|
w*Cp(LimtLom) — 1 = jwCaRe|

Vol =0al-

7|U | \/(a)ch (LimtLom) — 1)2+(ja)CAReq)2

=|ow|  16)

2
\/("JZCA (Lim+Low) = 1) + (—ijAReq)
It means the system works in constant voltage (CV) output mode,
while the phase of the output voltage is opposite to the input
voltage.

Analysis and design of coupler
parameters and circuit parameters

Analysis for the coupler parameters

Employing finite element analysis (FEA) in ANSYS Maxwell, the
characteristics of the coupler were analyzed with various dimen-
sions and its spatial structure optimized to improve system perfor-
mance, with the planar rectangular spiral electromagnetic pole's top
view provided in Fig. 6. The self-inductance of the planar square
spiral coil is calculated based on the equation as follows:

Table 1. System parameters in two ZPA conditions.

https://doi.org/10.48130/wpt-0026-0007

1
L= EyoNzDavgcl [1[1(2)+C3p+64p2] 17)
o

where, ug, N, D4 and p are the vacuum permeability, turns of the coil,
average value of inner and outer diameter of the coil (Dyyg = (Dout+
D;y)/2), and compression ratio of the coil (0=(Doyt — Din)/ (Dout + Din)),
respectively. The values of ¢;—c, are determined by coil layout and
shape. When the coil is square, ¢; = 1.27, ¢, = 2.07, ¢ = 0.18, and ¢, =
0.13.

In addition, the theoretical formula of a capacitor can be
expressed as:

£0&rS

C==" (18)
where, gy and ¢ are the permittivity of vacuum and the relative
permittivity of dielectric. The coupling capacitor between any two
electromagnetic poles is positively correlated with their copper area,
while negatively correlated with the distance between them. In
summary, the self-inductance, mutual inductance, and cross-coupling
capacitor are mainly influenced by Dy, D;n, N, and w.

In practice, the outer diameter D of the electromagnetic pole is
generally determined by the specific application occasion. In this
section, the outer electromagnetic pole (P, and P;) with the size of
500 * 500 mm (D, = 500 mm) is used for research. According to Eq.
(16), when D, is given, the self-inductance of the outer pole is
mainly related to its width of copper foil w,,, number of turns Ny,
and turns spacing s, . In addition to the aforementioned parame-
ters, the mutual inductances and cross-coupling capacitors are also
governed by the width of the copper foil winding of the inner elec-
tromagnetic pole, the number of turns N;,, the turn spacing s;,, the
transmission distance d,, and the inter-pole distance on the same
side d..

Influence of the poles' turns

To achieve larger cross-coupling capacitors, Polymethyl
methacrylate (PMMA, relative permittivity 3.4) is employed as the
dielectric medium separating the electromagnetic poles on each
side. The system parameters, as defined in Table 2, are adopted for
this investigation.

Further analysis reveals the changing pattern of input impedance
Z,, with respect to N, and R, as illustrated in Fig. 7122 It can be
observed that Z;, is primarily determined by R.,, but the variation
with N, is relatively small. When Req assumes a small value
(10-100 Q), Z;, becomes quite high, leading to a minimal amount of

System
parameters

First ZPA condition

Second ZPA condition

Operating angular frequency CaiCy

w=
\/(L1M+L2M+LM)CACB

/—B+ VB2 —4AC
wE\———————
2A

_B- VBE_4AC
wy=A| 2 VO AL
: 24
Input + _ 2 R
impedance Z.— ((Lim+Lov) Ca — LmCg) eq
(Lm + LimtLom) (Ca +C) CACBRq
Output . ) Lt + Lim+Lon) (Ca + Cp) CAC . . W*Ca(Lim+Lom) — 1+ jwCaR
voltage Uowt = —UnReq V(Im + Liv+Lom) (Ca + C) CaCi Uit = ~Uin- 2 A (Limt+Lom) J. ARcq
(Lim+Lam) Ca — LvChg w*Ca (LimtLom) — 1 = jwCaReq
Output . Ly + Liv+Lon) (Ca + Cp)CACs - ) Uy, @*Ca(Liy+Low) — 14 jwCAR
current fow = = V(Lm + Livt+Lom) (Ca + Cp) Ca By fy =Y A (Lim+Lam) JwC AR

(Lim+Lom) Ca — LmCg

Req @*Cp (Liyi+Loy) — 1 — jwCaReq
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Table 2. Parameters of the coupler when Nin is variable.

Parameter Value Parameter Value
Nout 15 dy 60 mm
Sout 5mm Sin 5mm
d 10 mm Wout 10 mm
Wi, 10 mm
wi
s
Din
) Do :
Fig. 6 Top view of the single coil.
10,000 §- - ._ - S R —

1 T | T | T T

N, (turns)

Fig. 7 Variation of the input impedance with N, and Re,*?.

power picked up at the load end. When R, takes on a large value
(103-10%* Q), Z;, ranges from 10 to 100 Q; however, under CV operat-
ing mode, the current picked up by the load remains quite small.

As derived from the preceding analysis, the first ZPA operating
mode is exclusively suited for applications characterized by an
exceptionally high equivalent load resistance and a minimal
load current. Since most practical implementations feature load

200
S 1501
100

50+

5 6 7 8 9 10 11 12
N. (turns)

in

Fig. 8 Ground-referenced voltage curve of Py and P,%2. (a) f=f;. (b) f=f,.
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resistances below 100 Q, this paper consequently examines the
electromagnetic coupler's performance under the second ZPA
condition for subsequent analysis and design.

With varying N, the self-resonance frequency of the coupler
differs significantly, leading to distinct ground voltages of the four
electromagnetic poles. The dependence of the ground-referenced
voltage at P; and P, on N;, is examined under two distinct operating
frequencies, f; and f,, as depicted in Fig. 81221, A marked disparity is
observed, with Up; and Up, demonstrating a substantial increase
when the system operates at frequency f, compared to frequency f;.
Therefore, the selection of f; as the system operating frequency
serves to reduce the coupler's fringing electric field and improve
overall safety. Subsequent sections are dedicated to the analysis and
design of a WPT system targeting operation at the resonant
frequency f=f,.

Based on the parameters listed in Table 2, the dependence of the
self-inductances, mutual inductances, and cross-coupling capaci-
tors of the four electromagnetic poles on N;, can be systematically
investigated through Maxwell simulations. Then, the regularity of
the magnetic-field coupling coefficient kpr and electric field
coupling coefficient kepr changing with N, is obtained as shown in
Fig. 9. It can be seen that kpy is negative, which is related to the
setting of the homonymous end of the coupling coil. The determi-
nation of the homonymous end is affected by the current direction
in the coil, which is related to the winding mode of the coil.

Influence of the poles' width

With the parameters of the coupler listed in Table 3 held constant,
the influence of the copper foil width on the system parameters is
investigated. In order not to change the occupied area of the outer
electromagnetic pole (15 turns, 500 * 500 mm), and the inner elec-
tromagnetic pole (nine turns, 330 * 330 mm), the sum of copper foil
width and turns spacing in the table is fixed as 15 mm. If the copper
foil width changes, the copper-foil turns spacing changes accord-
ingly. Through parametric scanning analysis on Maxwell, The func-
tional dependence of both the magnetic and electric field coupling
coefficients on the geometric parameters (copper foil widths
Win/Woy: OF tUrn spacings si»/Soyy) is illustrated in the accompanying
contour diagrams, as shown in Fig. 10. A clear correlation is
observed whereby the absolute value of kjpr correlates positively
with both w;, and w,,, whereas kcpr increases with larger w;, but
decreases with larger w,,. Moreover, Fig. 11 shows the regularity of
the first resonant frequency f; varying with w;, and wg, in the
case of R,q = 40 Q. It is known that the self-inductances, mutual
inductances, and cross-coupling capacitors of the electromagnetic
poles increase with the increase of w;, and w,, so the system reso-
nance frequency decreases, as shown in Fig. 11.

3,000

2,500

1,000+

500

0 \ T T
5 6 7 8 9 10 11 12
N
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-0.320- L0.021
. T ST O TS VA —
10.018
-0.330
-0.335 . : .‘ . .‘ 0.015
5 6 7 8 9 0 11 12

N, (turns)

Fig. 9 Variation of magnetic-field and electric-field coupling coefficient.

s, (mm)

1240.02113 7~ < _
1~ 0.02183

oul

w, (mm)
s, (mm)

Fig. 10 The variation of coupling coefficient with w;, and w (or s;,
and s,0)-

Influence of same-side spacing and transfer
distance

The transfer distance d, and the same-side electromagnetic poles
spacing are set as variables, and the other parameters shown in
Table 4 are taken as invariants, then the three-dimensional curved
surface of kpr and kepy Varying with d; and ds can be obtained, as
shown in Figs 12 and 13. With the increase of d, kcpr, and the abso-
lute value of kpr increase gradually. However, as d; increases, kcpr
and the absolute value of kpy decrease gradually. Generally, the
larger the coupling coefficient is, the more conducive to the
power transmission. Therefore, it is crucial to carefully balance the

Table 3. Parameters of the coupler when sout and wout are variable.

Parameter Value Parameter Value
Nout 15 Ny 9
Sout + Wout 15 mm d, 60 mm
ds 10 mm Sin + Win 15mm
Table 4. Parameters of the coupler when d; and d are variable.
Parameter Value Parameter Value
Nout 15 Ny 9
Sout 5mm Sin 5mm
Wout 10 mm Wi, 10 mm
Req 40Q
Page60f 10
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s, (mm)
0 9 8 7 6 5 4 3 2
13 | 1 1 1 1 1 1 2
—f,(MH
11 1.029 -4
104 L5
€ o”
9 ) } -6 5.
£ 1.107 1.068 Y049 6 -~
2° 84 1.088 \-7 3
741.165 \ 1.126 L 8
6 1.146 -9
5 T I\ T T T T T 10
5 6 7 8 9 10 11 12 13

w, (mm)

Fig. 11 The variation of the system resonance frequency f; with w;, and
Wout (OF i and Sqe).

—0.4480
~0.20 —0.4269
-p.4089
_.0.25 03848
—0.3637
~0.30 —0.3426
—03216
%’-,[},35 -0.3005
= —0.2754
_pA0 -02583
45 -02373

~(.4:

Fig. 12 The variation of kpy with d, and d..

0.02000
| 0.04660
0.25 '|| I 0.07320

o 0.09980
0.20 0.1264
01530

0.1796
0.2062
0.2328
0.2594
0.2860

Fig. 13 The variation of kcpr with d; and d..

relationship between the coupling coefficient and the volume of the
coupler when designing the coupler for practical application, which
involves selecting appropriate values for d; and d..

Moreover, the changes in self-inductance, mutual inductance,
and cross-coupling capacitance with respect to d, and d, can also be
obtained, leading to the derivation of the relationship between f,
and d, as well as d,, as illustrated in Fig. 14. As d; and d, increase, the
mutual inductances and cross-coupling capacitances decrease, so
the system resonance frequency increases.
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Fig. 14 The variation of f; with d; and d.

Simulation and experimental verification

Parameters determination and simulation
verification

According to the previous literature and experience, the
frequency is generally around 1 MHz, so the value of inductance and
capacitance will be less affected by the surrounding environment. In
addition, the magnetic-field and electric-field coupling coefficient
should be balanced, since they determine the system power
transmission capability. To systematically optimize the coupler's
geometry, the relationship between its parameters and the circuit
parameters is investigated. Therefore, the self-inductances, mutual
inductances, and cross-coupling capacitors can be obtained by
Maxwell. Based on the above analysis in analysis and design of
coupler parameters and circuit parameters, if the geometric parame-
ters of the coupler are designed as in Table 5, the operation
frequency equals 1.056 MHz, and the magnetic-field and electric-
field coupling coefficients are calculated as —0.318 and 0.024,
respectively. All the circuit parameters are shown in Table 6. Based
on the circuit topology in Fig. 2, and the parameters in Table 6, the
system simulation is conducted on MATLAB/Simulink.

The phase synchronization observed between the inverter output
voltage and current in Fig. 15 confirms that the system achieves a
unity input power factor by satisfying the ZPA condition. A
measured input current amplitude of 2.484 A for the system
compares well to the calculated value of 2.5 A. With a variable AC

Table 5. Geometric parameters of the coupler.

Parameter Value Parameter Value

Nout 15 Nin 9

Sout 5mm Sin 5mm

Wout 10 mm Wi 10 mm

d, 10 mm d; 60 mm

Table 6. Circuit parameters for simulation.

Parameter Value Parameter Value Parameter Value

f 1.056 MHz M, 22.731pH Ci, 324.98 pF

Uge (Usn) 78.54V M;3 28.369 uH Cis 30.376 pF
(100V)

R.(Reg) 49348 Q) M 12.367 pH Cia 3.0998 pF
(40 Q)

L 64.622 pH Mys 12.366 pH Cxs 3.1395 pF

L, 19.517 uH My, 7.2848 pH Cy4 13.198 pF

L3 64.407 uH Ms, 22.722 yH Cay 324.14 pF

Ly 19.432 uH
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load, the system output voltage is presented in Fig. 16, which shows
an acceptable constant voltage output. When the AC load R,
increases by 100% (from 40 to 80 Q), the output voltage increases
by 0.4%. When R, decreases by 100% (from 40 to 20 Q), the output
voltage decreases by 1.36%. Table 7 shows the simulation voltages
to ground of P,—P, and the currents through them. P, and P, are
directly connected with the output port of the inverter, so their
amplitude values of the voltage to ground are equal to the inverter
output voltage. The currents through P, and P, are equal, as well as
the currents through P5 and P,, which can be also deduced from the
structure shown in Fig. 2. According to IEEE human safety
standard?’], the permissible levels for human exposure to electric
and magnetic fields are defined by the operating frequency f; in the
following manner:

po_[614 0.1 MHz < f, < 1.34 MHz
fMS = 1823.8/7, 1.34 MHz < f, < 30 MHz

Hyws = 16.3/f,,0.1 MHz < f, < 30 MHz (19)

where, Egys (V/m) and Hgys (A/m) are the root mean square of the
electric field strength and magnetic field strength, respectively. Taking
the voltages and currents in Table 7 as the excitation sources, finite
element analysis is conducted on ANSYS Maxwell, and the electric field
and magnetic field around the coupler are obtained, as shown in
Fig. 17a and b, where the safety distance is presented.

Experimental results

Based on the WPT system in Fig. 2 and its equivalent circuit in
Figs 3 and 5, the experimental prototype is built with the coupler's
dimension parameters in Table 5, as shown in Fig. 18. The coupler is

150 4
1004 - _ 3
,‘ .\_ II \\ F2
< 504 v \
= K \ -1
3 (| z
> o : 0 L
5] "\ i =
z \ ! F=1
5 0/ [
NI I R F=2
_ 4 \ /
100 |3
—150 T ‘ T T T -4
135.0 1355 136.0 136.5 137.0 137.5 138.0

Time(us)

Fig. 15 Simulation waveforms of inverter output voltage and current.

150

Uy, = 99 56v: Uy = 99.16 V!

| Uy =97.81V

100

-100
Req =80 Q— R,y =40 Q% R,, =200
_1 50 T T T T T T
0 100 200 300 400 500 60O
Time(us)

Fig. 16 Simulation waveforms of system output voltage varying with

Req:
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Table 7. Amplitude value of the voltage to ground and current of P;—P,.

Parameter Value Parameter Value
Uprg 100V Upss 100V
Upsg 1709V Upag 7224V
Iq 2.484 A Ipy 2484 A
Ips 2.475A Ipa 2475 A

made up of four square planar spiral copper-foil coils (P;—P,)
arranged vertically. The copper foil strip is spirally wounded on the
surface of acrylic plates. To reduce losses caused by skin effect, we
should choose the copper foil with a suitable thickness. So the skin
depth of the copper foil should be calculated, which can be

expressed as:
1
= |— 2
5 ’/ﬂucr 5 (20)

where, p is the copper magnetic permeability and equals 4n x
1077 H/m; ¢ is the copper conductivity and equals 5.8 x 107 S/m; fis
the operating frequency, and the unit is Hz. When f = 1.056 MHz, ¢ =

https://doi.org/10.48130/wpt-0026-0007

64.3 um, so the copper-foil thickness is approximately selected as 25
for the experiment. The power transmitter is formed by P, and P,
attached to D;, while the power receiver is formed by P; and P,
attached to D,. The self-inductances, mutual inductances, and cross-
coupling capacitors are measured using an Agilent E4980A LCR meter,
with the results being closely aligned with the simulations in Table 6.
The inverter incorporated Cree C2M0080120D SiC MOSFETs, with a
TMS320F28335 DSP serving as the digital controller.

The experimental waveforms of the inverter output voltage,
current, and AC load voltage are shown in Fig. 19 when the equiva-
lent AC load resistance Ry, equals 40 Q. The phase of the inverter
output current /;,, lags the inverter output voltage U,,, slightly,
which means the input impedance is weakly inductive and zero volt-
age switching (ZVS) condition is achieved. The phase difference
between the inverter output voltage and current is defined as!'°l:

. 2Coss Ui
6] > arcsin —=-1 (P2))]
IintD
where, C. and tp represent the parasitic output capacitance and the
switching dead time, respectively. It is critical that is fully discharged

prior to the transistor turn-on. Furthermore, the inverter output

Fig. 17 (a) Electric field distribution around the coupler. (b) Magnetic field distribution around the coupler.

Auxiliary
power supp[y

Full-bridge
inverter

1 | et :

L =[] \‘ HER
Copper-foil ‘ | ‘ |

& clectromagnetic coupler & iIg :

Fig. 18 Experimental prototype of the WPT system.
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Fig. 19 Experimental waveforms of the inverter output and the AC load
voltage.

Uoutac=75.2V Uy i = 74.78 V Uju ac = 73.03 V

["Switching Point
Re: 100 Q—50 Q

Switching Point2
Ry: 50 Q—25 Q

s

Voltage [50 V/div]

Time (0.5 ps/div)

Fig. 20 Experimental waveforms of the DC load voltage when R,
changes (100—50—25 Q).

voltage and the AC load voltage are 180° out of phase, while the
fundamental component of U,,, is equal to Uy, .. thereby validating
the simulation results presented in Fig. 15. Figure 20 shows the
experimental waveforms of the DC load voltage U, 4 when R,
changes from 100 to 50 Q, then to 25 Q. With R, increasing or
decreasing 100%, U,y 4 changes within 2%, achieving an
approximately constant voltage output under a wide load range. The
experiment data are measured by a power analyzer when R; equals
50 Q, as shown in Fig. 21. The input power and output power are
123.83 and 111.84 W, respectively, so the system efficiency is 90.32%.
The loss distributions of the experimental prototype are shown in
Fig. 22. It can be seen that the system losses are dominated by the four
copper-foil electromagnetic poles.

a 140
1201
: = Simulation
1007 i 4 Experiment
80+ o
E;‘ 60+ : |kl @and k., decrease to 0 and then
D.O 40 ncrease slightly greater than 0
20 b
0 “x - -. .

0 50 100 150 200 250 300 350 400 450 500
X or Y Misalignment (mm)

Wireless Power

Transfer
Use 78.461 V
I, 1.57782 A
P 123.830 W
Ut 74.781 V
ey 1.49558 A
Pou 111.843 W
Pis 11.9872 W
n 90.319 %

Fig. 21 The experiment results shown in power analyzer.

P
16.2%

Py
23.4%

Fig. 22 Loss distributions of the experimental prototype.

The misalignment tolerance of the system was evaluated, and the
corresponding results are presented in Fig. 23. It can be seen from
the overall trend of change that the output power drops with the X
or Y misalignment increasing. The system performance degrades
significantly at a misalignment of 150 mm, with both output power
and efficiency plummeting to around 30% of those achieved in the
perfectly aligned state. When the misalignment increases to about
250 mm, the output power and efficiency are very low. But they rise
slightly when the misalignment continues to increase. That's
because, the coupling coefficients kcpr and |kipy| are very small when
the misalignment is in the range of (250, 300 mm), and only a little
electric power can be transmitted. With the continuous increase of
the misalignment, kcpr and |kipr| return to increase slightly, but both
of them are going to end up near zero.

Conclusions

A copper-foil electromagnetic coupler characterized by the inte-
gration of inductance and capacitance, which yields self-resonance,
is proposed in this work. The absence of an additional compensa-
tion circuit in the proposed hybrid WPT system yields significant
benefits, including reduced cost, lighter weight, and structural
simplicity. The absence of additional compensation components
and the mitigation of the skin effect collectively enhance the overall
system efficiency. The relationship between the coupler's geometric
parameters and system electrical parameters is analyzed and

b 100

80

60
|k |l @and k... decrease to 0 and then

increase slightly greater than 0

40 /

n(%)

20 oA T

A

0 T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500
X or Y Misalignment (mm)

Fig. 23 (a) Test output power of the misalignment ability for this WPT system. (b) Experimental efficiency of the misalignment ability for this WPT system.
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designed. A wide range of constant voltage output, high power
factor, and ZVS conditions are achieved. An experimental device
is set up with an output power of 111.84 W and an efficiency of
90.32%.

In addition, the misalignment ability of the prototype should be
strengthened in the future. Because the resonant frequency is
closely related to the geometric parameters of the coupler, some
communication technology and control methods will be applied to
this system to improve the misalignment ability. The proposed
coupler and system can be well extended to the field of electric
vehicles' wireless charging.
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