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Synthesis of Equivalent Circuit of Wireless Power flansfer Device
Using Homogenization-based FEM

Yoshitsugu Otomy Yuki Satd, Shogo Fujith and Hajime IgarashiMember, IEEE

1Graduate School of Information Science and Techgyglblokkaido University, Sapporo, 060-0814, Japan

In this work, the multi-turn coil used in a wireless power transfer (WPT) device is modeled as a unifim material using the
homogenization method to consider the proximity eéfct. By fitting the coil impedance to the numericaltesults, the Cauer equivalent
circuit of the multi-turn coil is synthesized for design and optimization of the power circuits in theWPT device. It is shown that the
results obtained from the equivalent circuit and masurement are in good agreement. Moreover, the impance of a flat WPT caoil

composed of a Litz wire is shown to be accuratelyeluated by the proposed method when contribution focapacitance is negligible.

Index Terms—Cauer circuit, Homogenization, Litz wire, Proximity effect, Wireless power transfer.

I. INTRODUCTION

method, and the numerical results are compared thi¢h
measured data. Moreover, the proposed method liedpp the

WIRELESS POWER TRANSFERWPT) has attracted great three-dimensional analysis of flat Litz-wire cailsed in WPT.

attentions for application in electric vehiclespiedical
devices, householder appliances and so on [1Hjdtease in

frequency is preferable to downsize the coil fer\WiPT system.

This can result in, however, significant increasethe coil
resistance due to the skin and proximity effectsa€curately
evaluate the coil impedance considering these tsfigith the
conventional finite element method (FEM), the aoilist be
subdivided into fine elements that are smaller than skin
depth. FE analysis of WPT devices, therefore, ndedg
computational time. To overcome this problem,
homogenization method for the FE analysis has pesposed
[5]. In this method, a multi-turn coil is modeled a uniform
material with complex permeability in frequency dom

When analyzinga WPT device including a multi-turn coil

and power circuit with nonlinear circuit elemernis)e-domain
analysis is required. The model order reductiorhnepies
allow us to synthesize the equivalent circuit, vihig effective
for time-domain analysis, from the FE model of deckic
machine which obeys the quasi-static Maxwell equnsti[7]-
[9]. This method synthesizes the equivalent ciréxgn the
rational polynomial of frequency derived from a teys
equation. However, when one models a machine with
complex permeability, which is a transcendentalcfiom of
frequency, the system matrix becomes an implicicfion of
frequency. It is uneasy, thus, to derive the raigolynomial
and also the equivalent circuit from the reducaettomodel.
In this work, for time-domain analysis of the WP&vites
considering the skin and proximity effects, we &gsize its
equivalent circuit using the homogenization-bas&tMFin
three dimensions. The equivalent circuit is syriessby curve
fitting to the frequency responses computed byRE&. A
WPT device including a rectifier is analyzed by gireposed
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The novelties in this work are the following: (ihet
homogenization-based FEM is extended to solve three
dimensional problems, (ii) it is shown that the pedies of a
WPT device can be accurately represented by a duitir
including three Cauer circuits to consider the eddyrent
effect, (iii) the Cauer circuit synthesized frone ttesult of the
homogenization-based FEM is shown to work well tfore-
domain analysis even when the external circuit vides
nonlinearity, (iv) it is shown that the circuit paneters in the

th€auer equivalent circuit of WPT can be determinedhst its

frequency response is as near to that of the honia@®n-
based FEM as possible.

Il. FORMULATION

A. Homogenization-based FEM

The proximity effect can effectively be treated by
introducing the complex permeabiliiy. When we consider a
straight round wire immersed in time-harmonic unifo
magnetic field g, is given by [5]

t Ay :/Irm%%(;; (13.)
z=afl-j)/s (1b)

wherew, Jo, J1, 8, j andd denote the relative permeability of the
round wire, zeroth and first order Bessel functjarelius of
wire, imaginary unit and skin depth, respectivélpte that (1a)
is valid when the wire curvature radius is suffitlg larger than

a and wire cross section is nearly circular. The nos@opic
complex permeability homogenized over the coilsagian be
obtained from the extended Ollendorff formula [b, 6

2 (41, -1) }
(1 -1 ) (ﬂr - 1)
whereuo, andy denote the permeability of vacuum and volume
fraction, respectively.

We extend (2) for three-dimensional problems belost .z
be the unit vectors tangential to the wire andrs be the unit

(h)= ol 1+ 5 @
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vectors orthogonal te;. The magnetic permeability of the coil Cauer circuit and continued fraction. The impedafucetion
is set toue in parallel tor,, while it is set td) on the plane in the Cauer circuit shown in Fig. 2 is now represd by
spanned by, 3. In this coordinates, the magnetic reluctance

tensor is given byv = diag[1/uo,1/¢1),1/¢)] . The Z,(s)-Zy (s)= R + 1 ! 1 (62)
magnetic induction is represented &= X;B/t; . The — 1

sl_S+ 1
k

components are represented in terms of the Cantesia Riq + ‘o +
components in the forB; = X;T;;B;. Hence, the reluctance
tensor obeys the transformatioivT. 2, (s)= 1 (6b)
When there is no conductor except the coil, we esdhe 1, 1
magnetostatic equation including M 5 Ry + LI
32
rotv(rotA)—J =0 3)

where RP¢, LS and M; denote the DC coil resistance and
whereA andJ denote the vector potential and current densityhductance okth-coil in the T circuit, and mutual inductance,
respectively. When there are other conductorsgdaly eurrent  respectively, which are determined from static RElgsis. The
term is included in (3). Moreover, the circuit etjoas of the T circuit shown in Fig. 2 is represented by theséhCauer

power transmission and receiving coils circuits as shown in Fig. 4. The circuit paramegs[Ry]",
Rc2Jo(2) . _ Lo=[Lqg]" j=1, 2,... are determined by solving the optimization
23,(2) le * Jodic =V (4)  problems defined by

are coupled with (3), wheR, lx, @k, Vk(k = 1,2) andv denote ALNT— 2 ]
the DC resistance, circuit current, interlinkagexfl input f(Rq'Lq): Z‘Zq (@)‘Zq(@ , Rq!LqX - min.,
voltage and angular frequency, respectively. That ferm in i

(4) includes the impedance due ttee skin effect. The FE =123 subtoR;,L; =0

discretization of (3) and (4) leads to

(7

where Z®(wi) denotesZ; — Zy, Z, — Zy andZ, obtained
Z A‘J (rotNi)‘Tth(rotN ,)dQ by the homogenization-based FEMg(wi, Rq Lg) is the
~ 1o : (5a) corresponding impedances computed from the Caueuiti

J
B Z 'kIQ N [j,d0 = 0 andmis the number of sarpA;;ILlrEw? points for fitting.
K ¢ SPACIFICATIONS OF SIMPLEWPT MODEL
R 2] (2) . . Strand radiua 0.1Emm
L+ joy. AJ-J' N | O dQ =V, (5b) Gagh 10.0mm
2J4(2) j Qc Inner ciamete Din 60.0 mm
Outer dameterDout 64.8 mn
whereN;, N; andjx denote the vector and scalar interpolation z
functions, unit current density &fth coil, ji=Ji/l«. -Van)
B. 9Yynthesis of equivalent circuit 15,2 =mmmas %D;“sz
We consider here a simple WPT device shown in Fig. Y v
including a pair of ring coils, which can be corsil as a n
transformer. Because the major radibs/2, is much larger P
than the strand radiws (1) and (2) would hold in this WPT. - IR ﬁ el
Moreover, (3) reduced to the two-dimensional equmti TR r
including the scalar permeabilifgt.). WPT can be modeled by _ \
. L L . . Fig. 1 Simple WPT model
the equivalent circuit shown in Fig. 2. Note thapedances/,, .
Z, andZy;, include the effects coming from eddy currentseyrh L>
can be determined by solving (5), thatds,=V,/I,, Zy = O |' |'
Vv, /I, for I, = 0, andZ, =V, /1, for [; = 0. Z,-Zy
We represent the coil impedance by the CaueritBbhown .
in Fig. 3 [7]-[9]. Note here that the circuit parat@rs in the Vi
Cauer circuit has the following physical meaningt a
sufficiently low frequencies, almost no current gtieroughR, O

but L;. This means thaR; and L1 correspond to the DC Fig. 2 T equivalent circuit
resistance and inductance of the coil without eddgrents.

Rl RZ Rn
When increasing frequency, eddy current loss amd it O—\VVV NV
diamagnetic effect appear, and they are represdyté&d and i ; I ; I
1 2 n

L.. The effects at higher frequencies are represdijtél and
Lx, k = 3. There exists one-to-one correspondence betweenth O
Fig. 3 Cauer circuit
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Fig. 4 Proposed equivalent circuit

I1l.  NUMERICAL RESULTS

A. Frequency characteristics

TABLE Il summarizes the fitting error between the

synthesized equivalent circuit and the homogerunabased
FEM. Because the error cannot be significantly ceduby
increasing the stage number from 3 to 4, we emibleythree-
stage equivalent circuit in the following analySIABLE |l
summarizes the identified circuit parameters in Eig-rom the
resultant frequency characteristics shown in Figvésfind that
the results obtained from the synthesized equivalecuit and
measurement are in good agreement. Because thdegiim is
about 0.15 mm at the highest frequency, the prayigffect is
more dominant than the skin effect. Thus, it iseatially
important to introduce the complex permeability evhi
represents the proximity effect.

TABLE Il
NUMBER OF STAGE OF THE CIRCUIT AND FITTING ERROR
Stage Error
2 3.8%
3 0.3%
4 0.2 %
TABLE Il
OPTIMIZATION RESULTS OF EACH CIRCUIT ELEMENT
Ri°¢, R"° Ri1, Re1 Riz, Re2 Ra1 Rs2
2.37Q 9.34x16 Q 5.16x10 Q 1.19x16 Q 2.34x16 Q
LaS, LS L1z, L2z Lis, L2s Ms Ls2
2.18x10°H 2.73x10°H 4.26x10'H 9.83x10PH 2.70x10°H
L33
3.02x10' H
12.0
® Measured
10.0 { - -conventional FEM A
% 8.0 - - Equivalent circuit ,.”.;"
2 _,c"
g 6.0 .‘X'
0 P g
& 40 /._,—r
20 9 dl
0.0
0.0 50.0 100.0 150.0 200.0
Frequency (kHz)
(a) Real pat
400.0
® Measured A
- - Conventional FEM e
—~ 300.0 A . - e
51 - - -Equivalent circuit Prad
g e
% 200.0 A -
5] .
& 100.0 { na
_
e
0.0 T T T
0.0 50.0 100.0 150.0 200.0

Frequency (kHz)
(b) Imaginary pai
Fig. 5 Frequency dependence of coil impedance T\whown in Figl

B. Quality factor

The quality factor of WPT is usually determined Qy=
oL/Roc [10]-[12]. However, the actu&) value would be lower
than this idealQ which does not include eddy current losses.
Using the present method, we evalu@tedefined by the ratio
Im(Z,)/Re(Z,), to consider eddy currents. The computed values
of Q are plotted in Fig. 6. From the results, we cantbatQ
reduces significantly due to the eddy currents @afig when
frequency is higher than 30 kHz.

200.C

—T equivalent circuit
- - Proposed equivalent circuit

150.0

Quality factor
iy
o
o
o

2]
o
S)

0.0

0.0 50.0 150.0 200.0

Freq ule?ﬁ)? (kHz)
Fig. 6 Frequency dependence of quality factor

C. Timeresponse

The primal and secondary WPT coils shown in Figré
connected to a voltage source and rectifying dicui
respectively. The proposed and conventional eqeinalircuits
are shown in Fig. 7. The parameters are set asmeif=150
kHz, Ci=3.56 nF k=1,2),C=1.0 mF R 0,p=300Q. In addition,
SB340L is employed for the rectifier. The time rasge of this
system is computed and also measured. The resditate and
output voltages are plotted in Fig. 8. The errorshie output
voltage from the measured value are summarizedBLE IV.
It is concluded from these results that the progasethod
gives more accurate results in comparison with
conventional equivalent circuit.

the

Cl RDCl Ll -M LZ -M RDCZ CZ

+ ]%
zZ
c RLOAD

(b) Conventionall(, L,=316.2uH, M=98.3uH)
Fig. 7 Equivalent circuits for WPT device
12.0

—Measured- - (a) Proposed- - (b) Conventiong|
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Diode voltage (V)

o w o

o o o

]
)

1 1
h

-3.0

0.0E+00 5.0E-06 1.0E-05 1.5E-05 2.0E-05 2.5E-05
Time (s)

(a) Diode voltage
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8.0
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- - (a) Proposed
- -(b) Conventiond!

6.0

4.0 1

DC voltage (V)

2.0 A

0.0

0.00 0.01 0.03 0.04

4
TABLE V
SPECIFICATIONS OFLITZ-WIRE COILS
Strand radius 0.025 mm
Number of strands 50
Number of turns 40
Gaph 10 mm
Inner diametebin 30 mm
Outer diameteDout 74 mm
Misalignment4 20, 30 mm
Tilt 10, 20 deg

0.02
Time (s)
(b) Output DC voltage
Fig. 8 Time response of WPT shown in Fig. 1

TABLE IV
ERROR IN OUTPUTDC VOLTAGE
Proposed -1.8%
Conventional 11.8 %

IV. THREE-DIMENSIONAL ANALYSIS OF LITZ-WIRE COIL

We apply the proposed method to analysiflafLitz-wire
coil pairs, shown in Fig. 9, whose configuratiomften used in
real WPT systems. The coil parameters are sumneaiize
TABLE V. Because of the assumed misalignment, three
dimensional FE analysis is required. There are@gftanded
wires in total. Conventional FEM would need quitdoag
computational time to compute the eddy currentkigisystem.
In contrast, in the proposed method which solvésti coils
are modeled by homogenous materials that can blgzada
with relatively coarse FE elements. The frequeregyethdences
of the coil impedance for different misalignmentrquuted by
the proposed equivalent circuit are plotted in Bi@. We can
see that the numerical results are in good agreemih
measured values up to about 600 kHz. The discrgpahc
frequencies higher than 600 KHzould come from the
capacitance among the Litz wire. Considerationhaf effect
remains for future work. Moreover, the frequencpeteences
of the coil resistance for different tilt angl@sexpressed by the
equivalent circuit shown in Fig.4, are plotted ig.FL1. It can  Fig
be seen that increase nreduces the resistance because of
decrease in the interlinkage flux. (4]

Fig

Fig

V. CONCLUSION [5]

In this paper, we have proposed the equivalentuitirc
synthesized from the homogenization-based FEM tsider
the eddy current losses for WPT devices. The pexhob
equivalent circuit provides more accurate responges 7]
comparison with the conventional T equivalent dircu
Moreover, using the proposed method, the effectthef
misalignment of Litz-wire coils can effectively aadcurately
be evaluated.

6l

8]
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