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A wireless power transfer system for battery electric vehicles needs to be evaluated in its leakage
electromagnetic field (EMF). It is determined to be measured at 10 m point when the maximum power is
transmitted between full-scale coils. In this paper, we propose a novel evaluation method for EMF using
coil scaling law. Using coil scaling law, we can simplify and increase measuring speed to verify satisfying
the EMF requlation. The satisfying conditions which enable equivalent evaluation between full-scale coils

and mini-scale ones are derived.
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1. Introduction

In order to prevent global warming, reducing CO,
emissions is an effective method ". To achieve it,
the electrification of automobiles needs to progress.
However, battery electric vehicles (BEV) have some
disadvantages against internal combustion engine
vehicles. The most crucial issue is the mileage per
charge.

To improve the above problem, wireless power

transfer (WPT) systems are studied to charge BEV
in stationary and in dynamic *”. This system is
advantageous and useful to promote BEV. However,
in order to sell WPT systems, evaluation of EMF and
electromagnetic compatibility (EMC) are necessary.
These are defined as the standardization in 6) and
7). In general, the EMF and EMC are measured
using full-sized equipment which include not only
measuring instruments, but also power equipment

such as power supplies, coil pairs (long wires and large
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ferrite cores). Moreover, a full-scaled coil is very big
and high cost since WPT needs high power transfer.
In development period, repeated evaluations are
undesirable to satisfy the regulations.

We have proposed the coil scaling law to simplify
the EMF and the EMC measurements in 8) and 9).
Using coil scaling law, we can simplify and increase
measuring speed to verify satisfying the EMF and
the EMC regulation in a development period. Three
satisfying conditions are derived from theoretical
calculations and circuit topology. The effectiveness of
the proposal is confirmed by experiments. However,
these are considered AC output and are considered
only the basic order component of the EMF and
the EMC. In this paper, we propose the novel
evaluation method using coil scaling law considering
the harmonic order components. we show the
effectiveness that harmonic components are as effective
as fundamental components from the simulations and

the experiments.

2. SS circuit topology

In this section, series-series circuit topology using
. . . . . 8) 9
in the WPT, as shown in Fig. 1 is explained )9
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Fig.1 SS circuit topology

where

, and 7, are the primary and secondary coil

resistance, w is the resonance angular frequency, M,
is the mutual inductance between the primary and
secondary coils, R; is the load resistance, and V, is the
input AC voltage, respectively. Coupling coefficient
k, optimum load resistance Ry, and maximum coil

efficiency when the load is the optimum coil resistance

are calculated as

M
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where L, and L, are primary and secondary self-
inductances, Q, and Q, are Q factor defined by Q=wZ/

R, respectively.

3. Satisfying conditions

In this section, we describe satisfying conditions to

evaluate the EMF and the EMC using the scaling law ¥.

3.1 Parameter scaling in mini-scale coil

In this paper, the coil scaling ratio is defined as a, and
we assume that the longitudinal, lateral, and vertical
scaling ratios are the same. In these conditions, the

mini-scale coil parameters are described as

, 1
L; = ELi' (6)

, 1
Mps = EMPS' (7)
r; = ar; (8)



where superscript” indicate scaling model, and
subscript i indicate p or s respectively (8). Using
equations (6)-(8), Q factor and coupling coeflicient in

the scale model are represented by

1w
Q= ?;Qi; )
o=
: 10
(L,L)) 1o

From these equations are indicated that we can use the
resonance angular frequency as a parameter to derive
the satisfied condition measuring equivalent evaluation
between the full-scale coils and the mini-scale ones.
Moreover, these indicate that the coupling coefficients
between the full-scale coils and the mini-scale ones
are the same. Finally, maximum efficiency of the mini

scale coils is given by

k% Q,Q%
>
<1 + f(1 + kZ’Q;,Q;))

3.2 Same efficiency conditions

!
nmax -

(11)

The same efficiency condition between the full-scale
coils and the mini-scale ones is important. From (5)
and (11), the kQ product should be the same to satisfy
the condition. The full-scale coil coupling coefficient
and the mini-scale coil ones are the same. Therefore,
equalizing the full-scale Q factor and the mini-scale Q
factor is suitable in this paper. Finally, the following
relation holds, it is necessary that the below equation

is satisfied.

!

w = d’w (12)
In this condition, the primary current Ip’ and the
secondary current Is’ in the mini-scale coils are

represented by

- 1 rg + RL
P o 2
% (wM,s)” +1,(rs + Ry)

vV, (13)
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3.3 Same magnetic flux density condition

In the same efficiency condition between the full-scale
coils and the mini-scale coils, we derive the condition
that is the same magnetic flux density. Magnetic
flux density on the coil is expressed by the following

equation.

(15)

Here, Bi is the full-scale coil magnetic flux density, ai
and bi are the coil size parameter. In the mini-scale

coil, below equations are satisfied.

L1
a;b;

LI
B’. = —=
13 ai,b,

(16)

Here, B7 is the mini-scale coil magnetic flux density,
and ai’ and bi’ are mini-scale coil size parameters.
In order to achieve the same magnetic flux density
between the full-scale coils and the mini-scale ones,

they must be equal. In fact, the following equation is

derived from (15) and (16).
(17)

Based on (1), (2), (15), and (16), the condition which

satisfies (17) is derived as
V,=V, (18)

This is one of the satisfying conditions that achieves
the same magnetic flux density. In this condition,
transfer power is given as the following equation.

, 1

t = —Pout
oui o ou

(19)
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3.4 Satisfying conditions

Summarizing above, three satisfying conditions
are derived from circuit topology and theoretical
calculations. First, the longitudinal, lateral, and vertical
scaling ratios are the same. These are satisfying with
the same coupling coefficient between the full-scale
coils and the mini-scale coils. Second, the mini-scale
coils resonant frequency is set as (12). And the last, the
voltage input in the full-scale coils and the mini-scale
ones is set as the same. When these three conditions
are satisfied, there is no change in coupling coefhicient,
efficiency, and magnetic flux density. In fact, we can
equivalently evaluate the efficiency, magnetic flux
density and the EMF of the full-scale coils using the

mini-scale coils.

4. Simulation results

In order to confirm the scaling law, we conduct
simulations using SS circuit topology, as shown in
Fig. 1. In this paper, the scaling ratio a is set to a=4.
Table 1 shows the coil specifications and Fig. 2
shows the full-scale coils and Fig. 3 shows the mini-
scale coils. Table 2 shows the coil parameters, which
are measured by an LCR meter. The full-scale coils are
used 85 kHz and the mini-scale coils are used 1360
kHz, which is derived from (12). The self-inductance
and the mutual inductance are slightly higher than
the theoretical values since we use the same thickness
ferrite cores between the full-scale coils and the mini-

scale ones due to availability issues. 7,,c and 7, are

the DC coil resistance, and 7o and 7y are the AC
coil resistance measured at resonance frequencies,
respectively. The DC coil resistances are larger than
theoretical values because the number of strands
of mini-scale coil is reduced due to the assembly
problem.

In addition, the secondary resistance is higher than the
primary resistance. This coil is designed as an in-vehicle
coil so that this reduces the coil size. For these reasons,
the efficiency of mini-scale coil is slightly smaller than
the full-scale one. The full-scale and the mini-scale
voltage inputs are the same, and the primary current,
the secondary current, and the power are following the
scaling law as shown in Fig. 4 ~ Fig. 7 and Table
3. Fig. 8 and Fig. 9 show the EMF and the EMC.
These are calculated by the finite element method

Table 2 Coil parameters

Item | Full-scale  Mini-scale Ratio(Theoretical value)
L,[pH] 241.9 64.0 0.265(0.25)
L [pH] 96.5 25.3 0.262(0.25)
M [pH] 13.7 3.6 0.263(0.25)

k(-] 0.089 0.089 1.0(1.0)
fkHz] 85 1360 16.0(16.0)

rppcm] 46.5 369.0 7.9(4.0)
rspc[mQ] 15.8 131.0 8.3(4.0)

Ry [mQ)] 4.3 18.2 4.0(4.0)

7y Q)] 122.5 488.0 4.0(4.0)

rsf[mQ) 41.8 794.0 19.0(4.0)

Q» 1051.9 1122.1 1.1(1.0)
Qs 1232.4 273.3 0.2(1.0)
n 0.981 0.960 2.1pt.(Opt.)
Table 3 Simulation results
Item | Full model Mini model Ratio (Theoritical value)

Vin [V] 200 200 1(1)

f [kHz] 85 1360 16 (16)
I, [Arms] 14.0 3.6 0.259 (0.25)
I, [Arms] 23.7 5.7 0.242 (0.25)

P kW] 2.4 0.6 0.25 (0.25)

n [ 0.967 0.938 -2.9pt (0)

Table 1 Comparison of coil specifications (Full-scale and Mini-scale)

Item |

Full-scale Mini-scale

Primary coil size [mm)]
Secondary coil size [mm]
Primary core size [mm)]
Secondary core size [mm)]

Goil gap between primary coil and secondary coil [mm)]
Clearance between primary coil and core [mm)]
Clearance between Secondary coil and core [mm)]
Clearance between coil and case [mm]

Litz wire

Strand: 0.05mm, Number: 6250

1000 x 250(¢ = 5)
185 x 185(t = 5)
1026 x 294(t = 5)
200 x 200(t = 5)

250 x 62.5(t = 1.25)
46.25 x 46.25(¢ = 1.25)
256.4 x 73.5(t = 5)
50 x 50(t = 5)

z =100 z2=25
2.0 0.5
2.0 0.5
0.2 0.2

Strand: 0.05mm, Number;200
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and using the primary and the secondary currents
calculated by the circuit simulations. EMF is simulated
the magnetic flux density from the coil center position
to the lateral directions as shown in Fig. 2 and Fig.
3. These situational points are followed the scaling law
so that the full-scale model calculated distance is set
to 10 m and the mini scale model calculated distance
is set to 2.5m. Moreover, these results are normalized.
The EMF generated by the full-scale model and the
mini-scale model are the almost same from Fig. 8.
The EMC of the full-scale coils is calculated at (x, y, z)
= (0m, 10m, 1m) and the EMC of the mini-scale coils
is calculated at (x, y, z) = (Om, 2.5m, 0.25m). These
simulation conditions are followed as the scaling law.
The EMC:s are almost the same not only in basic order
but also 3rd and 5th harmonic order components as
shown in Fig. 9. From these results. the effectiveness

of the scaling raw is verified.

5. Experimental results

In this section, the effectiveness of scaling law is
confirmed by experimental results. In experiments,
a SiC inverter is used in the full-scale experiment,
while a GaN inverter is used in the mini-scale
experiment. Table 4 and Fig. 10 ~ Fig. 14, show the
experimental results. In the experiment, the voltages of
the full-scale coils and the mini-scale coils are different
since there are resonance frequency errors from the
theoretical frequency by the parasitic capacitance of
the wiring. The voltages are adjusted that each current
become the same. The EMF of the full-scale coils is
measured at (x, y, z) = (0, 500 mm, 100mm). The
EMEF of the mini-scale coils is measured at (x, y, z) =
(0, 125mm, 25mm). This point is a 1/4 point on the
full-scale one. The EMFs are the almost same between
the full-scale coils and the mini-scale ones. From these
results, the effectiveness of scaling law to evaluate the

EMEF is confirmed by experimental results.

Table 4 Experimental results

Item [ Full model Mini model Ratio (Theoritical value)
Vin [V] 40 35 (1)
f [kHz] 85 1360 16 (16)
I, [Arms] 3.1 0.73 0.235 (0.25)
I, [Arms) 4.6 0.76 0.170 (0.25)
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Fig. 14 Experimental results of EMF

6. Conclusion

In this paper, we proposed the novel evaluation
method for EMF using the coil scaling law and
confirmed its effectiveness by the simulation and the
experimental results. Moreover, the scaling law is able
to measure not only the basic component but also the

harmonic components.
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