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Abstract Wireless Power Transfer (WPT) for Electric Vehicles (EV) is one of an admirable solution to some ob-

stacles of charging EVs. The operation frequency, secondary resonance frequency and primary resonance frequency

are assumed to be equal in the previous WPT studies. However, in real WPT system, resonance frequency mismatch

occurs, when primary and secondary sides have different resonance frequencies due to inductance and capacitance

change. This paper is investigated on the power factor for the wireless power transfer systems with resonance fre-

quency mismatch. The effectiveness of the theoretical analysis has been verified under resonance frequency mismatch

condition by experimentally.
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1. Introduction

In recent years, electric vehicle (EV) is considered to be
the aspiration for zero emissions while driving. Therefore,
the EV appears to be one of the best options for public
transportation and has raised the propagation of EV in the
market [1], [2]. However, as EV and plug-in hybrid vehicles
(PHEV) can perform only short-distance cruising with one
charge and has some problems of long charging time [3] [4].
As a method to solve these problems, wireless power transfer
(WPT) attracts attention [5]. Currently, in order to improve
safety and reliability, the application of WPT technology is
researched actively on the survey of automobile manufac-
turers in charge of road traffic planning [6]. In WPT system,
Previous studies have been conducted assuming that the pri-
mary side resonance frequency, the secondary side resonance
frequency, and the operation frequency is same with each
other.

However, in practice, resonance frequency mismatch oc-
curs and the above-mentioned condition can not be applied.
Next, the constant variations of actual coils and capacitors
are explained. The resonance frequency varies depending
on the variation of the elements of the coil and the capaci-
tor. In manufacturing process, errors appear in coil and the
capacitors, and the resonance frequency changes. In the en-
vironmental change, errors occur in coil and the capacitors
due to problems such as temperature, and the coil expands
and contracts at high temperature and low temperature rep-

etition. For above matters, using high quality materials and

exclude large errors are some methods to reduce the constant
change in the coil and capacitor.

On the other hand, these solutions have some problems
too such as high cost, sorting man-hours and also some prin-
ciple matters. Therefore, it is necessary to analyze the WPT
circuit with constant variations in the coil and the capaci-
tor. Furthermore, Transmission efficiency and transmission
power characteristics are unique and easy to understand.
However, power factor is difficult to understand the char-
acteristics and analyzing of power factor characteristics is
necessary for equipment capacity reduction problem too. In
this paper, first study about the effectiveness of primary and
secondary resonance frequency to power factor by theoreti-
cally. Next, analyzed the power factor for WPT systems with
resonance frequency mismatch using simulation. Finally, did
the measurements on power factor for resonance frequency

mismatch for different frequencies.
2. WPT circuit analysis on power factor

Wireless power supply is coupled by a magnetic field in
the resonance state of the coil and the capacitor, and power
transmission is performed. In WPT system, the power is
transferred from the transmitting coil to the receiving coil
by inducing the voltage in receiving coil from magnetic field
generation in transmitting coil as shown in Fig. 1. Many
studies have suggested that the resonance frequency of pri-
mary side capacitance C'y and Inductance L; should be equal

to the secondary resonance frequency as follows [7], [8]:



Tab. 1 Parameters of transmitting and receiving coil

I M I I, Parameter Transmitter | Receiver
—0——] IJV\/\/— - I\/\/\/“H Resisitance R1, Ro 1.00 Q 1.05
i G £ "2 E G Inductance L1, Lo 617 pH 617 uH
CI-)V1 i L % L i Vv, R, Coupling coefficient k 0.1
T | H Transmitting gap 300 mm
E i Outer diameter 440 mm
0 . . —Q- Number of turns 50 turns
Power solirce Transmitter Receiver ' Load

Fig. 1 Circuit diagram of SS type WPT circuit.

other hand output power factor becomes 1, according to the

F 1 1 ) same calculations as above. Therefore, the simulation and
0= = .

2w\ L1Cy 271/ L2Co measurements are done for only the input power factor.
fo, Ci, L1 represents the operating source frequency, sec- 3. Verification

ondary side capacitance and the inductance respectively. In

Fig. 1, output voltage Va, input current I;, output current Io 3.1 Simulation Verification

are calculated as shown in (2), (3) and (4) respectively, where In order to analyze the relationship of power factor and

Vi, R, R, Rr, wo, wi, wa, M are input voltage, transmit- resonance frequency of the wireless power transfer systems

ter coil resistance, receiver coil resistance, load resistance, with resonance frequency mismatch, a SS-type WPT circuit

operating angular frequency, primary resonance angular fre- calculations are used and the parameters are shown in Tab.

quency, secondary resonance angular frequency and mutual 1. Numerical analysis are performed using the transmission

inductance of the primary and secondary coil,respectively. efficiency equation obtained in section 2.

Then, input power factor cosf; is calculated by (6), ex- Theoretical calculations are done at 5 different values of

pressed as (7). operating source frequency to obtain, the influence of res-

onance frequency mismatch to the power factor and shown

Vo = Ri1>. (2) in Fig. 2. As can be seen from (7), Input power factor
is influenced by both primary and secondary side resonance
I (RetRptjwals (22-22)) Wy frequency. In Fig. 2 Input power factor is presented using
{Rlﬂ'wlLl(%*%)}{RﬁRLﬂWM(%*%)}+w02M"’ parula color map in which the color yellow represents the
(3) larger values. It can be clearly seen from Fig. 2, the yellow
color converge towards a point where the primary and sec-
I — ’ Jjwo MVy ’ . ondary side resonance frequency are equal to the operating
{R”j“lLl (%_%) } {R”RL“‘”ZL? (%_:%) }+“°2MQ source frequency.
(4) 3.2 Measurement verification

. . . This time the measurement conditions are different from
Primary side active power P.; and apparent power P,i are

the typical measurements of WPT system because of the res-
defined as follows:

onance frequency mismatch. So, we did the measurements

for various resonance frequency mismatch by changing the

P =Re(Vil)), Pu= \/{Re(Vlh)}Q + {Im(le)}z

primary and secondary side capacitance shown in Tab. 2.

(®) The coils used for the measurements are shown in Fig. 3
cosfy — Py (6) and the parameters of the coils are listed in Tab. 1. In the
Pa measurement, the Vector Network Analyzer (VNA, E5061B
ENA Series Keysight) was connected to port 1 and port 2
shown in Fig.1, and the primary power factor was measured.
cos 0y =

2 2
{rl (r2+rp)” +medrd(s2 - 22) N(,zMz(rﬁRL)}

2
2 w w 2 w, w w w 2 w 2 w
\/{n(ww) eregrg(2n - 22) s worart () b {oenentiar (82 ) (82 - 22)" - (o ma) oot (5 - 22) + (o ) onma (22

(7

First, the resonance frequency range is selected from 81
kHz to 89 kHz(81 kHz, 83 kHz, 85 kHz, 87 kHz, 89 kHz)that

Input power factor is influenced by both primary and sec-

ondary side resonance frequency by equation(7). On the



<89 0.9 <89
= =
=5 =5
= =
587 0.7 587
a8 = =

El £ El

g g g

& 5 &

Y 85 05 = g 85
=] ° =

I~ A~ 5

g 2 £

> 83 0.3 > 83
2 )

< <

= =

[=} =}

< o

@ 1]

@ g1 0.1 @ g1

81 83 85 87 89 81 83 85

Primary resonance frequency f; [kHz|

(a) (b)

®
©

0.9

%
3
e
9

Secondary resonance frequency f, [kHz]
]
(=]
O
Input Power Factor

R 2 0.1
81 83 85 87 89
Primary resonance frequency f; [kHz]

(d)

Primary resonance frequency f; [kHz|

0.9 TR 0.9
fa=}
=5
a
0.7 287 0.7
8 5 <]
- g
05 = g 85 05 2
=} =1 =}
= g <
= 3 =
£ i £
0.3 IS 03
]
=}
=}
=}
o
(53 3 o L5}
0.1 A g1 0.1
87 89 81 83 85 87 89

Primary resonance frequency f [kHz|

(c)

0.9

Secondary resonance frequency fo kHz]
%
(=]
G
Input Power Factor

— 0.1
81 83 85 87 89

Primary resonance frequency f; [kHe]

(e)

Fig. 2 Theoretical results of transmission efficiency on resonance frequency mismatch.

Tab. 2 Measurement Conditions

f1, f2[kHz] | C1, Co[nF]
80.9 6.26
82.6 6.02
84.9 5.69
86.5 5.49
89.0 5.18

can be used to verify the Theoretical Calculations. Then,
from (8) and (9), the primary and the secondary side ca-
pacitance are calculated that corresponds to the above res-
onance frequency range. fi and f2 are the primary and the

secondary resonance frequency in (8) and (9).

1
h= 27V Cs ®)
fo=—r (9)

21y/L2Co

The Transmitting and receiving coil is used for verification
according to Fig. 3 with the parameters shown in Tab. 1.
Fig. 4 shows the circuit measurement result of Transmission
efficiency at 81 kHz, 83 kHz, 85 kHz, 87 kHz, 89 kHz of op-
erating source frequencies for the 81 kHz, 83 kHz, 85 kHz, 87
kHz, 89 kHz of primary and secondary resonance frequency
variations. The secondary side capacitance is adjusted by
VNA and, to change the primary resonance frequency, the
primary side capacitance is changed.

To compare the measurement results with the theoreti-

cal calculations accurately, graphs are made same as Fig.

2. From Fig. 4, the yellow color range which represents the
larger power factor values converge towards a point where the
primary and secondary side resonance frequency are equal to
the operating source frequency. However, the primary res-
onance frequency of the yellow color space is deviated from

the primary resonance frequency of simulation results.

Fig. 3 Transmitting and receiving coil

3.3 Discussion

The larger input power factor values of Measurement result
is almost given the similar result to the theoretical results
for the WPT system with resonance frequency variation. As
can be seen from both theoretical and measurement graphs,
larger input power factor which is nearly equal to zero is
obtained when operating source frequency and primary reso-
nance frequency is nearly equal. However, the shape of input
power factor of measurement results is different with the the-

oretical results. This unstable condition may be caused by

— 3 —
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because of neglecting the equivalent series resistances (ESRs)

values of capacitors and the components.
4. Conclusion

This paper presented on the input power factor variation
on the WPT system with resonance frequency mismatch.
The WPT circuit analysis is performed to examine the influ-
ence of source frequency, primary and secondary resonance
frequency to input power factor. The Theoretical formula of
the input power factor is expressed from the terms of operat-
ing frequency, primary and secondary resonance frequency.
With that theoretical formula, the input power factor graphs
are acquired when the resonance frequency mismatch occur.
Finally, did the measurements to check the theoretical re-
sults for various resonance frequencies. It is confirmed that
the input power factor is influenced by both primary and
secondary resonance frequency. This time it was difficult to
consider about the resistance of the capacitors. In the fu-
ture works, resistance of the capacitors the load resistance

variation will be considered.
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