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Abstract—In wireless power transfer (WPT), resonance fre-
quency mismatch occurs, when primary and secondary sides
have different resonance frequencies due to inductance and
capacitance change. This paper examines on the transmission
efficiency of the WPT systems, those are influenced by the
resonance frequency mismatch. It is proved that the transmission
efficiency is influenced by the operating source frequency and
secondary resonance frequency, and not lean on the primary res-
onance frequency, by conducting both the logical analysis and the
experiment. Furthermore, transmission efficiency maximization
of WPT system with resonance frequency mismatch is proposed
by optimizing the load resistance in this paper. In addition, the
validity of the proposed method was confirmed by numerical
simulation and experiment.

Index Terms—Wireless power transfer, resonance frequency
mismatch, transmission efficiency, optimum load resistance

I. INTRODUCTION

In recent years, electric vehicle (EV) is considered as the
aspiration for zero emissions. However, as EV can perform
only short-distance cruising with one charge and have some
problems of long charging time, many studies are performed
on the in-motion wireless power transfer (WPT) of EV [1]–[3].

The technology of coupled magnetic resonant helix coils
is proposed, to deliver power over 2 meters with efficiency
near 50% and light a bulb of 60 Watt successfully in 2007
[4]. In WPT system, the power is transferred from the trans-
mitting coil to the receiving coil by inducing the voltage in
receiving coil from magnetic field generation in transmitting
coil. Previous studies have been conducted assuming that
the primary resonance frequency, the secondary resonance
frequency, and the operation frequency are same, to gain the
maximum transmission efficiency [5]–[8].

However, in practice, the resonance frequency mismatch
occurs when the inductance of the coil and capacitance of
the capacitor changes, due to manufacturing errors, climate
change and temperature variation. Using superior coils and
capacitors with less errors is one of the solutions to avoid the
resonance frequency mismatch condition. Still, these solutions
also have problems, such as high cost, sorting man-hours and
some principle matters, thus it is necessary to analyze the

WPT circuit with resonance frequency mismatch, to solve
the parameter variation problem. Moreover, the variation of
the load resistance will also affect the transmission efficiency
of the WPT system [9]. The transmission characteristics of
various WPT systems can be mainly compared by the source
frequency and resonance frequency [10].

A novel analysis method of transmission efficiency for
resonance frequency mismatch in WPT system is proposed,
considering on source frequency, resonance frequency and
load resistance variation, in this paper. The proposed method is
first discovered the influence of source frequency, and primary
and secondary resonance frequency to transmission efficiency
by theoretical analysis, and confirmed by experiment, for a
constant load WPT circuit topology. Then, the transmission
efficiency maximization method for WPT systems with res-
onance frequency mismatch is described by optimizing the
load resistance. Finally, the proposed method is confirmed at
different resonance frequencies by logical analysis results and
experiment.

II. WPT CIRCUIT ANALYSIS ON TRANSMISSION
EFFICIENCY

In this paper, an SS-type WPT circuit is considered to
analyze the WPT system with resonance frequency mismatch
as shown in Fig. 1. Primary resonance frequency f1 is related
with primary side inductance L1 and capacitance C1, and
secondary resonance frequency f2 is related with secondary
side capacitance inductance L2 and C2, are defined as follows:

f1 =
1

2π
√
L1C1

, f2 =
1

2π
√
L2C2

. (1)

To achieve high efficiency transmission shown in Fig. 1,
typically, many studies are conducted, assuming that the
operating source frequency f0 is equal with both resonance
frequencies of the primary and secondary sides (f0 = f1 = f2)
[4]–[7].

However, when resonance frequency mismatch is taken into
account, the above-mentioned condition is not true, and all
the equations, simulation and experiment results in this paper



Fig. 1: Circuit diagram of SS type WPT circuit.

TABLE I: Parameters of transmitting and receiving coil
Parameter Transmitter Receiver

Resisitance R1, R2 1.00 Ω 1.05 Ω
Inductance L1, L2 617 µH 617 µH

Coupling coefficient k 0.06
Transmitting gap 300 mm
Outer diameter 440 mm

Number of turns 50 turns

TABLE II: Capacitences used for experimental verifications
f1, f2[kHz] 80.9 82.6 84.9 86.5 89.0
C1, C2[nF] 6.26 6.02 5.69 5.49 5.18

are achieved, according to the resonance frequency mismatch
condition (f0 ̸= f1 ̸= f2).

In Fig. 1, output voltage V2, input current I1, output current
I2 are defined as shown in (3), (4) and (5) respectively,
where V1, R1, R2, RL, ω0, ω1, ω2, M are input voltage,
transmitter coil resistance, receiver coil resistance, load resis-
tance, operating angular frequency, primary resonance angular
frequency, secondary resonance angular frequency and mutual
inductance of the primary and secondary coil,respectively.
Then, transmission efficiency η is calculated by (6), expressed
as (7).

V2 = RLI2. (2)
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}
. (5)
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According to (7), the transmission efficiency is influenced
by the operating angular frequency and secondary resonance
angular frequency, and not lean on the primary resonance
angular frequency.

III. VERIFICATION WITH CONSTANT LOAD RESISTANCE

A. Validation Parameters

The numerical analysis and experiment were conducted with
the transmitting and receiving coil parameters as indicated
in Tab. I. The Transmitting (primary side) and receiving
(secondary side) coil in Fig. 2, are used for the experiment.
Here, the load resistance is set as 10 Ω.

Fig. 2: Transmitting and receiving coil.

The simulation is performed, when the resonance frequency
range is varied from 81 kHz to 89 kHz. For the experiment
verification, only five different resonance frequencies (81 kHz,
83 kHz, 85 kHz, 87 kHz, 89 kHz) are chosen. The resonance
frequency variation situation for the experiment, is created
by changing the primary and secondary side capacitances as
shown in Tab. II, those are calculated according to (1).

B. Theoretical Verifications

In this chapter, numerical analysis is discussed on the trans-
mission efficiency (7) obtained in section II. Figure 3 shows
the theoretical transmission efficiency graphs for various op-
erating source frequencies. The theoretical calculations are
done at various operating source frequencies. The yellow color
space represents the high transmission efficiency range, moves
vertically according to the secondary resonance frequency and
it remains same range of yellow color with the horizontal axis
of primary resonance frequency.

C. Experimental Verification

In the experiment, the Vector Network Analyzer (VNA,
E5061B ENA Series Keysight) was connected to port 1 and
port 2 shown in Fig.1, and the efficiency from the primary
side to the secondary side was measured. The coils used
for the measurements are shown in Fig. 2. The primary side
capacitance C1 is changed by replacing the capacitors. On the
other hand, the secondary side capacitance C2 is varied by
VNA. Load resistance of 10 Ω also set in VNA.

The experiment results graphs are shown in Fig. 4. From
Fig. 4, the high transmission efficiency range is varied accord-
ing to the secondary resonance frequency. Theoretical and ex-
perimental results have the same behavior of the transmission
efficiency variation to resonance frequency mismatch. There-
fore, it is proved, that the logical analysis method performed
in the section II and section III(B) is applicable.

IV. LOAD OPTIMIZATION FOR EFFICIENCY MAXIMIZATION

A. Maximum Efficiency Condition

In this section, transmission efficiency maximization method
is proposed according to the variation of load resistance,
when the WPT system is with resonance frequency mismatch
condition. By taking derivatives of (7) with respect to RL, the
optimum load resistance RLopt that maximize the efficiency
η, can be found as follows:
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(b) f0=83 kHz
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(c) f0=85 kHz

81 83 85 87 89
81

83

85

87

89

70

75

80

85

90

E
ff

ic
ie

n
cy

[%
]

(d) f0=87 kHz
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(e) f0=89 kHz
Fig. 3: Theoretical results of transmission efficiency. (a) f0=81 kHz, (b) f0=83 kHz, (c) f0=85 kHz, (d) f0=87 kHz, (e) f0=89 kHz
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(c) f0=85 kHz
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(e) f0=89 kHz
Fig. 4: Experimental results of transmission efficiency. (a) f0=81 kHz, (b) f0=83 kHz, (c) f0=85 kHz, (d) f0=87 kHz, (e) f0=89 kHz
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From (8), the optimum load resistance RLopt changes
according to the operating source angular frequency ω0 and
the secondary resonance angular frequency ω2, and have no
influence from the primary resonance angular frequency ω1.

Figure 5 shows the variation of optimum load resistance
RLopt, when operating source frequency and secondary reso-
nance frequency are changed. RLopt has the minimum value,
when the secondary resonance frequency is equal to the
operating source frequency.

In addition, large fluctuations of RLopt are driven, when
the resonance frequency mismatch occurs, become obvious as
shown in Fig. 5.

B. Theoretical Verification

As shown in Fig. 6, the theoretical calculations are per-
formed at different values of primary and secondary resonance
frequencies to obtain the influence of resonance frequency
mismatch to the maximum transmission efficiency. The max-
imum transmission efficiency graphs for various operating
source frequencies are drawn for resonance frequency mis-
match, as shown in Fig. 6. The maximum efficiency is influ-
enced by the vertical axis of secondary resonance frequency
and maximum efficiency remains same with the horizontal axis
of primary resonance frequency.

C. Experimental Verification

Here, only the load resistance condition is different from the
previous experiment verification mentioned in section III. The

optimum load resistance RLopt values, which are calculated
according to (7) are adjusted by VNA. Fig. 7 shows the
maximum transmission efficiency graphs of the experiment.

According to Fig. 7, the yellow color range which represents
the maximum efficiency values, moves vertically according to
the secondary resonance frequency and however, the primary
resonance frequency mismatch is not related with the yellow
range. Therefore, the theoretical results and the experimental
results agree well. Moreover, the yellow color range, which
represents the high transmission efficiency area, is increased
at all the five operating source frequencies mentioned above
in Fig. 7 compared to Fig. 4.

D. Discussion

Measurement results and theoretical results are almost same
in appearance in both conditions, when the load resistance RL

is fixed, and optimum load resistance RLopt is considered
for the WPT system with resonance frequency mismatch.
According to both theoretical and measurement graphs, high
transmission efficiency is obtained when operating source
frequency and secondary resonance frequency is nearly equal.
Maximum transmission efficiency is gained by optimizing
load resistance RLopt. However, transmission efficiency of
measurement results are only different in high transmission
efficiency color range, compared with the theoretical results in
section III and section IV. This difference may be caused by
because of neglecting the equivalent series resistances (ESRs)
values of capacitors and the components.

V. CONCLUSION

This paper presented on the transmission efficiency variation
on the WPT system with resonance frequency mismatch. The
WPT circuit analysis is performed to examine the influence of
source frequency, primary and secondary resonance frequency
to transmission efficiency. Additionally, This paper proposed
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Fig. 5: optimum load resistance RLopt variation.
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(c) f0=85 kHz
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(d) f0=87 kHz
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(e) f0=89 kHz
Fig. 6: Theoretical results of transmission efficiency on resonance frequency mismatch (RL = RLopt).

81 83 85 87 89
81

83

85

87

89

70

75

80

85

90

E
ff

ic
ie

n
cy

[%
]

(a) f0 = 81 kHz

81 83 85 87 89
81

83

85

87

89

70

75

80

85

90

E
ff

ic
ie

n
cy

[%
]
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(c) f0=85 kHz
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(d) f0=87 kHz

81 83 85 87 89
81

83

85

87

89

70

75

80

85

90

E
ff

ic
ie

n
cy

[%
]

(e) f0=89 kHz
Fig. 7: Experimental results of transmission efficiency on resonance frequency mismatch (RL = RLopt).

efficiency maximization based on load optimization consider-
ing on resonance frequency mismatch.

It is confirmed that the transmission efficiency is influenced
only by the secondary resonance frequency and does not de-
pend on the primary resonance frequency. Maximum transmis-
sion efficiency is gained by optimizing load resistance RLopt

according to the operating source frequency and the secondary
resonance frequency. Therefore, when the resonance frequency
mismatch occurs, the secondary resonance frequency is the key
target to achieve the maximum efficiency.

Study on implementation issues of frequency control and
examination on transmission power and power factor charac-
teristics will be studied in the future.
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