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ABSTRACT: Wireless power transfer (WPT) for electric vehicles (EV) uses compensation capacitors to adjust the resonant frequency. 

However, due to the influence of ferrites and aluminum plates, the resonance is shifted when the distance between the coils changes. 

Resonance mismatch is a cause of deteriorated transmission characteristics. This paper proposes a resonance mismatch compensation 

method for LCC-S circuit, focusing on the output voltage and independent of load variations. The proposed method does not require any 

control on the transmitter (Tx) side, and the resonance mismatch compensation is carried out using information only on the receiver (Rx) 

side, without using communication. To validate the theory, transmission characteristics were evaluated by numerical analysis and 

experiments. Comparison of the results shows that load-independent resonance mismatch compensation is possible by focusing on the 

output voltage. 

 

KEY WORDS: Wireless Power Transfer (WPT), Resonance Mismatch, Detuning, Gyrator, LCC Circuit 

 

1. INTRODUCTION 

Wireless power transfer (WPT) via magnetic resonance is 

attracting attention as an effective way of supplying power to 

electric vehicles (EV) (1). Installing a WPT system on parked EV 

in parking lots and garages can eliminate the need for manual 

charging(2), (3). 

This technology uses compensation capacitors on the 

transmitter (Tx) and receiver (Rx) sides, respectively, to improve 

transmission characteristics by adjusting the resonance frequency. 

(4)-(6). However, the self-inductance of the Tx and Rx coils 

changes during power transmission in situations where the 

distance between the Tx-Rx coils is close, such as in SAE J2954 

VA Z-classes Z1 (7), due to the influence of conductors such as 

ferrite and aluminum plates often used in the Tx and Rx coils (8). 

Changes in the self-inductance of the Tx and Rx coils cause 

resonance mismatch on the Tx and Rx sides, resulting in 

deterioration of transmission characteristics such as transmitted 

power and reduced efficiency (9)-(12). 

Several methods of compensating for resonance mismatch  

have been proposed in references(13)~(15). Li et al.(13) proposed a 

method using communication between Tx and Rx to compensate 

resonance mismatch on the Rx side and then on the Tx side. 

However, the use of communication is undesirable, for example 

from the perspective of system complexity. Some methods for 

compensating for resonance mismatch without the use of 

communication between Tx and Rx sides have been proposed in 

references(14),(15). Matsumoto and Fujimoto(14) proposed a system 

that controls the current flowing from the power supply to keep it 

constant, thus eliminating the need for communication and 

resonance mismatch compensation on the Tx side and 

compensating for capacitors on the Rx side. However, the Tx 

side should be less controlled from the point of view of 

infrastructure facilities and the cost of burying the Tx side in the 

road. Matsuura et al.(15) proposed a system that eliminates the 

need for control on the Tx side by using LCC circuits and enables 

communication-less, resonance mismatch compensation based on 

information from the Rx side only. However, references (13)-(15) 

require the load to be fixed when compensating resonance 

mismatch, which means that power control, in particular the 

protection of excess power, cannot be carried out concurrently. 
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Fig. 1 Equivalent Circuit of S-S Circuit 

 

 
Fig. 2 Gyrator + S Circuit in Tx-side 

 

 

Fig. 3 LCC Circuit 

 

This paper presents a color map of the relationship between 

resonance mismatch, power and voltage and proposes a 

compensation method independent of the resistance of the load. 

The proposed method uses an LCC circuit which adds a 

compensating inductor and capacitor on the Tx side to eliminate 

the need for control on the Tx side and correct the resonance 

mismatch without communication using information only on the 

Rx side. The theory is verified by manually varying the 

capacitance and load resistance on the Rx side and evaluating the 

transmission characteristics through numerical analysis and 

experimental measurements. 

 

2. A power robustness method against resonance mismatch 

on the Tx side 

In this chapter, robustness against resonance mismatch on the 

Tx side is described. Fig. 1 shows the equivalent circuit of the S-

S circuit widely used in wireless power transfer. For simplicity of 

analysis, the internal resistance of the Tx and Rx coils is 

neglected. the induced electromotive force (induced EMF) on the 

Rx side is proportional to the current 𝑖𝑇𝑥 flowing in the Tx coil. 

Using the current 𝑖𝑇𝑥  flowing in the Tx coil, the mutual 

inductance 𝑀, the inductance 𝐿2 of the Rx coil, the capacitance 

𝐶2 of the capacitor on the Rx side and the resistance 𝑅𝐿 of the 

load, the power 𝑃𝑜𝑢𝑡 consumed by the load can be expressed as 

follows: 

 
𝑃𝑜𝑢𝑡 =

(𝜔0𝑀𝑖𝑇𝑥)2𝑅𝐿

𝑅𝐿
2 + (𝜔0𝐿2 −

1
𝜔0𝐶2

)
2  (1) 

 

This means that even when the resonance on the Tx side is 

shifted, 𝑃𝑜𝑢𝑡 remains unchanged if 𝑖𝑇𝑥 is constant. In other words, 

the power can be made robust against resonance mismatch on the 

Tx side by keeping 𝑖𝑇𝑥  constant, irrespective of resonance 

mismatch on the Tx side. To keep  𝑖𝑇𝑥 constant, a constant 

voltage source is converted into a current source independent of 

𝑀 and the resonance shift by using gyrator characteristics before 

the S circuit on the Tx side, as shown in Fig. 2.  𝑖1 in Fig. 2 can 

be expressed as follows:  

 𝑖1 =
1

𝜔0𝐿0
𝐸  (2) 

This means that 𝑖1 remains constant even when the parameters 

to the right of the gyrator circuit, such as 𝑀, 𝐿1 and 𝐶1, change. 

𝐿0 which is on the right side of the gyrator circuit in Fig. 2 and 

𝐶1 in Fig. 2 can also be combined into one as 𝐶1𝑠. Fig. 3  shows a 

circuit combined into one as 𝐶1𝑠. This is called an LCC circuit 

and is widely used in WPT system (16). From the above, the LCC 

circuit can be used to stabilize the power without using control 

against resonance mismatch on the Tx side. 

 

3. Proposed resonance mismatch compensation method 

 in LCC-S circuits 

This chapter describes a method for correcting resonance 

mismatch independent of the load on the Rx side of the proposed 

method, which combines an LCC circuit on the Tx side and an S 

circuit with a capacitor added in series with the coil on the Rx 

side. 

3.1. resonance condition 

Fig. 4 shows the LCC-S circuit. 𝐿0  represents the 

compensating inductor of the circuit, 𝐶0, 𝐶1𝑆, 𝐶2  the 

compensating capacitors, 𝐿1, 𝐿2 the self-inductance of the Tx and 

Rx coils respectively, 𝑅𝐿 represents the connected load. 

At resonance, the following resonance condition (3) holds for 

the frequency ω0 of the power supply and each element in LCC-

S circuit. 

 ω0 =
1

√𝐿0𝐶0

= √
𝐶0 + 𝐶1𝑆

𝐿1𝐶0𝐶1𝑆
=

1

√𝐿2𝐶2

 (3) 



EVTeC 2023 

6th International Electric Vehicle Technology Conference 2023 

 

Copyright © 2023 Society of Automotive Engineers of Japan, Inc. 

 

Fig. 4 LCC-S Circuit 

 

                 

Fig. 5 Equivalent Circuit of Rx side 

 

As described in the previous chapter, the use of LCC on the Tx 

side eliminates the effect of resonance mismatch due to 𝐿1  on 

power, but the resonance mismatch due to 𝐿2  deteriorates 

transmission characteristics, so the capacitor 𝐶2 on the Rx side 

corrects the resonance mismatch. 

3.2. Proposed resonance mismatch compensation method 

The residual impedance due to resonance mismatch on the Rx 

side is denoted as 𝑍2, which is expressed as follow: 

 𝑍2 = ω0𝐿2 −
1

ω0𝐶2
 (4) 

Using 𝑍2, the Rx side of the LCC-S circuit is shown in Fig. 5. 

The current 𝑖1  flowing into the Tx coil is a constant current 

and the mutual inductance 𝑀 is constant in static-WPT, so the 

induced EMF on the Rx side is a constant voltage. 

The voltage 𝑣𝑜𝑢𝑡_𝐿𝐶𝐶𝑆 on the load is expressed as follows. 

 |𝑣𝑜𝑢𝑡_𝐿𝐶𝐶𝑆| = |
ω0𝑀𝑅𝐿

𝑅𝐿 + 𝑗𝑍2
𝑖1| (5) 

When the resonance mismatch is corrected and 𝑍2 = 0 , 

equation (5) equal to the induced EMF and is independent of the 

load. 

Also at that time, 𝑣𝑜𝑢𝑡_𝐿𝐶𝐶𝑆 takes the maximum value. From 

the above, a load-independent resonance mismatch compensation 

method is proposed by searching for the maximum value of the  

𝑣𝑜𝑢𝑡_𝐿𝐶𝐶𝑆 by controlling 𝐶2. 

Reference(17) proposes a method for controlling 𝑅𝐿  and 

controlling output power by varying the input impedance of the 

DC/DC converter. By varying 𝑅𝐿  simultaneously with the 

proposed resonance mismatch correction method, the resonance 

mismatch can be corrected while keeping the output power 

constant. 

 

4. Numerical analysis and experimental validation 

In this chapter, the theory is verified through numerical 

analysis and experimental transmission characteristic 

comparison. The verification is divided into two parts: 

verification of power robustness against resonance mismatch on 

the Tx side and verification of the resonance mismatch 

compensation method for the LCC-S circuit. Experiments were 

carried out using Keysight's Vector Network Analyzer (VNA) 

E5061B as shown in Fig. 6 to evaluate the transmission 

characteristics. 

 

Fig. 6 Overview of the experiment. 

 

Fig. 7 Overview of variable capacitors 

 Table 1   PARAMETER  

Symbol Description Value 

𝑓 Operating frequency 85 kHz 

𝐸 Input AC voltage(amp) 20 V 

𝐿0 Tx compensation inductance 20 µH 

𝐶0 Rx compensation capacitance 166 nF 

𝐿1 Self-inductance of Tx coil 99 µH 

𝐿2 Self-inductance of Rx coil 97 µH 

𝑅1 Internal resistance of Tx coil 0.3 Ω 

𝑅2 Internal resistance of Rx coil 0.3 Ω 

𝑑 Distance between Tx and Rx coil 10 cm 

𝑘 Coupling coefficient 0.208 

𝐿0
′  Rx compensation inductance 22 µH 

𝐶0
′ Rx Compensation capacitance 167 nF 

∆𝐶 Increment of capacitance 0.5 nF 
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4.1. Experimental preparation - how to change capacitance 

In this paper, the variable capacitor is created as shown in Fig. 

7. At the bottom, a capacitor 𝐶𝑏𝑎𝑠𝑒 with the minimum value of 

capacitance is attached. Above it, the total capacitance 𝐶𝑡  is 

varied by attaching ∆𝐶, 2∆𝐶, 4∆𝐶, 8∆𝐶 and 16∆𝐶 in parallel. 

The target value is tracked by starting counting from 𝑁 = 0, 

converting to binary numbers and then turning on the capacitor 

corresponding to 1. For example, when 𝑁 = 1 , only ∆𝐶  is 

switched ON; when 𝑁 = 2 , ∆𝐶  is switched OFF and 2∆𝐶  is 

switched ON instead; when 𝑁 = 3 , ∆𝐶  and 2∆𝐶  are switched 

ON; when 𝑁 = 4 , ∆𝐶  and 2∆𝐶  are switched OFF and 4∆𝐶  is 

switched ON; the search continues until 𝑁 = 31. 

When the counter is 𝑁, 𝐶𝑡 is expressed as follow: 

 𝐶𝑡 = 𝐶𝑏𝑎𝑠𝑒 + ∆𝐶 × 𝑁 (6) 

By manually changing the capacitance of 𝐶𝑡 by changing the 

capacitor connections, the changes in transmission characteristics 

were measured. 

4.2. Verification of power robustness to resonance mismatch 

on the Tx side 

The color map created by numerical analysis and transmission 

characteristic evaluation of the LCC-S circuit in Fig. 4 with 𝑅𝐿 =

 6 Ω fixed and varying capacitors 𝐶1𝑆 and 𝐶2𝑆 is shown in Fig. 8 

and the efficiency color map in Fig.9.  

In the experiment, the variable capacitor of Fig. 7 was inserted 

in 𝐶1𝑆 on the Tx side, 𝐶𝑏𝑎𝑠𝑒 =  39.5 nF and 𝐶1 was varied from 

39.5 ~ 48 nF. The transmission characteristics were obtained by 

varying the Rx side with VNA. 

Fig. 8 (a), (b) shows that, as the theory suggests, resonance 

mismatch on the Tx side does not affect the change in power, but 

resonance mismatch on the Rx side does affect the change in 

power and it is necessary to compensate for the resonance 

mismatch. Also, Fig. 9 (a), (b) shows that the resonance 

mismatch on the Tx side has little effect on the efficiency 

reduction, but the resonance mismatch on the Rx side causes the 

efficiency reduction. From the above, it was found that the LCC 

circuit can suppress the effect of resonance mismatch on the Tx 

side on the power and efficiency. The reason why the efficiency 

obtained by the experiment in Fig. 9 (b) is not continuous is 

considered because the ESR is different for each of the capacitors 

connected in parallel in Fig. 7. 

Fig. 8 and Fig. 9 show that no resonance mismatch  on the Tx 

side is required, as both power and efficiency remained 

unchanged even when 𝐶1𝑆 deviated from resonance. 

 

(a) Numerical analysis    (b) Experiments 

Fig. 8 Relationship between resonance mismatch of Tx and Rx 

and power (𝑅𝐿=6Ω) 

 

 

(a) Numerical analysis    (b) Experiments 

Fig. 9 Relationship between resonance mismatch and efficiency 

of Tx and Rx. (𝑅𝐿=6Ω) 

 

4.3. Verification of a method for correcting resonance 

mismatch in LCC-S circuits 

Numerical analysis and experiments were then carried out on 

the output power, output voltage and transmission efficiency of 

the LCC-S circuit when the capacitance  𝐶2  and load 𝑅𝐿  were 

varied, fixed at 𝐶1𝑆 = 39.5 nF in Fig. 4, and a color map was 

produced. In the experiments, the variable capacitor of Fig. 7 was 

inserted in 𝐶2 and varied so that 𝐶2 = 31~43  nF, with 𝐶𝑏𝑎𝑠𝑒 

placed at 31 nF. 𝑅𝐿 was varied by VNA. 

The numerical analysis of the output power and the 

experimental results are shown in Fig. 10 (a), (b) , the numerical 

analysis of the output voltage and the experimental results in Fig. 

11(a), (b) and the numerical analysis of the efficiency and the 

experimental results in Fig. 12 (a), (b). The red lines in Fig. 10 

(a), Fig. 11 (a), Fig. 12 (a) show the capacitors at resonance, 

respectively. From Fig. 10 (a), (b), at resonance, the output 

voltage 𝑣𝑜𝑢𝑡_𝐿𝐶𝐶𝑆  is maximum irrespective of the value of the 

load. On the other hand, Fig. 11 (a), (b) shows that the output 

power varies as the value of the load changes.  it is possible to 

adjust the power due to the load concurrently by searching for the 

maximum value of the output voltage at 𝐶2. It was also found 

that high efficiency can be taken as the resonance on the Rx side 

approaches and the resistance of the load increases. Fig. 12 (a), 

(b) show different scales of the color map. The lower efficiency 

in experiment (b) can be attributed to the effect of the ESR of the 

capacitor. 
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(a) Numerical analysis    (b) Experiments 

Fig. 10 Relationship between resonance mismatch of Rx side and 

output power (𝐶1𝑆 =39.5 nF) 

 

 

(a) Numerical analysis    (b) Experiments 

Fig. 11 Relationship between resonance mismatch of Rx side and 

output voltage. (𝐶1𝑆 =39.5 nF) 

 

 

(a) Numerical analysis    (b) Experiments 

Fig. 12 Relationship between resonance mismatch of Rx side and 

transmission efficiency. (𝐶1𝑆 =39.5 nF) 

 

From the above, it is possible to correct for resonance 

mismatch in the LCC-S circuit by measuring the output voltage, 

even if the load is changing. 

Also, from Fig. 11, the change in voltage due to the resonance 

mismatch occurs sharply, especially low values of load resistance. 

This indicates that the method is suitable for use in regions with 

low values of load. 

 

5. CONCLUSION 

This paper proposes an improvement method to solve the 

transmission power reduction due to resonance mismatch in 

wireless power transfer by using the LCC circuit on the Tx side, 

making the control on the Tx side unnecessary and only 

controlling the Rx side. The proposed method does not use 

communication between Tx and Rx and allows the load to 

fluctuate during the compensation of the resonance. It was found 

to be possible to compensate for resonance mismatch irrespective 

of the value of the load. 

Future work includes creating a prototype in which the 

controller of the system is implemented, as well as the 

implementation of feeding a constant voltage load that simulates 

a battery instead of a resistive load. 
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