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Abstract. The circuit and environment of Wireless Power Transfer
(WPT) system are always complex, which makes it difficult to design the
magnetic coupler and reduce the transmission efficiency. Recently, a few
advanced matching strategies and structures have been able to improve trans-
mission efficiency in the WPT system when the magnetic coupling system is
detuning. But the current compensation and matching system suffers from dif-
ficulties in optimization and generalization. To address this issue, in the present
work, an external coupling modeling and adaptive dynamic impedance match-
ing method are applied to the energy transmission optimization for WPT system.
Firstly, an external coupling network modeling method is designed in a four-coil
magnetic coupling resonance system, and a scattering parameter expression
method of T-type network transmission efficiency is defined. Secondly, we add
frequency independent compensation reactance to the circuit, and use external
coupling coefficient to match the impedance of the system to eliminate the
detuning and improve the transmission efficiency. Tertiary, the frequency
independent impedance is realized by using controllable capacitance, and the
value range of compensation capacitance is determined. Finally, experiments
and simulations show that the optimized system has good impedance matching
and transmission efficiency.

Keywords: Wireless energy transfer � Impedance matching � External
coupling � Scattering parameters � Dynamic compensation

1 Introduction

Wireless power transfer (WPT) mainly realizes the energy transmission through non-
contact way, which is a new mode for electrical equipment to obtain electric energy from
the fixed grid system [1–3]. Its appearance has completely changed the mode that people
only rely on the contact type electric energy conduction mode of electrical equipment for
hundreds of years. It is also a hot topic of human research. At present, wireless power
supply technology has been widely used in many fields, such as household appliances,
convenient equipment, vehicles, aerospace, medical devices, industrial robots, oil fields
and mines, underwater operations, etc. [4–6]. Compared with the traditional power
supply technology, wireless energy transmission technology has the advantages of high
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security, stable operation, low failure rate, suitable for various environments, conducive
to the standardization of the interface, easy to achieve automation and unmanned
operation, convenient maintenance and other advantages [7].

WPT technology is the most active research direction in the field of electrical
engineering at present. It is an interdisciplinary research field integrating electromag-
netic field, power electronic technology, physics, materials science, circuit and other
disciplines. It has a broad development prospect [8]. The research of this subject has
important scientific significance, high practical value and broad application prospect,
which can bring huge economic and social benefits. Therefore, WPT will become the
latest significant research direction in the field of modern industrial automation, which
is important for accelerating the development of high-end equipment manufacturing
industry, energy conservation and environmental protection, promoting industrial
upgrading Meaning [9].

With the in-depth study of the magnetic coupling resonance WPT technology, there
are still many problems in the development process of the technology, including
coupling coefficient [10], frequency stability in the process of energy transmission and
frequency bifurcation phenomenon [11], system structure optimization [12], multi-
resonance network compensation [13], electro-magnetic compatibility [14], impedance
matching and transmission power [15, 16], which are urgent to be solved.

For the WPT system, the influence of circuit parameters on the resonance frequency
of the system and how to solve the influence caused by the relative position change
between coils are all the problems faced by the research on the mechanism of magnetic
coupling resonance WPT. It mainly involves resonance compensation, frequency
splitting, impedance matching, dislocation coupling and other key issues [17]. Impe-
dance matching is the core problem in the magnetic coupling resonance system. The
research on system structure, transmission characteristics and frequency splitting are
focused on impedance matching [18]. In the radio energy transmission system, the
reflection impedance, the parasitic resistance of the coil, the source impedance and the
load impedance constitute a complex impedance network, which has an important
impact on the transmission characteristics of the system [19].

In order to improve the transmission power of the system, a new matching structure
is proposed in [20]. In the transmitter, the series/parallel capacitor matrix can be
dynamically matched by changing the combination matrix impedance of the series and
parallel capacitors of the capacitor Tracking the best impedance matching point at
different distances. In [21], according to the load change of multi coil radio energy
transmission system, the system network is impedance matched by capacitance. The
influence of different matching structures on the system performance is analyzed when
the load and cross coupling relationship change. In [22], multi capacitor topology is
adopted to reduce the influence of distance variation on the input impedance of the
system. According to the input return loss, an adjustable impedance matching circuit
and an optimization algorithm are designed. The experimental results show that the
designed impedance matching circuit can achieve high-efficiency power transmission
when the transmission distance changes in a large range. Multiple impedance matching
networks of shunt switchable capacitors are added to the transmitter, and the coupling
relationship is adjusted by adjusting each shunt capacitor. The performance of multi
load power transmission is improved in [23]. A new adaptive impedance matching
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network is proposed in [24], which is automatically reconfigured to keep the matching
with the coil and adjust the output power to adapt to the change of coil distance The
closed-loop control algorithm is used to continuously change the capacitor, which can
compensate the mismatch and adjust the output power at the same time. Compared with
the system without matching, when the coupling coefficient is 0.05-0.8, the power
transfer efficiency of the system is improved by 31.79% and 60%. [25] discussed a new
design method of matching circuit based on genetic algorithm and random measure-
ment of S parameters of moving coil. It can further simplify the simulation of matching
circuit design and derive the optimal matching circuit.

In this work, we investigate a method of dynamic impedance matching in the
wireless power transfer. A matching control method with controllable capacitance
compensation is introduced to reduce the transmission efficiency caused by the system
detuning. A two-port network analysis model based on external coupling network is
established, and a frequency independent controllable compensation reactance is
introduced into the resonant circuit. The half bridge circuit is used to realize the
controllable compensation capacitance, and determined the value range of the com-
pensation capacitance.

2 Magnetically Coupled Resonators Model

In the four-coil magnetically coupled resonant system shown in Fig. 1.

In Fig. 1, MST and MRL are the mutual inductance between the external and the
internal resonant network, and the MTR is the mutual inductance of the internal reso-
nance. The excitation and the pick coil constitute an external resonant network. The
transmit and receive coils constitute an internal resonant network. The high-frequency
electric power source drives the excitation coil to generate a high-frequency oscillating
magnetic field, which can be transmitted to the internal LC network by external cou-
pling to resonate. The internal transmit coil and receive coil are internally coupled with
each other to form contactless electrical energy transmission. As the internal resonant
network and external resonant network using magnetic coupling method for energy

Fig. 1. Equivalent circuit model of four coils wireless power transmission.
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transmission, so the use of coil mutual inductance as a parameter to establish T-type
equivalent impedance conversion network circuit model, as shown in Fig. 2.

In Fig. 2, ZS = RS + jxLS + 1/jxCS, ZL = RL + jxLL + 1/jxCL, KST, KRL are the
equivalent impedance transform network of the external resonant network, and KTR is
the equivalent impedance transformation network of the internal resonant network,
which is only related to the coupling coefficient kTR between the two coils. The
internally coupled two-port network transfer parameter matrix can be expressed as
follow:

TTR ¼ ATR BTR

CTR DTR

� �
ð1Þ

Where, ATR = ZT/jx MTR, BTR = (ZT ZR/jxMTR) – jx MTR, CTR = 1/jxMTR, DTR =
ZR/jxMTR, ZT = RT + jxLT + 1/(jxCT) ± jX1, ZR = RR + jxLR + 1/(jxCR) ± jX2

The external equivalent impedance transform two-port network transfer parameter
matrix can be expressed respectively as follow:

TST ¼ AST BST

CST DST

� �
¼ 0 �jxMST

1=jxMST 0

� �
ð2Þ

TRL ¼ ARL BRL

CRL DRL

� �
¼ 0 �jxMRL

1=jxMRL 0

� �
ð3Þ

In Fig. 2, the external and internal coupling networks are cascaded to form a new
two-port network. According to the cascade characteristic of the two-port network, the
total transmission parameters after cascade are shown in (4).

T ¼ TST � TIR � TRL ¼ A B
C D

� �
ð4Þ

Where, the total transmission parameters are
A = (ASTATR + BSTCTR)ARL + (ASTBTR + BSTDTR) CRL

Fig. 2. Equivalent impedance conversion two-port network circuit model.
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B = (ASTATR + BSTCTR)BRL + (ASTBTR + BSTDTR) DRL

C = (CSTATR + DSTCTR)ARL + (CSTBTR + DSTBTR) CRL

D = (CSTATR + DSTCTR)BRL + (CSTBTR + DSTBTR) DRL

The WPT system as the two-port network with one port being input fed by the
source and the other being output fed by the load. Based on the scattering parameter,
the transfer efficiency will be represented in terms of the linear magnitude of the
scattering parameter |S21|, the function of power transfer efficiency is defined as η =
|S21|

2 when the network is matching at both ports, in which |S21| is given by

S21 ¼ 2
VS

VL

ffiffiffiffiffi
ZS
ZL

r
ð5Þ

Where, VS power voltage, VL load voltage, ZS power impedance, ZL load
impedance.

Assuming that the port impedance ZS = ZL = ZP, S21 can be expressed as a T
parameter.

S21 ¼ 2
AþB=ZP þCZP þD

ð6Þ

g ¼ S21j j2¼ 4

AþB=ZP þCZP þDð Þ2 ð7Þ

From the system efficiency in (7), the system efficiency is a function of the port
impedances ZS, ZL and the transmission parameters A, B, C, D, when the system port
impedance value is fixed, the system efficiency is only related to the transmission
parameters.

3 Optimization of Magnetic Coupled Resonant Network

Only two levels of headings should be numbered. Input impedance Zin of external
coupling network after adding impedance matching circuit is

Zin ¼ Rin þ jXin ¼
K2
ip

Zp
ð8Þ

In (8), ZP is the impedance of power or load port, Kip is the coupling impedance
transformation network connecting internal resonance circuit and external port.

It can be seen from (8) that the port impedance ZP of the equivalent impedance
transform network is represented by the input impedance Zin and the characteristic
impedance Kip causes the phase shift ±90° between the two impedances. The corre-
sponding two-port transfer parameter matrix of (8) can be expressed as
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Aip Bip

Cip Dip

� �
¼

0 �jKip

� j
Kip

0

" #
ð9Þ

Comparing (8) and (9) can be obtained Kip = xMip, therefore, the characteristic
impedance Kip can be used to adjust the equivalent impedance of the two-port
equivalent circuit of T-type mutual inductance, and the impedance transformation
process of the network is shown in Fig. 3.

It can be seen from the Smith chart in Fig. 3 that the input impedance and the load
impedance are symmetrical about the real axis when Mip ¼

ffiffiffiffiffiffiffiffiffiffi
ZpZ�

p

p
=x0.

Substituting the port impedance ZP into (8) can be rewritten as

Zin ¼
K2
ip

Zp
¼ K2

ipRp

Zp
�� ��2 � j

K2
ipXp

Zp
�� ��2 ð10Þ

As the resonance frequency x0i is a function of reactance, the reactance part Kip
2 /Xp

|Zp|
2 in the coupling impedance transformation network will make the working fre-

quency of the circuit deviate from the resonance frequency, which will cause the
system detuning and reduce the power transmission efficiency. In order to counteract
the reactance that causes the system to be detuned, it is necessary to introduce a
frequency-independent controllable reactive reactance Xi in the resonant circuit as
shown in (11).

Xi ¼ �Im Zið Þ ¼ K2
ipXp

Zp
�� ��2 ¼ x2M2

ipXp

Zp
�� ��2 ð11Þ

Fig. 3. Input impedance tracking process for coil inductance change in resonant state.
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From (11), when the port parameters and x are constant, the controllable com-
pensating reactance is a function of the externally coupled mutual inductance M. The
equivalent impedance Kip of transmission network changes with external coupling. By
adjusting the controllable compensation reactance Xi to the matching value, even if it
meets the formula (11), for a given port impedance, the network parameters can be
configured to prevent the occurrence of detuning. By substituting the parameters related
to the transmission efficiency of the system into (6), we can get

S21 x¼x0j ¼ 2j
kTR

k2p
x0LiRp

½�k2TR þð k2pXp

x0Li Zpj j2 �
j
Qi
Þ2�ð�jþ Xp

Rp
Þ2 � 2

k2p
x0LiRP

ð k2pXp

x0Li Zpj j2 �
j
Qi
Þð�jþ Xp

Rp
Þþ k4p

ðx0LiRpÞ2

¼ 2j
kTR

k2p
x0LiRp

�k2TRð�jþ Xp

Rp
Þ2 þ ½ k2p

x0LiRp
� ð k2pXp

x0Li Zpj j2 �
j
Qi
Þð�jþ Xp

Rp
Þ�2

ð12Þ

Under the given parameters, the (13) is derived as follow.

@S21
@kp

����
x¼x0

¼ 0 ð13Þ

The optimal value of kp when the maximum transmission efficiency is obtained is

kp�opt ¼ 1þ k2TR�optQ
2
i

� �1=4
zp
�� �� ffiffiffiffiffi

Ri

Rp

s
ð14Þ

In (14), the port impedance and resonance quality factor are fixed values, and the
optimized value of internal coupling factor Kp-opt is determined by the distance and
position of resonance coil.

The impedance matching and resonance compensation of the system can be easily
realized by using the impedance variation characteristic and the transmission response
and power transmission efficiency of the system can be optimized.

Half-bridge controllable compensation reactance model shown in Fig. 4, the circuit
consists of two full-control switches (VT1, VT2) with capacitor in parallel, and the
capacitance voltage is

uCT ¼ UCT sinðxtÞ ð15Þ

The initial voltage on the capacitor is zero, VT1 and VT2 are in inverse series and the
trigger signal is the same. Trigger angle range is 90° < a < 180°, while the trigger
signal on the voltage zero-point symmetry, conduction angle is p-a.
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The voltage of capacitor branch during conduction of VT1 or VT2 is as follows.

uCTðtÞ ¼
Zxt
a

1
xCT

iCTðtÞdt ¼
Zxt
a

1
xCT

ð
ffiffiffi
2

p
I cosxtÞdt

xt ¼ aþ kpð k ¼ 0; 1; 2; � � �Þ
ð16Þ

The uCT is expanded by Fourier series, and only the fundamental wave term is
retained as shown in (17).

uCT ¼ 2ffiffiffi
2

p
p

Z p

0
uCTðxtÞ � sinxt½ �dt

¼
ffiffiffi
2

p

p

Z p�a

a

ffiffiffi
2

p
I

1
xcT

ðsinxt � sin aÞ
� �

sinxt
� 	

dt

¼ I
1

xcT
ð1� 2a

p
� 2 sin 2a

p
Þ

ð17Þ

From (17), the equivalent capacitor can be solved as follow:

Ceq ¼ pCT

p� 2a� 2 sin 2a
ð18Þ

Therefore, the controllable compensation reactance value can be expressed as:

Xi ¼ 1
xCeq

¼ p� 2a� 2 sin 2a
pxCT

ð19Þ

The controllable compensation reactance can be adjusted continuously in a certain
range by changing the trigger angle a. The adjustable reactance is used to compensate
the reactance which causes the system detuning in the coupling impedance transfor-
mation network, and a variable reactance and reactive power compensation with a
variation range of 0-Xc is realized.

Fig. 4. Half-bridge controllable compensation reactance model.
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In the WPT system, the main compensation in the circuit is the port impedance and
the inductive reactive power component in the impedance transformation network.
Therefore, the range of values for Ceq is as follows.

min
Zp
�� ��2
xK2

ipXp

 !
\Ceq\max

Zp
�� ��2
xK2

ipXp

 !
ð20Þ

According to the adjustment range (amin, amax) of trigger angle, the range of
controllable compensation reactance can be calculated as (Xi-min, Xi-max).

4 Experimental and Result Analysis

In order to verify the feasibility of the above adaptive tuning method, simulation and
experimental verification are carried out. The transmitter and receiver of the system are
tuned in tow-sides. The system parameters are shown in Table 1.

Table 1. Detailed parameter values of coils.

Parameters Symbol Value

Turns of Tx and Rx coils Ni 5
Turns of excitation and pickup coils Np 1
Outer diameter of Tx and Rx coils Di-max 300 mm
Inner diameter of Tx and Rx coils Di-min 200 mm
Diameter of excitation and pickup coils Dp 180 mm
Coil turn spacing p 17 mm
Wire diameter ri = rp 3 mm
Coil distance d23 0 * 1500 mm

Fig. 5. Simulation model and experimental device of magnetically coupled resonant coil.

Dynamic Adaptive Impedance Matching in Magnetic Coupling 345



Simulation model and experimental device of magnetically coupled resonant coil as
shown in Fig. 5.

In the experimental device, the plane spiral coils are made of hollow copper tube.
The excitation and the transmitting coil have the same center, and the receiving and
picking coils have the same structure. Class E amplifier is used as high frequency
inverter to connect excitation coil and programmable electronic load to connect pick-up
coil. The operating frequency of the system is 12−15 MHz.The simulation analysis of
the plane spiral coil system is carried out. When the transmission distance is 600 mm,
the scattering parameter curve of the system is shown in Fig. 6.

As shown in Fig. 6, after optimization, the forward transmission coefficient of the
system is larger and has two resonance frequency points, while the original WPT
system is only one, and the maximum value of −3 dB is not reached. After opti-
mization, the reflection coefficient of the input port of the system is obviously reduced,
which shows that the transmission capacity of the system is significantly improved. The
impedance matching method is used to optimize the system, the resonant frequency of
the coil is rematches to the power frequency (14.1 MHz), and the frequency split is
eliminated. The optimized current of port is shown in Fig. 7.

As can be seen from Fig. 7, the input and output port of the low frequency point
have the same current polarity, while the high frequency resonance point has the
opposite polarity. Although the polarity of the two ports before optimization is opposite
at both frequency points, the current distribution does not have obvious frequency
division phenomenon, and the current after optimization has been significantly
improved.

The input impedance of the wireless power transmission system plays an important
role in the analysis of transmission characteristics, as shown in Fig. 8.

It can be seen from Fig. 8 that the optimized input impedance is larger and has
better load performance in general, so that the system has better transmission
characteristics.

Fig. 6. S Parameter before and after optimization of 400 mm transmission distance (a) The
original WPT system (b) The optimized WPT system.
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Fig. 7. The optimized current of input and output port (a) The original WPT system (b) The
optimized WPT system.

Fig. 8. Input impedance before and after optimization (a) The original WPT system (b) The
optimized WPT system.

Fig. 9. S Parameter before and after optimization of 800 mm transmission distance (a) The
original WPT system (b) The optimized WPT system.
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Figure 9 (a) and (b) show the scattering parameter curves of the transmission
system before and after optimization when the transmission distance is 1000 mm.

Compared with the 600 mm scattering parameter in Fig. 6, it can directly reflect the
transmission performance of the system. When the transmission distance increases, the
transmission performance of the system declines, but the decline speed of the unop-
timized structure system is significantly faster than that of the optimized structure
system.

At the resonance frequency f = 14.1 MHz and the load is matched to 50 X, the
initial distance between transmitting coil and receiving coil is 400 mm. The distance
between the two coils is gradually increased in steps of 50 mm. Meanwhile, the value
of compensation reactance Xi is adjusted to meet the matching conditions for each
move. The corresponding values of the adjustment capacitance Ceq can be obtained by
the Eqs. (18) and (21), and it varies curve with the transmission distance as shown in
Fig. 10.

From Fig. 10, it can be observed that the measured power transmission efficiencies
after matching is greatly improved, which proves the correctness of the above impe-
dance matching theory. But at the best transmission distance, the transmission effi-
ciency after compensation is lower than the original system. It is because that the loss
of the external coupled transformation network at high frequency. The transmission
distance and load voltage value of the measurement are recorded in the experiment.
The corresponding efficiency values of the system at different transmission distances
are calculated by simultaneous interpreting (5), (6) and (7).

When the load RL = 50 X and coil distance d = 60 cm, the relationship between
efficiency and frequency is shown in Fig. 11.

It can be seen from Fig. 11 that when the frequency changes, due to the existence
of port impedance and external coupling, the system is out of tune, which greatly
reduces the transmission efficiency of the system. By adding compensation reactance to
the system for optimization, the matching capacitance Ceq is adjusted according to the
impedance matching conditions when the frequency changes, so that it meets the

Fig. 10. The relationship between transmission efficiency and distance when RL = 50 X.
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relationship (12) and (13), the transmission efficiency of the optimized system is sig-
nificantly improved, and the detuning is greatly improved. The efficiency between the
two resonance frequency points of the optimized system will not decrease significantly,
and it is far greater than the transmission efficiency of the system before optimization.

At the resonance frequency f = 14.1 MHz, load RL = 50 X and coil distance
d = 60 cm, the transmission efficiency of the WPT system decrease dramatically when
the load reactance deviates from XL = 0X is shown in Fig. 12.

From Fig. 12, it can be observed that as the load reactance deviates from Xi = 0, the
transmission efficiency of the system decreased rapidly with the inherent parameters of
the system deviate from the resonant working frequency. By Adjusting the compen-
sation capacitor Ceq to match the port impedance, the power transmission efficiency of

Fig. 11. The relationship between transmission efficiency and frequency when RL = 50 X.

Fig. 12. The relationship between transmission efficiency and load reactance when RL= 50 X.
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the WPT system can be significantly improved, but the resonance frequency will
change.

In Fig. 13, same operating conditions for transmission efficiency analysis when the
load resistance deviates from RL = 50 X.

As shown in Fig. 13, the WPT system can maintain high power transmission
efficiency even when the load resistance changes. Experimental results show that the
proposed external coupling compensation matching method can significantly improve
the robustness of WPT system when the load impedance changes.

5 Conclusions

This paper presents a new method to optimize the parameters of the system by using
the external coupling network, designs the external coupling parameters and obtains the
S-parameter model of the coupling matrix, which can simply use the magnetic coupling
resonance model to represent the corresponding relationship between the ports and the
resonance network, making the modeling of the complex multi-resonance magnetic
coupling system simpler. We use frequency independent compensation reactance to
match the detuning system, and get the conclusion that the transmission efficiency,
resonance compensation and impedance matching of the system can be optimized by
external coupling impedance transformation network. Simulation and experimental
results show that the existence of external coupling network makes the port impedance
match well, and the optimal value of external coupling at the maximum transmission
efficiency is obtained.

Acknowledgments. This work was supported in part by the Natural Science Foundation of
Liaoning Provincial under Grant 20180551056.

Fig. 13. The relationship between transmission efficiency and load resistance when XL = 0 X.
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