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ABSTRACT 

This paper examines the optimal conditions for the three-coil Wireless Power Transmission (WPT)
system. Initially, an equivalent circuit model was developed Experiments were conducted to explore
the impact of the repeating coil parameters and load resistance on the three-coil WPT system. We
determined the optimal distance between the transmitting coil and the repeating resonator under
various parameters of repeating coil turns, as well as different load resistance, to maximize the
system's overall transmission efficiency. It indicates that in the three-coil WPT system, the optimal
distance between the transmitting and repeating coils is directly proportional to the load resistance.
Moreover, when the turns of the transmitting, repeating, and receiving coils are fixed at seven, the
optimal distance changes slightly as the number of turns of the repeating coil increases, but changes
significantly when the number of turns decreases. Additionally, when the change in load is constant,
an increase in the radius of the repeating coil results in a greater change in the optimal distance.
These findings provide important reference information for optimizing the efficiency of triple-coil WPT
systems. 

KEYWORDS 

Resonant Magnetic Coupling Wireless Power Transmission; Repeating Resonator; Transmission
Efficiency; Optimal Position; Three-coil System. 

1. INTRODUCTION 

Since the advent of wireless power transfer (WPT) technology, its convenience and efficiency have 
attracted considerable interest and exploration from numerous researchers. It has already 
demonstrated extensive potential applications in various fields such as consumer electronics [1], 
medical devices [2, 3], electric transportation [4-8], and outdoor equipment [9]. 

Many authors have established various mathematical models of WPT systems [10-12]. In article [10], 
the parameters of repeating coils are optimized in WPT systems through theoretical calculations and 
multi-objective genetic algorithms. The optimized three-coil system effectively reduces the current 
in the transmitting coil, enhances transmission efficiency, and minimizes electromagnetic field 
leakage. In ar-ticles [11, 12], a three-dimensional mathematical model of low-power periodic WPT 
systems is established, and geometric variant analysis is conducted on transmitting and receiving coils 
of different sizes and turns. Analytical formulas are utilized to ob-tain the required lumped parameters. 
The results demonstrate that the proposed cir-cuit model achieves similar accuracy to numerical 
models with significantly reduced complexity in both model and analysis. 

Adding repeating coils to WPT systems further improves the transmission effi-ciency and distance, 
particularly suiting applications requiring higher flexibility and long-distance transmission. For WPT 
systems with repeating coils, there have been numerous efforts [13-15] to optimize the position of 
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repeating coils. In article [13], achieves equal power distribution among multiple relay points through 
precise mathematical modeling, enhancing the efficiency of long-distance transmission signif-icantly. 
In article [14], the optimal position of the repeating coil is determined by an approximate expression 
obtained from the closed-form solution of a quintic polynomi-al equation. In article [15], an 
optimization design method is proposed to further en-hance the efficiency of a three-coil WPT system 
by adjusting the compensation capaci-tance and the position of the repeating coil. 

The three-coil WPT system offers an effective balance between transmission dis-tance and system 
complexity. By adjusting the parameters of the repeating coil, the three-coil WPT system can 
accommodate various applications and environmental conditions. In article [16], an analytical 
expression for the compensation reactance of the repeating coil in the three-coil WPT system is 
derived, obtaining the optimal com-pensation reactance. The study indicates that applying the optimal 
compensation re-actance can improve system efficiency when the repeating coil is close to the 
receiving end or when the load impedance is low. Furthermore, this research investigates the ef-fects 
of coil positioning, load impedance, and operating frequency on system efficiency and develops a 
capacitor tuning method to adapt to dynamic changes in transmission distance or operating frequency. 
In article [17], presents an improved design for a three-coil WPT system tailored for biomedical 
applications. By introducing novel op-timization parameters and design methodologies, significant 
improvements in the transmission efficiency and performance are achieved, particularly in scenarios 
where the dimensions of implantable devices are constrained. In article [18], presents a three-coil 
WPT system with constant voltage output. This three-coil system achieves constant voltage output 
by setting specific coil parameter values to make the voltage gain independent of load variations, 
thereby realizing constant voltage output and al-leviating efficiency degradation issues during long-
distance transmission. In article [19], establishes a circuit theoretical model for the three-coil WPT 
system and derives an analytical expression for the output current. Two operational frequencies 
capable of achieving load-independent output current are identified and experimentally validat-ed. In 
article [20], enhances the system's saturation resistance by employing a current transformer (CT) with 
an air-gap iron core and combines it with three-coil WPT tech-nology to achieve long-distance power 
transmission. 

Despite numerous studies that have enhanced the performance of WPT systems with repeating coils 
through rigorous theoretical exploration and experimental im-provements, there is still a lack of 
comprehensive research on how the parameters of repeating coils specifically influence their optimal 
efficiency positions and the overall power transmission efficiency of the system. This study 
introduces repeating resonant coils with varying turns and radii into a dual-coil WPT system. Utilizing 
equivalent circuit theory, it investigates how the parameters of the repeating coils affect the op-timal 
distance between the transmitting coil and the repeating coil, under the condi-tions of fixed positions 
for both transmitting and receiving coils and variable load im-pedance. The findings are substantiated 
by experimental verification of these calcu-lated results. 

2. THEORETICAL ANALYSIS 

This chapter primarily presents the fundamental principles of the three-coil WPT system. The chapter 
is structured as follows: Section 2.1 introduces the construction of the three-coil WPT system model 
and calculates the system efficiency equation using Kirchhoff's voltage law (KVL) for later analysis. 
Section 2.2 establishes the model for a two-coil WPT system and derives its mutual inductance 
formula. Section 2.3 analyzes the impact of repeating coil parameter variations on mutual inductance. 

2.1. Modeling and Analysis of Three-Coil WPT Systems 

Figure 1 depicts the model of a three-coil WPT system, consisting of the transmitting coil, repeating 
coil, and receiving coil. Here, 

SU  represents the high-frequency AC power source, 
SR  is the 
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internal resistance of the power source, 
LR  is the load resistance of the receiving coil, 

12M  and 

23M  denote the mutual inductances between the receiving coil and repeating coil, and between the 

repeating coil and receiving coil respectively. The mutual inductance between the transmitting coil 
and receiving coil is neglected. 

1R ,
2R , and 

3R  are the equivalent series resistances of the coils, 
1L , 

2L , and 
3L  represent the coil's self-inductance, 

1C , 
2C , 

3C  and 
1I , 

2I , 
3I  correspond to the 

resonant capacitance and loop current of the transmitting, repeating, and receiving coils respectively. 
The coils resonate at frequency f  with angular resonance frequency  , satisfying the condition: 

1 1 2 2 3 32 1/ 1/ 1/   f LC L C L C                               (1) 

 

Figure 1. Model diagram of the three-coil WPT system 

Assuming the total impedances of the three circuits are denoted as 
1Z , 

2Z , and 
3Z , these parameters' 

values can be expressed by the following equations: 

1 s 1 1
1

2 2 2
2

3 L 3 3
3

1

1

1










  
     

 
       

 
         

Z R R j L
C

Z R j L
C

Z R R j L
C

                            (2) 

When all three coils operate in a resonant state, they achieve full resonance, and Equation (2) can be 
simplified to: 
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                                 (3) 

Based on KVL and the principle of mutual inductance coupling, we can derive the following matrix 
equation: 
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The currents in each circuit are respectively: 
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The load power and transmission efficiency can be calculated as follows: 
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According to Equation (6), if the structural parameters of the coils are fixed, then the transmission 
power and efficiency of the three-coil WPT system in resonance are only related to the mutual 
inductances 

12M , 
23M , and the load 

LR . 

2.2. Analysis of the Mutual Inductance in a Two-coil WPT System 

When the planar spiral-shaped transmit coil and the receive coil are coaxially aligned, their mutual 
inductance can be approximated using the following formula: 

1 2 0 1
12

12

2dl dl

4





    N N

M
r

                             (7) 

where 
0  represents the permeability of vacuum, 

12M  denotes the mutual inductance between the 

transmitting coil and the receiving coil, 
1N  and 

2N  represent the number of turns in the transmitting 

and receiving coils respectively, 
1l  and 

2l  indicate the length of each turn in the transmitting and 

receiving coils, 
1dl  and 

2dl  correspond to the infinitesimal elements on the wires of the transmitting 

and receiving coils, and 
12r  represents the distance between 

1dl  and 
2dl . The line elements 

1dl  and 

2dl , and the distance 
12r  can be determined using geometric methods [21]. 

1 1dl ( sin cos )    r dx y                            (8) 

2 2dl ( sin cos )    r dx y                            (9) 


1

2 2 2 2
12 1 2 1 2h 2 (cos cos sin sin )       r r r r r                   (10) 

where h  represents the vertical distance between the transmitting and receiving coils, 
1r  and 

2r  

respectively denote the average radius of the transmitting and receiving coils,   and   represent 

the temporary polar angles on the transmitting and receiving coils, and adjusting   and   allows 

for traversing the entire circle to complete the double integration of the transmitting and receiving 
coils. For clarity, Figure 2 in the following section only illustrates the case of a single turn coil. 
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Figure 2. Diagram of the two single-turn coil WPT system model 

Inserting equations (8), (9), and (10) into equation (7) yields the following result: 
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                  (11) 

2.3. Analysis of the Impact of Repeating Coil Parameters on Mutual Inductance 

According to equation (10), the mutual inductance between two coils is related to the radius and 
number of turns of the coils. When the number of turns in the transmitting coil is 7 and the radius is 
10.75 cm, the relationship between the mutual inductance 

12M  between the transmitting and 

repeating coils and the vertical distance h  is shown in Figure 3, by varying the number of turns and 
radius of the repeating coil. 

      

(a)                                                   (b) 

Figure 3. Relationship between mutual inductance and the vertical distance between the two coils.: 
(a) Dif-ferent numbers of turns; (b) Different radii 

As shown in Figure 3a, the mutual inductance 
12M  between the two coils decreases with the increase 

of h and the rate of decrease becomes progressively slower. When h remains constant, 
12M  is 

directly proportional to the number of turns in the repeating coil. As shown in Figure 3b, when the 



 

94 

vertical distance h  is less than 5 cm, the mutual inductance 
12M  with a repeating coil radius of 

10.75 cm is greater than that with repeating coil radii of 6.75 cm and 14.75 cm. This is attributed to 
the transmitting coil having a radius of 10.75 cm. When h  approaches 0 cm and the repeating coil 
radius is 10.75 cm, the actual distance between the wires of the transmitting and repeating coils also 
approaches 0 cm, leading 

12M  to tend towards infinity. Conversely, when h  approaches 0 cm and 

the repeating coil radius is either 6.75 cm or 14.75 cm, the actual distance between the transmitting 
and repeating coils approaches 4 cm, and 

12M  does not trend towards infinity. For h  values greater 

than or equal to 5 cm, 
12M  also exhibits a direct proportional relationship with the repeating coil 

radius. Since the parameters of the transmitting and receiving coils are identical in this study, the 
graphs of 

12M  and 
23M  as functions of the vertical distance h  are symmetric around the line h  = 

10 cm. 

Integrating the analysis above, it can be observed that, firstly, when h  is greater than 5 cm, 
increasing the radius and the number of turns of the repeating coil leads to an increase in the mutual 
inductance between the transmitting and repeating coils. Secondly, according to equation (6), 
maximizing the system efficiency and power requires maximizing the product of 

12M  and 
23M , 

which means 
12M  = 

23M , achieved when h  = 10 cm. However, in real-world scenarios, the impact 

of factors such as resistance and coil quality factors cannot be overlooked; therefore, the optimal 
efficiency's corresponding vertical distance h  between the transmitting and repeating coils will vary 
around 10 cm. 

3. EXPERIMENTAL ANALYSIS 

In this study, an experimental platform for a three-coil WPT system was established, and 
mathematical calculations and simulation analyses were conducted using software. The experimental 
platform is illustrated in Figure 4. 

The experimental setup involved obtaining electrical energy from a commercial power source of AC 
220V, which was then converted into 20V DC through a DC regulated power supply. Subsequently, 
it was transformed into AC power of 229 kHz via a high-frequency inverter for supply to the 
transmitting coil. The energy was transmitted through the repeating coil to the receiving coil, with all 
coils made of high-frequency enameled wire (0.1 mm × 160 strands) and aligned along the same axis. 
The load connected to the receiving coil comprised cement resistors of varying resistance values, and 
data collection was accomplished by monitoring the voltage at the receiving end using an oscilloscope. 
The key parameters of the system circuit are detailed in Tables 1 and 2. 

 

 

Figure 4. Experimental Platform of Three-Coil WPT System 
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Table 1. Parameters of the WPT system 

Note Symbol Value
Transmitting coil inductance 1L  22[μH] 

Transmitting coil resonant capacitor 1C  22[nF] 

Receiving coil inductance 2L  22[μH] 

Receiving coil resonant capacitor 2C  22[nF] 

Input voltage SU  20[V] 

Resonance frequency f 229[kHz] 
 

Subsequently, we will examine the relationship between the energy transmission efficiency of the 
three-coil WPT system and the position of the repeating coil when the number of turns and radius 
vary. The number of turns, radius, self-inductance (

CL ), and resonant capacitance (
CC ) for repeating 

coils 1-7 are detailed in Table 2. The transmitting and receiving coils are depicted in Figure 5, each 
with 7 turns and a radius of 10.75 cm. Repeating coils with different numbers of turns are shown in 
Figure 6a, where repeating coils 1, 2, 4, and 5 have a radius of 10.75 cm and turns of 3, 5, 9, and 11, 
respectively. Repeating coils with different radii are presented in Figure 6b, where repeating coils 6, 
3, and 7 have 7 turns and radii of 14.75 cm, 10.75 cm, and 6.75 cm, respectively. 

 

Figure 5. Transmitting and receiving coils 

   

(a)                                              (b) 

Figure 6. Repeating coils of different turns and radii: (a) Different numbers of turns; (b)Different 
radii 
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Table 2. Measured lumped parameters of repeating coils and compensation capacitors 

No. Turns Radius [cm] LC [μH] CC [nF]
1 3 10.75 7 69
2 5 10.75 15 32
3 7 10.75 22 22
4 9 10.75 36 13
5 11 10.75 43 11
6 7 14.75 37 13
7 7 6.75 12 40

 

Figure 7 illustrates the relationship between the load resistance 
LR , the distance h  between the 

transmitting coil and the repeating coil, and the transmission efficiency when the number of turns in 
the transmitting, repeating, and receiving coils is 7, and their radii are all 10.75 cm. 

 

Figure 7. The Relationship between h , 
LR , and Efficiency. 

The system is driven by an inverter circuit powered by a DC regulated power supply, providing 
adjustable high-frequency AC power. Its circuit properties are different from those of high-frequency 
AC power sources, and variations in the position of the repeating coil have very little impact on the 
output power of the DC regulated power supply. Therefore, in the simulation calculations, we utilized 
the load power from equation (6) as the source of simulated data and calculated the transmission 
efficiency based on constant input power. In Figure 7, the distance between the transmitting and 
receiving coils is maintained at 20 cm, where h  represents the distance between the transmitting and 
repeating coils. Maintaining 

LR  constant and h  greater than 5 cm, we observe that as h  increases, 

transmission efficiency initially increases and then decreases, reaching a maximum value at a certain 
h  value. When 

LR  is relatively small, the h  value corresponding to the maximum transmission 

efficiency is close to 10 cm. As 
LR  increases, the h  value corresponding to the maximum 

transmission efficiency also increases, and the maximum value of transmission efficiency decreases 
with the increase in 

LR . When h  is less than 5 cm, as h  increases, the value of transmission 

efficiency decreases. This is because when the actual distance between the transmitting coil and the 
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repeating coil approaches 0 cm, their mutual inductance increases rapidly. In summary, the 
experimental data validate the theoretical analysis presented in Section 2.3. When interference from 
resistance is minimal, the optimal efficiency corresponds to an h  value around 10 cm. With an 
increase in resistance, the h  value corresponding to the optimal efficiency also increases. 

 

Figure 8. The Relationship between h  and 
LR  at Optimal Efficiency 

The simulation calculations were performed by incorporating Equations (6) and (11). The number of 
turns for the transmission, repeating, and receiving coils was set to 7 each with a radius of 10.75 cm. 
The relationship between the value of h at the optimal efficiency and the load resistance 

LR  is shown 

in Figure 8. In Figure 8, there is a proportional relationship between the optimal efficiency state of 
h  and the load resistance 

LR .The trend variation between the simulation results and experimental 

measurements is essentially consistent. The reason for the incomplete consistency between simulation 
and experiment lies in the assumption of ideal coils in the simulation, which neglects the energy loss 
of the coils. The energy loss of the coils is influenced by their winding method. Therefore, simulation 
and experiment may not be entirely consistent. If the energy loss of the coils is excessively high, the 
difference between the two could be considerable.  

 

Figure 9. Relationship between h  and 
LR  at the Best Efficiency when the Repeating Coil has 3-

11 Turns 
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Under lower 
LR  resistance values, the variation of h  at the optimal efficiency state is rapid, and the 

experimental measurement data is more densely concentrated. As 
LR  further increases, the growth 

trend of h  at the optimal efficiency slows down, accompanied by a corresponding increase in the 
spacing of experimental measurement data. When 

LR  is low, the value of h  at the optimal 

efficiency is close to half the distance between the transmission coil and the receiving coil, i.e., 10 
cm. As 

LR  increases, the value of h  at the optimal efficiency gradually moves toward the receiving 

coil direction from 10 cm. 

As shown in Figure 9, the relationship between the load resistance 
LR  and the vertical distance h  

at optimal efficiency is plotted for setups where all coil radii are uniformly 10.75 cm, with the 
transmitting and receiving coils consisting of 7 turns each, and the repeating coils varying in turns of 
3, 5, 7, 9, and 11 respectively. As the number of turns of repeating coil varies, the load resistance 

LR  

exhibits a positive correlation with the vertical distance h  at optimal efficiency. Specifically, when 
the number of turns for the repeating coil, the transmitting and receiving coils, is uniformly 7, the 
vertical distance h  at optimal efficiency is consistently highest across different 

LR  values. Using a 

repeating coil with 7 turns as a reference, the reduction in the number of turns has a significantly 
greater impact on the vertical distance h  at optimal efficiency compared than increasing the number 
of turns. Specifically, while the change in h  is minimal when the number of turns is increased from 
9 to 11, a notable decrease in h  at optimal efficiency is observed when the number of turns is reduced 
from 5 to 3. This decrease can be attributed to the lower quality factor of the 3-turn coil, which results 
in increased energy loss. Therefore, the number of turns in the coil should not be too high, as an 
excessive number can lead to increased coil resistance and greater energy loss. Conversely, the 
number of turns should not be too low either, since a reduced number of turns can result in lower self-
inductance, thereby decreasing the quality factor and increasing the rate of energy dissipation. 

 

Figure 10. The Relationship between h and 
LR  at Optimal Efficiency under Different Repeating 

Coil Radii 

As shown in Figure 10, the relationship between the load resistance 
LR  and the vertical distance h  

at optimal efficiency is shown for configurations where the transmitting, repeating, and receiving 
coils each have 7 turns. The radii of the transmitting and receiving coils are 10.75 cm and the radius 
of the repeating coil varies at 6.75 cm, 10.75 cm, and 14.75 cm respectively. Under different repeating 
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coil radii, the load resistance 
LR  shows a positive correlation with the vertical distance h  at optimal 

efficiency. For 6.75 cm repeating coil radius, as the load resistance changes from 1 ohm to 60 ohms, 
the h  value at optimal efficiency remains relatively stable. For repeating coil radii of 10.75 cm and 
14.75 cm, as the load resistance varies from 1 ohm to 60 ohms, the h  value at optimal efficiency 
experiences more significant fluctuations. Furthermore, when the load resistance exceeds 30 ohms, 
the h  values at optimal efficiency tend to converge for both 10.75 cm and 14.75 cm radii. Observing 
the variations in the vertical distance h  at optimal efficiency for load resistances of 1 ohm and 60 
ohms across different repeating coil radii, it can be seen that the difference in h  values increases 
with the radius of the repeating coil. Specifically, a larger repeating coil radius results in a greater 
sensitivity of the h  value to changes in load, due to the fact that a smaller coil radius reduces the 
magnetic field coverage, thus hindering effective coupling with transmitting or receiving coils at 
greater distances. 

4. CONCLUSION 

This paper investigates how the number of turns and the radius of the relay coil affect the efficiency 
of power transmission in a three-coil WPT system. After fixing the positions of the transmitting 
resonant coil and the final receiving coil, the optimal distance between the transmitting and relay coils 
was observed. Experiments were repeatedly conducted with multiple adjustments to the load 
resistance values. Analysis of the experimental data trends revealed that the resistance load values 
are directly proportional to the optimal distance between the transmitting coil and the relay coil under 
peak system efficiency. Additionally, when the number of turns in the relay coil equals that of the 
transmitting and receiving coils, and the load resistance varies, the optimal distance between the 
transmitting and relay coils consistently exceeds the distances when the relay coil's number of turns 
differs from those of the transmitting and receiving coils. Furthermore, it was discovered that an 
increase in the radius of the relay coil leads to a greater sensitivity of the optimal distance between 
the transmitting and relay coils to changes in load. This analysis provides critical reference for 
efficiency optimization in the three-coil WPT system. 
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