
Near-Field Analysis and Design of Inductively-Coupled Wireless Power 

Transfer System in FEKO 
 

 

Dowon Kim, Adrian T. Sutinjo, and Ahmed Abu-Siada 
 

Department of Electrical and Computer Engineering 

Curtin University, Bentley, Perth Western Australia 6102, Australia 

dowon.kim@postgrad.curtin.edu.au, adrian.sutinjo@curtin.edu.au, and a.abusiada@curtin.edu.au 

 

 

Abstract ─ Inductively-coupled wireless power transfer 

(WPT) system is broadly adopted for charging batteries 

of mobile devices and electric vehicles. The performance 

of the WPT system is sensitively dependent on the 

strength of electromagnetic coupling between the coils, 

compensating topologies, loads and airgap variation. 

This paper aims to present a comprehensive characteristic 

analysis for the design of the WPT system with a 

numerical simulation tool. The electromagnetic field 

solver FEKO is mainly used for studying high-frequency 

devices. However, the computational tool is also 

applicable for not only the analysis of the electromagnetic 

characteristic but also the identification of the electrical 

parameters in the WPT system operating in the near-

field. In this paper, the self and mutual inductance of the 

wireless transfer windings over the various airgaps were 

inferred from the simulated S-parameter. Then, the 

formation of the magnetic coupling and the distribution 

of the magnetic fields between the coils in the series-

parallel model were examined through the near-field 

analysis for recognizing the efficient performance of the 

WPT system. Lastly, it was clarified that the FEKO 

simulation results showed good agreement with the 

practical measurements. When the input voltage of 10 V 

was supplied into the transmitting unit of the prototype, 

the power of 5.31 W is delivered with the transferring 

efficiency of 97.79% in FEKO. The actual measurements 

indicated 95.68% transferring efficiency. The electrical 

parameters; 𝑉in , 𝑉out , 𝑍in , 𝜃 , 𝐼in , and 𝐼out , had a fair 

agreement with the FEKO results, and they are under 

8.4% of error. 

 

Index Terms ─ Compensation topology, FEKO, 

inductive power transfer, near-field analysis, magnetic 

coupling, wireless power transfer design. 
 

I. INTRODUCTION 
The principle of wireless power transfer (WPT) was 

introduced a century ago by N. Tesla [1]. He suggested 

that electric energy can be delivered through free space 

efficiently when the resonance frequency is well-tuned 

between the transmitting (Tx) and receiving (Rx) coil by 

the compensating capacitors, and modern inductively-

coupled WPT systems are based on his practical model 

[2]. As the demands of mobile devices and electric 

vehicles (EVs) increase, the WPT system is broadly 

adopted for charging their batteries simply and safely [3-

6]. WPT methods are classified into a non-radiative (also 

known as near-field) and radiative (also known as far-

field or microwave) application. In general, the non-

radiative WPT system employs the resonant coupling 

phenomenon between the transmitter and receiver, and it 

also categorized into an inductively and capacitively-

coupled method [3, 7]. The capacitively-coupled WPT  

is used for the biomedical device and EV charging 

apparatus [8, 9]. However, the inductively-coupled 

method is widely used for the high power and the power 

transfer applications in the range from millimeters to a 

few meters [10, 11]. In this paper, WPT is used to refer 

to inductively-coupled WPT. 

For the optimized design of the WPT device, it is 

essential to analyze both electromagnetic phenomena 

(i.e., magnetic field and coupling between the coils) and 

electrical components (i.e., inductance and transferred 

power) prior to the practical implementation. FEKO is 

the electromagnetic field solver [12], and it is mainly 

employed for analyzing radio frequency components, 

antennas and radiations [13-15]. The previous research 

presented that FEKO is employed to examine the  

power transfer efficiency of the near-field WPT system 

in different material between the antennas [16]. The 

application of FEKO was introduced for analyzing 

scattering parameter (S-parameter), input impedance and 

wire structure in the range of frequency of 10-11.5 MHz 

[17], however, the magnetic coupling study was not 

presented. In addition, the numerical value of the 

magnetic field between Tx and Rx of the WPT system 

were examined over the variation of transfer distance 

[18, 19]. However, it did not cover the application for  

the design or analysis of WPT performance, and the 

simulation tool was utilized for the partial inspection of 

WPT performance. This paper aims to introduce the 

comprehensive implementation process of the 20 kHz 

WPT system using FEKO. The various frequency ranges 
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such as 140 kHz, 85kHz, and 20 kHz have been adopted 

in different regions based on the frequency allocation 

[20-23]. For reducing the high-frequency loss and the 

emission of the electromagnetic field, this study 

conducted in the frequency of 20 kHz. 

A WPT system is mainly composed of the high-

frequency (HF) source, Tx and Rx coils, and load unit, as 

shown in Fig. 1. In the practical WPT device, the HF 

source is generated by a switching device such as a half 

or full-bridge inverter, and the load unit has a rectifying 

device to obtain DC power from the transferred HF 

source. For accurate analysis of the switching process in 

the DC/AC or AC/DC circuit, specialized simulation 

tools are required. However, the HF source and load unit 

in FEKO can be described on the wire ports, and the 

inductive coupling behavior in the transferring part can 

be simulated in the numerical simulation software. 

Furthermore, the self and mutual inductance of the WPT 

coils can be extracted from the results of the S-parameter, 

and the transferred power in different load and air-gap 

are predictable. Accordingly, FEKO provides precise 

analysis for the formation and distribution of magnetic 

coupling between the coils. Also, it provides the electrical 

parameters of the simplified WPT circuit in the wire 

ports, as shown in Fig. 1. 

 

 
 

Fig. 1. Inductively-coupled WPT system. 

 

In Section II, it is presented how the self and mutual 

inductance of the Tx and Rx coil are identified. Sections 

III and IV explain the compensating topologies for 

tuning the resonance frequency, then, the strength of the 

magnetic coupling over the various airgaps is explored 

at the resonance frequency of 20 kHz. Consequently,  

the practical measurements to examine the transferred 

power, output voltage and other electrical parameters of 

the WPT prototype are conducted, and the results are 

compared with the FEKO results in Section V. 

 

II. SELF AND MUTUAL INDUCTANCE OF 

COILS 
The traditional transformer can be described as  

a two-port network, as indicated in Fig. 2, and the 

impedance parameter (Z-parameter) in the network is 

convertible to the S-parameter [24]. Therefore, the self-

inductance ( 𝐿1  and 𝐿2 ) and mutual-inductance, 𝑀12 , 

constructed in the simulation tool can be inferred from 

the S-parameters. When the voltage source 𝑉𝑖𝑛 with the 

resistance 𝑅𝑜 excites the two-port networks in the Tx, the 

impedance matrix is expressed in (1), and the self and 

mutual impedance of coils are determined through (2) 

and (3): 

[
𝑉𝑖𝑛

0
] = [

𝑅𝑜 + 𝑗 𝜔𝐿1 𝑗 𝜔𝑀12

𝑗 𝜔𝑀12 𝑅𝐿 + 𝑗 𝜔𝐿2
] [

𝐼1

𝐼2
] 

  = [
𝑅𝑜 + 𝑍11 𝑍12

𝑍21 𝑅𝐿 + 𝑍22
]  [

𝐼1

𝐼2
] , (1) 

 𝑍11 = 𝑍22 =
(𝑅𝑜+𝑆11𝑅𝑜)(1−𝑆22)+𝑆12𝑆21𝑅𝑜

(1−𝑆11)(1−𝑆22)−𝑆12𝑆21
 , (2) 

 𝑍12 = 𝑍21 =
2𝑆21(𝑅𝑜𝑅𝐿)1/2 

(1−𝑆11)(1−𝑆22)−𝑆12𝑆21
 . (3) 

 

 
 

Fig. 2. Traditional transformer model. 

 

 
 

Fig. 3. WPT system model for calculating the self and 

mutual inductance of coils. 

 

Table 1: Property of the practical coils 

Property Value 

Inner Diameter of Tx 

and Rx 
210 mm 

Outer Diameter of Tx 

and Rx 
400 mm 

Number of Turns 30 

Type of Wire 
Litz-wire 1,650 filaments 

(0.05 mm diameter) 

Radius of Wire 1.5 mm 

Parasitic Resistance 

of Wire 
5.962 Ω/km up to 850 kHz 

Medium of Space Air 
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The planar spiral coil was built to economize the 

space, as shown in Fig. 3, and the properties of the 

practical coil are presented in Table 1. The loss caused 

by the skin effect at 20 kHz was ignored in this study. 

However, the actual coil was built with 1,650 stranded 

filaments Litz-wire to secure the versatility for the higher 

frequency systems. Besides, the WPT system at low 

frequency can be free from the skin effect. However, the 

system needs more turns of coils to produce enough 

magnetic field, and the transferring distance can be 

decreased at the low frequency because of the low value 

of the quality factor. For example, the WPT system at the 

utility frequency of 60 Hz was introduced and The 

application implemented with the coil of 450 turns [25]. 

The simulations to obtain the S-parameters were 

conducted in the different transfer distance (10, 55, 100, 

150, and 200 mm) over the frequency range from 15 kHz 

to 25 kHz as shown in Fig. 4. The source 𝑅𝑜 and load 

resistance 𝑅𝐿  are set 50 Ω, respectively, during the 

simulations. The value of self-inductance 𝐿1  and 𝐿2  

is constant regardless of the air-gap, and the mutual-

inductance 𝑀12  and the coupling coefficient 𝑘12  are 

correctly calculated based on (4) and (5). The coils in the 

simulation were constructed by the copper wire. It was 

also found that the inductance values present repetitively 

in the various frequency range, 

 𝐿1 =
|𝑍11|

𝜔
 , 𝐿2 =

|𝑍22|

𝜔
 , (4) 

 𝑀12 =
|𝑍12|

𝜔
, 𝑘12 =

𝑀12

√𝐿1𝐿2
 . (5) 

 

 
  (a) 

 
  (b) 

 

Fig. 4. Example of S-parameter result at 100 mm air gap: 

(a) absolute and (b) phase angle. 

Table 2: S-parameter at 20 kHz 

Air-

Gap 

[mm] 

𝑺𝟏𝟏 at 20 kHz 𝑺𝟐𝟏 at 20 kHz 

Magnitude 
Phase 

Angle 
Magnitude 

Phase 

Angle 

10 0.6038 114.71° 0.7929 24.94° 

55 0.8719 103.08° 0.4831 13.25° 

100 0.9503 99.36° 0.3013 9.52° 

150 0.9793 97.94° 0.1870 8.09° 

200 0.9896 97.42° 0.1214 7.58° 

 

This work considered the implantation of the WPT 

system for the charging device at the frequency of 20 kHz. 

Hence, the magnitude and phase angle of S-parameter at 

the frequency of 20 kHz are shown in Table 2. To verify 

the accuracy of the FEKO results, the actual inductance 

value of the built coil was measured by frequency 

response analyzer (FRA, DOBLE M5300). For reference, 

the passive electrical parameters; resistance (R), 

inductance (L) and capacitance (C), in the network can 

be precisely measured at the various range of frequency 

up to 2 MHz [26]. 

The results from the computational calculation in 

Table 3 are comparable to the experimental value, and 

the percentage difference of the self-inductance (%Δ𝐿1 

and % Δ𝐿2 ) and the coupling coefficient (% Δ𝑀12  or 

%Δ𝑘12) is under 0.17% and 3.59%, respectively. Besides, 

the FEKO result indicated the resistance value of the 

copper coil by 0.143 Ω whereas the actual value of the 

parasitic resistance of 𝐿1 and 𝐿2 are 0.49 Ω and 0.48 Ω 

at 20 kHz, respectively.  

 

III. COMPENSATION FOR RESONANCE 
For tuning the resonance frequency in the Tx and Rx 

coil, the compensating capacitor can be implemented in 

mainly four topologies: series-series (SS), series-parallel 

(SP), parallel-series (PS), and parallel-parallel (PP) as 

shown in Fig. 5. As the SS topology as illustrated in  

Fig. 5 (a) is simple, and the value of the compensating 

capacitor 𝐶1 at the Tx coil is not a function of the air gap 

and the load impedance, many devices use this WPT 

system for wireless charging applications [27-29].  

However, the transfer efficiency of the SS topology 

decreases significantly when the transfer distance varies 

[18], and the voltage-source-type SS system can damage 

the power supply when the Tx does not have a coupling 

with the Rx unit [30]. Also, the transfer efficiency can  

be reduced significantly when the two coils are coupled 

at the nearer distance than the critical distance. It is  

defined as a frequency bifurcation [31]. To avoid this 

phenomenon, it might be necessary to adjust the 

switching frequency, value of compensating capacitance 

or load resistance [32]. SP, PS, and PP topologies are 

illustrated in Figs. (b), (c), and (d). They require the 

precise technique for tuning the resonance frequency 

[33]. 
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Table 3: Comparison of inductance value between FEKO results and practical measurements 

Air 

Gap  

[mm] 

Parameters Extracted by 

FEKO 
Practical Measurement and Accuracy 

𝑳𝟏, 𝑳𝟐 

[μH] 

𝑴𝟏𝟐 

[μH] 
𝒌𝟏𝟐 

𝑳𝟏 

[μH] 
%Δ𝑳𝟏 

𝑳𝟐 

 [μH] 
%Δ𝑳𝟐 

𝑴𝟏𝟐 

 [μH] 
𝒌𝟏𝟐 

% Δ𝑴𝟏𝟐 

or %Δ𝒌𝟏𝟐 

10 351.7 308.5 0.877 352.2 -0.14% 351.1 0.17% 311.4 0.885 -0.91% 

55 351.7 175.0 0.498 352.2 -0.14% 351.1 0.17% 175.7 0.500 -0.40% 

100 351.7 107.7 0.306 352.2 -0.14% 351.1 0.17% 111.6 0.317 -3.59% 

150 351.7 66.6 0.189 352.2 -0.14% 351.1 0.17% 64.9 0.184 2.65% 

200 351.7 43.2 0.123 352.2 -0.14% 351.1 0.17% 41.9 0.119 3.25% 

The performance degradation due to the frequency 

bifurcation in these topologies should also be considered. 

For supplying a sinusoidal HF voltage into the WPT 

resonant circuit, additional series inductor is required for 

the Tx side in PS and PP system to filter the harmonics 

from the square waveform generated by the switching 

device [34], and the SS and SP topologies are more 

suitable for the high power WPT applications [35].  

 

 
(a)  (b) 

 
(c)   (d) 

 

Fig. 5. Compensating topologies based on 𝐶1 location: 

(a) series-series (SS), (b) series-parallel (SP), (c) parallel-

series (PS), and (d) parallel-parallel (PP).  

 

The input voltage 𝑉𝑖𝑛 across the Tx terminals of the 

SS and SP topology, as shown in Figs. 5 (a) and (b) is 

described as in the following equations: 

  𝑉𝑖𝑛,𝑠𝑠 = 𝑍𝑖𝑛,𝑠𝑠𝐼1 = (𝑗𝑋1 +
𝜔2𝑀12

2

𝑅𝐿+𝑟1+𝑗𝑋2
) 𝐼1 , (6) 

 𝑉𝑖𝑛,𝑠𝑝 = 𝑍𝑖𝑛,𝑠𝑝𝐼1 = ( 𝑗𝑋1 +
𝜔2𝑀12

2

𝑗 𝜔𝐿2+𝑟2+
𝑅𝐿

1+𝑗 𝜔𝐶2𝑅𝐿

) 𝐼1 . (7) 

Where 𝑋1 = 𝜔𝐿1 − (1/𝜔𝐶1) , 𝑋2 = 𝜔𝐿2 − (1/𝜔𝐶2) , 

and 𝑅𝐿  is the load resistance. 𝑟1 and 𝑟2are the parasitic 

resistance at Tx and Rx, respectively. As this prototype 

aims to achieve maximum power efficiency, it is 

assumed that the source impedance is zero [36, 37]. 

In (6) and (7), the equivalent input impedances  

are 𝜔2𝑀12
2 /𝑅𝐿  and 𝑀12

2 𝑅𝐿/𝐿2
2 , respectively, when the 

reactive components are eliminated by 𝐶1  and 𝐶2 , and 

the parasitic resistance is ignored. If the resonance 

frequency is determined as follows: 

 𝑓𝑜 =
1

2𝜋√𝐿2𝐶2
 . (8) 

The compensating capacitor 𝐶1  in the SS and SP 

system, respectively, is as follows: 

 𝐶2,𝑠𝑝 =
1

(2𝜋𝑓𝑜)2𝐿2
 , (9) 

 𝐶1,𝑠𝑝 =
1

(2𝜋𝑓𝑜)2(𝐿1−𝑀12
2 /𝐿2) 

 . (10) 

It is clarified that the elimination of the imaginary 

part of the input impedance in the SS topology is not 

affected by the variation of mutual inductance 𝑀12  or 

load resistance 𝑅𝐿. On the other hand, the value of the 

compensating capacitor 𝐶1,𝑠𝑝  at the Tx side must be 

correctly selected due to the variation of 𝑀12  which 

represents the amount of the air gap between the coils. 

Also, the compensating topology should be selected 

with the consideration of the load resistance value. If the 

load resistance 𝑅𝐿  is smaller than the characteristic 

impedance at Rx, SS compensating system is beneficial 

because the input impedance (𝜔2𝑀12
2 /𝑅𝐿)  at the 

resonance frequency is inversely proportional to load 

resistance. It means that the WPT system can deliver 

much power to the input impedance, including the load 

resistance. The characteristic impedance 𝑍𝑜 is determined 

in (11), and 𝑍𝑜  of the prototype is about 44 Ω at the 

frequency of 20 kHz, 

  𝑍𝑜 = √𝐿2/𝐶2 . (11) 

Besides, if the load resistance 𝑅𝐿 is higher than the 

characteristic impedance 𝑍𝑜, SP topology is superior to 

the SS system. Hence, SS and SP system should not be 

compared with the identical value of the load resistance. 

In this study, the near-field analysis in SP compensating 

topology is conducted in this work.  

 

IV. MAGNETIC COUPLING AND FIELD 

DISTRIBUTION IN NEAR-FIELD 
In the previous Sections II and III, the required 

electrical parameters: 𝐿1 , 𝐿2  and 𝑀12 , were obtained 

precisely, then the value of the compensating capacitor 

𝐶1 and 𝐶2 at the Tx and Rx side can be calculated based 

on (9) and (10). 

When the Tx and Rx coil are loosely coupled in the 

magnetic field at the resonance frequency, the electric 

energy transfers efficiently through free space [7]. For 
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tuning the resonance frequency of 20 kHz in the 

simulation models, the compensating capacitor 𝐶2 at the 

Rx side was selected as 180 nF at the self-inductance 

value of 351 μH on 𝐿2 at the frequency of 20 kHz. 

The compensating capacitor 𝐶1 for the SP topology 

should be employed from (10) with respect to the air gap 

as the mutual inductance 𝑀12  varies over the transfer 

distance. The value of the compensating capacitor is 

independent of the load resistance in the SP system. 

However, the low load resistance and near airgap can 

cause a frequency bifurcation and efficiency reduction 

[31]. The compensating capacitors at both Tx and Rx side 

were implemented on the wire port and the AC voltage 

of 10 V𝑝𝑒𝑎𝑘  at 20 kHz was supplied into the Tx unit 

during the simulation. As mentioned earlier, the process 

of the high-frequency switching is not assessable in 

FEKO, however, the peak magnitude of the voltage input 

𝑉𝑖𝑛 to the Tx unit can be extracted by the Fourier series 

analysis in (12): 

  𝑉𝑖𝑛 = 𝑉𝑑𝑐  
4

𝜋
∑

sin{(2𝑛−1)𝜔𝑡)

(2𝑛−1)

∞
𝑘=1  [V] . (12) 

The input voltage 𝑉𝑖𝑛 is generated in the shape of a 

square waveform by the DC to AC inverter across the 

terminal of the Tx coil. Hence, the sinusoidal waveform 

of the input voltage; also, it represents the first harmonic 

of the square waveform, where 𝑉𝑑𝑐 is the magnitude of 

the square waveform, and 𝑛 is the number of harmonics. 

In the experiments, the square wave voltage of 7.9 V is 

to be injected into the Tx unit, the AC voltage of 10 V is 

applied for the FEKO simulation based on (12). 

Furthermore, the equivalent load resistance 𝑅𝑒𝑞 can 

be determined through (13) when the full-bridge rectifier 

is utilized between the Rx unit and the road resistance 𝑅𝐿 

[38], 

   𝑅𝑒𝑞 =
8

𝜋2 𝑅𝐿 [Ω]. (13) 

In the FEKO analysis, the equivalent resistance 𝑅𝑒𝑞 

was set as 97 Ω at the AC output terminals of Rx unit. It 

states that the actual load resistance across the DC output 

terminal is about 120 Ω. The induced magnetic field in 

the Rx coil by Tx coil, strength and distribution of the 

magnetic field are illustrated in Fig. 7. The simulation 

results confirm that the efficiency of the WPT system 

declines when the air gap is over the limit of magnetic 

coupling range discovered by the simulation result. For 

reference, this electromagnetic analysis of FEKO was 

conducted by the student edition.  

The level of the magnetic field at both Tx and Rx  

coil indicates about 40 A/m and 100 A/m at the 10 mm 

and 55 mm air gap, respectively as shown in Figs. 7 (a) 

and (b). At the distance of 100 mm, the amplitude of 

magnetic field in the Tx coil is higher than in the Rx coil, 

but Rx coil has the similar amount of the magnetic field 

in Tx coil as shown in Fig. 7 (c). The highest level of the 

500 A/m magnetic field is recorded at the 150 mm airgap 

though the Rx coil has the induced magnetic field of 250 

A/m as shown in Fig. 7 (d). 

 

 
     (a) 

 
(b) 

 

Fig. 6. Transferring power and magnetic field 

distribution in SP topology at 55 mm: (a) Supplied power 

and transferred power across the load, and (b) magnetic 

coupling at the frequency of 16 kHz. 

 

It is verified that the low magnetic field is formed 

between the Tx and Rx coil at the near gap at the 

frequency of 20 kHz; hence, low power is delivered from 

the Tx unit to the Rx unit. It is caused by the phenomena 

of frequency bifurcation, which occurs when two coils 

are coupled in the over-coupled region. The FEKO 

simulation can also clarify the frequency bifurcation. For 

instance, at the distance of 55 mm, the transferring power 

is only 2.05 W at 20 kHz, however, at the frequency of 

16 kHz and 25 kHz, the power of 3.82 W and 3.70 W is 

delivered to the Rx unit, respectively as illustrated in Fig 

6 (a). Also, the higher magnetic field of 140 A/m at the 

frequency of 16 kHz than at 20 kHz frequency is formed 

as shown in Fig. 6 (b) and Fig. 7 (b). To achieve the 

improved performance of the WPT system at the near 

distance, it is required to shift the switching frequency or 

utilize the different value of the compensating capacitor 

for avoiding the frequency bifurcation. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Fig. 7. Magnetic coupling and field distribution in SP topology over the different airgap (𝐶2 =180 nF) at 20 kHz: (a) 

10 mm, 𝐶1 =779 nF, (b) 55mm, 𝐶1 =240 nF, (c) 100 mm, 𝐶1 =200 nF, and (d) 150 mm, 𝐶1 =187 nF. 
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V. POWER TRANSFERRED AND 

PRACTICAL VERIFICATION 
For the verification of the simulation results, the 

transferred power and the related parameters were 

measured in the SP model at the air gap of 100 mm, as 

shown in Fig. 8 (a). The WPT model at the distance of 

100 mm was selected as the magnetic coupling between 

the coils is well maintained, and the frequency 

bifurcation is not found at the distance. The full-bridge 

with gate driver (PWD 13F60, STMicroelectronics) was 

implemented, and the gate signals with the duty cycle of 

50% at the 20 kHz frequency were given to the switching 

device from the micro-controller (Analog discovery 2, 

Digilent), as shown in Fig. 8 (b). 

 

 
(a) 

 

(b) 

 

Fig. 8. Experimental measurement set-up: (a) Tx and Rx 

coils with compensating capacitors, and (b) full-bridge 

switching device and pulse (gate) signals. 

 

In the practical experiment, the low voltage of  

10 𝑉peak  was supplied into the circuit due to the 

considerations of high voltage resonance oscillation and 

electromagnetic interference. As a DC power supply and 

HF switching devices could not be configured in the 

simulation tool, the overall efficiency 𝜂𝑜  between the 

DC power supply and the load resistance was not 

evaluated. However, the transferring efficiency 𝜂𝑇 from 

the Tx unit to the load resistance was correctly identified.  

The distribution of the electric and magnetic field 

between two coils with the wire ports in the SP system 

at 100 mm air gap is illustrated, and it represents that  

the electric and magnetic fields at the middle of the coil 

are about 400 V/m and 200 A/m, respectively. At the 

vicinity of the coils, the values are under 200 V/m and 

70 A/m, respectively, as shown in Figs. 9 (a) and (b). 

Therefore, the level of the electromagnetic field can be 

estimated for the safety clarification in the near-field  

area based on the guidelines; IEEE C95.1-2014 or 

International Commission on Non-Ionizing Radiation 

Protection [39]. 

 

 
(a) 

 
(b) 

 

Fig. 9. FEKO results of the near-field in the SP system 

at 100 mm air gap at the frequency of 20 kHz: (a) electric 

field and (b) magnetic field. 
 

The electrical parameters in the WPT model; 

𝑉in,  𝑉out, 𝑍in, 𝜃, 𝐼in, 𝐼out, 𝑃in, and 𝑃out , can also be 

determined in the different frequency range, as shown in 

Fig. 10. When the peak voltage of 10 V is supplied into 

the Tx unit, the output voltage of 32.1 V is produced 

across of the load terminal at the frequency of 20 kHz, 

and the input and output peak current is recorded as 

1.170 A and 0.331 A, respectively, in peak value as 

shown in Figs. 10 (a) and (b).  
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       (a) 

 
     (b) 

 
      (c) 

 
      (d)

 

Fig. 10. FEKO results of electrical parameters of SP WPT system at 100 mm: (a) in/output voltage, (b) in/output 

current, (c) input impedance, and (d) in/output power. 

 

Table 4: Comparison of the FEKO results and the experiment measurement in the SP WPT model at the 100 mm airgap 

Parameters FEKO 
Experimental 

Measurement 

Δ 

Difference 
%Δ 

𝑉𝑑𝑐 (DC voltage) n/a 8.7 V n/a n/a 

𝐼𝑑𝑐  (DC current) n/a 0.72 A n/a n/a 

𝑃𝑑𝑐_𝑖𝑛 (DC power) n/a 6.264 W n/a n/a 

𝑃𝑖𝑛  (Input AC Power) 5.43 W 5.897 W -0.467 W -8.600% 

𝑉𝑖𝑛 (Input AC voltage) 

n/a 

10.00 Vpeak 

7.071 VRMS 

7.900 Vpeak [square wave] 

10.06 Vpeak [1st harmonic] 

7.113 VRMS 

n/a 

n/a 

-0.042 VRMS 

n/a 

n/a 

-0.594% 

𝐼𝑖𝑛 (AC in Tx) 
1.170 Apeak 

0.827 ARMS 

n/a 

0.829 ARMS 

n/a 

-0.002 ARMS 

n/a 

-0.242% 

𝑍𝑖𝑛 (Input impedance) 9.119 Ω 8.580 Ω  0.539 Ω 5.911% 

Θ (Phase angle of 𝑍𝑖𝑛) 2.06° 3.54° -1.480° n/a  

𝑉𝑜𝑢𝑡 (Voltage across load) 
32.10 Vpeak 

22.698 VRMS 

n/a 

22.543 VRMS 

n/a 

0.155 VRMS 

n/a 

0.683% 

𝐼𝑜𝑢𝑡  (Current through load) 
0.331 Apeak 

0.234 ARMS 

n/a 

0.250 ARMS [Calculated] 

n/a 

-0.016 ARMS 

 

-6.834% 

𝑃𝑜𝑢𝑡  (Output power on Rx) 5.31 W 5.642 W -0.332 W -6.252% 

𝜂𝑇 (Transfer efficiency) 97.790% 95.676% 2.114% 2.162% 

𝑃𝑑𝑐_𝑜𝑢𝑡 (Output power on DC 

Load) 
n/a 4.752 W n/a n/a 

𝜂𝑜 (DC to DC, Overall 

efficiency) 
n/a 75.862% n/a n/a 
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(a) 

 
(b) 

 

Fig. 11. Practical measurement of SP system at 55 mm air 

gap: (a) Input power and (b) output power. 

 

The source resistance 𝑅𝑜 was set as 0 Ω, and the 

load resistance of 97 Ω was implemented in the wire 

ports in FEKO analysis. As the compensating capacitors 

𝐶1  and 𝐶2  were correctly utilized, the phase angle of  

the input impedance 𝑍𝑖𝑛,𝑠𝑝 in (7) was 2.06°; it presents 

almost zero degrees, as indicated in Fig. 10 (c). 

Furthermore, the transferred power between the 

coils was calculated and, the maximum value of the  

5.31 W power was delivered at the 20 kHz frequency,  

as presented in Fig. 10 (d). The actual values of the 

parameters: 𝑉𝑖𝑛, 𝐼𝑖𝑛, 𝑉𝑜𝑢𝑡, 𝐼𝑜𝑢𝑡 , and the phase angle in the 

prototype were measured by the oscilloscope (Agilent 

Technologies: MSO-X 2012A) and the current probe: 

Tektronix A622) as shown in Fig. 11. The results of the 

comparison between the simulation result and practical 

measurements of the WPT model are presented in Table 

4. Besides, the input impedance 𝑍𝑖𝑛 of the experimental 

measurement in Table 4 was calculated based on the 

voltage and current reading on the oscilloscope. 

It was observed that the percentage error of the input 

parameters (input voltage 𝑉𝑖𝑛, current 𝐼𝑖𝑛 and impedance 

𝑍𝑖𝑛) is under 6%. The deviation value in the phase angle 

θ of the input impedance 𝑍𝑖𝑛, is only 1.48°. The input 

and output power ( 𝑃𝑖𝑛  and 𝑃𝑜𝑢𝑡 ) in the practical 

measurement indicates the percentage error of -8.60% 

and -6.252%, respectively. The value of transfer efficiency 

𝜂𝑇 is recorded as 95.676%, and it is comparable to the 

FEKO result of 97.790%. 

This practical measurement was conducted with the 

implementation of DC to HF AC inverter on the Tx  

unit and HF AC to DC rectifier. Therefore, the square 

waveform was indicated at the Tx unit, and the distorted 

waveforms of output voltage and current were recorded 

at the across of the load resistance due to the full-bridge 

rectifier. It is clarified that the zero-phase switching in 

the HF inverter was achieved as the phase difference 

between the voltage and current at both ends is almost 

zero, as shown in Figs. 11 (a) and (b).  

For reference, the overall efficiency or DC to DC 

efficiency 𝜂𝑇 of 75.862% is presented in the prototype 

due to the heat loss on the switching devices, the full-

bridge rectifier, the ohmic loss in the cooper winding, 

etc. Consequently, the computational electromagnetic 

field analysis provides acceptable results for the design 

of the WPT systems. The formation and distribution of 

electromagnetic coupling between the coils, self and 

mutual inductance, output voltage, the rate of transferred 

power can be identified prior to the practical WPT 

implementations. 

 

VI. CONCLUSION 
The performance of the inductively-coupled WPT 

system is sensitive to the structure of the Tx and Rx  

coil, and the variation of the air gap. In this work, the 

characteristic of the electromagnetic field and the 

electrical parameters of the WPT system were correctly 

identified through the computational analysis and 

practical experiment. To demonstrate the WPT system, 

the Tx and Rx coil in the radius of 200 mm were 

implemented, and the S-parameter results accurately 

extracted the self and mutual inductance of the coils. 

Then, the characteristic of magnetic coupling between 

the two coils in the SP compensating WPT system at the 

resonance frequency of 20 kHz was observed by the 

near-field analysis. Also, it was found that the prototype 

of the SP system efficiently delivers electric energy 

when the air gap is under 100 mm. The electrical 

parameters (i.e., 𝑉in, 𝐼in, 𝑃in, 𝑍in, 𝑉out, 𝐼out, and 𝑃out) of 

the WPT system examined by the simulation tool are 

comparable to the experimental measurements of the 

prototype. Therefore, this study clarified that the use  

of FEKO facilitates the comprehensive and accurate 

analysis of the electromagnetic and electrical behavior of 

near-field WPT system. 
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