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Abstract 

In this paper, a high frequency contactless power transfer (CPT) system is designed with ∅2 inverter drive. This system 

works in 30MHz frequency and 380W power with low voltage stress and considers the inductive link parasitic capacitor 

effect. In the design, we formulated the inverter equations first and then suggested another design for the transmitter and the 

receiver coils as the energy transfer medium. Following the inverter equations, structures of proper coil are designed for a 

CPT system. The results of the coil and ∅2 inverter designs are implemented as a bipolar circuit model which is equal to 

considering the inductive link parasitic capacitors. The system characteristics such as the stress, efficiency, mutual induction, 

field scattering, magnetic field distribution and the parameters’ variations are evaluated along with analysis. The results 

demonstrate that the presented CPT system has high efficiency, low switching voltage stress, small passive energy storage 

elements and fast dynamic response.  

Keywords: Contactless Power Transfer, High Frequency Inverters, ZVS, ZVDS, ∅2 Inverter Class.  

 

1. Introduction 

Contactless power transfer is a young and growing 

technology which transfers the energy from a primary side 

to a secondary one needless of a wire in which the electro-

magnetic coupling is a method [1]. This method of wireless 

energy transmission is highly appropriate for places where 

the wire corrosion and the humidity exist. This method is 

also applicable in underwater. Contactless energy 

transmission has functional merits for static and dynamic 

loads like the robots and the electronic vehicles [2, 3]. This 

method can be regarded as an effective method for charging 

the transportable electronic devices such as mobiles, tablets 

and laptops [4-6] in which the CPT systems utilize the 

resonance inverters in both the primary and the secondary 

sides in order to reach the maximum efficiency [7]. This 

issue has caused some troubles in the design and the 

construction of such circuits from the sight of the switching 

frequency and the out-put power. In other words, an inverter 

is limited in the mentioned areas: such as the gate supply, the 

output capacitor and the turn-on resistance which have 

significant effects on the out-put power and the efficiency. 

Even some troubles for PCB designing, passive components 

selection, measurement and evaluation analysis will also be 

developed. 

Research in CPT systems covers an extended number of 

subjects such as circuit topologies, magnetic and coil 

designs, control and efficiency and system optimization 

methods. However, one serious problem that often exists in 
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most of high power CPT systems is the large passive energy 

storage elements due to applications in low frequencies, the 

voltage stress on the semi-conductor drivers and the 

magnetic cores. In addition, because of working in lower 

frequencies, the quality factor of the circuit must be selected 

as large which leads to increase the coils’ sizes and also 

causes to increase the resistance and the Ohmic losses in the 

CPT system. A key solution to solve these problems is to 

increase the CPT system working frequencies from the range 

of KHz to MHz which leads to eliminate the ferrite core that 

leads to decrease the cores’ magnetic losses. The resonance 

topologies with higher switching frequencies are often 

selected to decrease the switching losses. One structure that 

has recently earned some recognition is the E-Class inverter. 

The E class inverter is able to perform in higher than 1 MHz 

frequencies. Considering its operation in ZVS and ZVDS 

conditions, it is able to operate higher power in a specific 

voltage. It also benefits from a simpler circuit structure. The 

functionality of the E-Class inverter has successfully been 

confirmed in recent researches [8-10].  

In [11-13], it is shown that in E-Class inverter, the voltage 

stress load decreases by putting a resonant tank in series or 

in parallel with the load network. By adding a resonant tank 

to F-class and F-1-class inverters and combining with E-

class inverter, a combined inverter can be created named EFn 

or E/Fn in which “n” index represents the ratio of the 

resonance frequency against the switching frequency which 

is always an integer number larger or equal to 2. If the index 

“n” is even, the inverter is EFn and if odd the inverter is 

named as E/Fn. This added resonance network can act as a 

resonance tank connected in series or in parallel to the load 

network [12, 14-16]. As a result, the out-put power 

efficiency and the out-put power capacity are higher than the 

ones of E-class inverter in some cases and demonstrate lower 

voltage stresses regarding the added parallel resonance tank. 

The idea of combining E-Class and F-Class inverters was 

first presented in 2002. In this study, the frequency range, 

the voltage and the current wave forms were presented in 

assorted combinations of the resonance tank.  

In [14], the design equations are presented considering 

the frequency as the switching frequency and the duty cycle 

as 50%. Also in [12], the state space model is presented for 

EF inverter of Figure 1. The presented model contains the 

ZVS and ZVDS conditions in all duty cycles and all load 

quality factor of the added resonance tank. 

  

 

Fig. 1. The ∅2-Class Inverter 

The presented inverter in [13] is also named as ∅2-Class 

inverter. The difference in ∅2-Class inverter is in utilizing the 

finited input inductance value or L1 instead of an infinited 

inductance in EF inverter. The finite inductance of input 

choke is that the inductor becomes a part of the load network 

and makes the maximum switching frequency to increase, 

like E-class inverter which increases the input frequency 

from the factor 1 to the factor 4 with the finited input 

inductance [17]. 

The conducted analyses for ∅2 inverters are limited to the 

following assumptions: duty cycle is exactly 50% and the 

energy capacity or Q, added from the LC resonance network 

are high. This issue can practically complicate the 

implementation of the resonant LC grid with high Q and few 

MHz frequency, especially for power operations. This is 

because the equivalent series resistance of the inductor gets 

large and leads to increase the losses that can make the EF 

and E/F usages limited compared to E-class inverters. In 

these inverters, the magnetic cores’ utilizations must also be 

avoided since the saturation phenomenon leads to the loss 

increase. Therefore, a resonance LC network with low Q and 

small inductance must be regarded so as to utilize a single 

inductance of a multi-turn air core. ∅2-Class inverter 

increases the reflected impedance the secondary to the 

primary side in a CPT system, so the power flows in a lower 

current stress. 

In this paper considering the ∅2-Class inerter advantages 

including: the elimination of the second factor harmonic, 

decreasing the total THD, increasing the output power 

capability, magnetic core elimination and increasing the 

reflected resistance, this inverter is utilized as the electronic 

drive of the presented CPT system. The structure the CPT is 

presented in the frequency of 30 MHz, the power 380 W and 

high efficiency. This paper follows the following sections: 

In section II, the coil designs for the transmitter and 

receiver side will be presented and analyzed. In section III, 

a ∅2-Class inverter will be utilized in a CPT system 
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considering the resulted values in the presented design, and 

it will also be analyzed and classified. In section IV, 

considering the resulted values of the previous section, the 

presented system will be analyzed in the format of an 

equivalent circuit as a bi-polar with the parasitic capacitors 

of the transmitter and receiver coils. The effect of the 

frequency change, the distance and the loading will be 

investigated in this model and in the end the significant 

results will be concluded and presented in section V. 

2. The Flat Coil Design for the CPT System 

Considering the position and the location limitations in 

the CPT systems, the transmitter coils need to be prioritized 

for the designing process. Therefore, in the first step of 

designing a CPT system, the coil design will be developed. 

In the presented system the flat circular coil is utilized for 

the following reasons: (a) The low proximity, skin and DC 

losses, (b) The small value of the air gaps flux density.  

Two significant and determinative factors in the CPT 

system coils design are the quality and the coupling 

coefficients which play important roles in the efficiency as 

well. The bigger the quality factor, the stronger the coupling 

(the magnetic connection) of the coils. However, one should 

not always expect that with increasing the quality factor, the 

coupling coefficient increases as well especially in the coils 

different sizes. On the other hand, increasing the quality 

factor, leads to increase the coil’s size which subsequently 

ends up having larger Ohmic losses. The size and the 

geometry of the transmitter coils are significantly 

independent to k and Q indices. Three parameters of Ohmic 

resistance, inductance and the capacitance are often 

calculable so as to evaluate and design a high frequency flat 

coil which is applicable in the contactless power transfer 

systems. Generally, two design methods can be presented for 

the coils of the contactless power transfer systems. The first 

method is based on the coupling in which the coil is designed 

considering the voltages and currents of the coil and also the 

coupling coefficient. The second method is based on the coil 

geometry. In the presented system, in order to improve the 

coil operation in the air and accurate calculation of the 

parasitic capacitance around the coil, the second method is 

implemented. 

2.1. Extraction of the Flat Coil Design Equations 

As shown in Figure 2 a flat coil from the front view which 

is designed for the presented system in the frequency of 30 

MHz in which the physical parameters are defined in Table 

1. According to the presented definitions in Table 1, 

equation (1) can be extracted for this coil. 

Table. 1. The symbols characteristics utilized in the coil design 

Symbol Description Symbol Description 

RDC DC Resistance Do Outer diameter 

p 
Distance between 
each turns 

N Number of turns 

a Coil radius c Coil deep radius 

w Wire diameter L Wire length 

δ 
Conductivity 
coefficient 

Di 
Inner diameter of coil 
space 

μ0 Vacuum permeability R 
Ohmic resistance of 
coils 

f Frequency Rj Receiver radius  

M Mutual Inductance Ri Transmitter radius 

d 
Distance between 
coils 

k Coupling coefficient 

 

 

Fig. 2. The designed flat coil in the frequency of 30 MHz 
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According to the aforementioned equations, the values of 

the length, the outer diameter, the coil radius and the internal 

coil radius can be calculated for a more accurate evaluation 

of the flat coil. 

iD oD 
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2.1.1.The Inductance Calculation 

One of the most important values for evaluating the 

accurate functionality of a CPT system is the precise 

calculation of the inductance value of the transmitter and 

receiver coil. 

2 2

6

( ( ) ) 39.37
( )

16 28 ( ) 10
o

o

N D w p
L H

D N w p

 
 

 
 (2) 

In this equation, the values are in meters and the 

inductance is calculated in Henry. The above equation is not 

appropriate for the coils with low turning ratio or the coils in 

which the coil pitch is too larger than the wire diameter or if 

the ratio 0.2
c

a
  exists. 

2.1.2.Calculating the Capacitance Around the Flat Coil 

Since the formed parasitic capacitance in the proximity of 

a flat coil that is utilized in CPT systems in high frequencies 

has a significant numerical value, calculating this value has 

a great importance so as to determine the external 

capacitance added for the resonance. 

The formed capacitance in the coil proximity is a function 

of the conductor conductivity coefficient, the diameter of 

each turn of the coil, the total number of the turns and the 

coil pitch. By increasing the number of the turns, the value 

of the formed capacitance in the coil proximity increases 

significantly and non-linearly. The value of the proximity 

capacitance is often within PF scale and calculable from 

equation (3). 

2

1
( )

(2 )
C F

f L
  (3) 

In some applications the value of the coil proximity 

capacitance can be used instead of the added capacitance in 

the resonance tank. 

2.1.3.Resistance 

There are losses in two regions of a flat coil: the 

conduction losses and the losses of radiation losses. Since 

the wavelength is often much longer compared to the coil 

(almost 22 meters at 13 MHz frequency), the radiation losses 

are disregarded. The conduction loss is a function of the skin 

effect and the proximity, however, in the flat coil used in the 

presented CPT system, the factor that makes changes to the 

coil resistance value is the coil pitch “p”. This has a reverse 

relationship with the Ohmic value of the resistance because 

of the proximity effect and this effect is non-linear. The 

Ohmic value of the resistance can be calculated from the 

Kaiser’s high frequency model. 
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In which σ the Copper’s conductivity coefficient and 

equals 59.6 * 106. 

2.1.4.The Quality Factor 

Since the series resonance is utilized in the presented 

system, the quality factor can be defined as the equation (7). 

1 L
Q

R C
  (7) 

Using the extracted equations (2)-(6) defined in the 

previous sections and replacing them in equation (7), the 

quality factor of the flat coil is defined as the equation (8). 
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 (8) 

From which designing a coil with a high value of Q is 

possible and ensure resonance at the desired operating 

frequency. 

2.1.5.Coupling Coefficient and the Mutual Inductance 

The amount of the generated flux by the transmitter which 

passes through the receiver determines the coupling 

coefficient. In CPT systems, the coupling coefficient is used 

instead of the mutual induction for the simplicity. The 

coupling coefficient is a function of the geometric shape of 

the coil, the distance between coil, and the coils’ direction 

toward one another. Assuming the coil angles as zero, the 

mutual inductance of the transmitter and the receiver coils 

can be calculated from the equation (9). 
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In which the coupling coefficient is defined as follows 

[18-21]. 
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2.2. Review of the Flat Coil Design in the Presented System 

According to the previous sections, the design process of 

the flat coil can be explained as follows. Firstly, the 

maximum allowed size should be determined since the size 

of the receiver coil is of importance regarding the considered 

application. Then a size range must be defined for the 

transmitter coil. In the following, the maximum Q must be 

determined for the transmitter and the receiver and finally, 

an appropriate geometry (one of the different kinds of the 

flat coils like square, polygon and circular) must be regarded 

for the transmitter and the receiver in order to reach the best 

possible efficiency in the coil design. The design result of 

this section is as follows: 

 According to equation (9), one can come to conclude 

that the maximum coupling coefficient is reached for 

two same size coils; as a result, two same size coils 

are implemented so as to reach the maximum 

coupling coefficient in the presented system. 

 

Fig. 3. The designed flat coils for the frequency of 30 MHz 

 

 As stated in the previous section, the resistance value 

of the skin effect increases non-linearly. So for 

creating a small resistance, large values for Q must 

be utilized. Therefore, it is better for the designed 

coils to not get too compact. On the other hand, 

selecting a large value of the quality factor leads to 

increase the inductance and subsequently increases 

the length of the conductor and hence the Ohmic 

resistance. In the presented system, the large value of 

the quality factor is compensated by applying the 

frequency of 30 MHz, so the quality factor is selected 

as 12 so that ether the skin effect is decreased and the 

desired quality factor gets resulted. 

 When designing a flat coil, the calculation resonance 

frequency is of great significance. One appropriate 

solution to find the resonance frequency is the study 

of the coil impedance. The impedance variations that 

includes the resistance and the reactance changes, 

versus the frequency variations is illustrated in the 

Figure 4. Since this flat coil is a magnetic resonance, 

it is witnessed that a Lorentz shape reactance in the 

frequency band of 28 to 31 MHz is resulted which has 

already been expected. The reactance variation range 

is variable until 1000 Ohm, compatible to the resulted 

resonance frequency. 

 

Fig. 4. The Frequency-impedance variations 

 According the calculations in section III, the 

inductance value of the primary coil is derived as 7.4 

μH. According to this value, a flat circular coil (the 

flat circular coils have better flux density compared 

to the other types) is considered for the presented 

system which has the dimensions of outer diameter 
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D0=15 cm, inner diameter Di=5 cm, number of turns 

6.5 and the conductor diameter of 18 AWG. 

3. Design and Modelling of the CPT Transmitter and 

Receiver Circuits 

The current, in the primary coil of an inductive link has 

to be alternating in order to generate an alternating magnetic 

field to induce a voltage in the secondary coil. In this regard, 

a DC to AC inverter is needed. In order to present higher 

efficiencies, the inductive links need large amounts of 

energy because of the possibility of the changing distances. 

Only specific classes of switching inverters can fulfil such 

conditions. As expressed in section I, a ∅2-Class Inverter can 

operate in high frequencies. Considering the second 

harmony elimination in this inverter, it demonstrates a low 

voltage stress which has made it to operate in high levels of 

voltage and power. Considering the merits of this inverter, 

∅2-Class Inverter is used as a driver of the transmitter circuit. 

3.1. The Design of ∅2-Class Inverter in the Presented CPT 
System 

According to Figure 1, the circuit diagram of ∅2-Class 

Inverter, L2 and C2 are the inductance and the capacitor of 

the resonance tank respectively which are added to decrease 

the switching voltage stress. They are adjusted in twice the 

switching frequency. The output network inductor L3 and the 

capacitor C3 are adjusted. They are adjustable with the 

switching frequency so as to create ZVS and ZVDS 

conditions. C1 is the switch parallel capacitor, L1 is the finite 

input inductance. ∅2-Class Inverter is the improved form of 

E-class inverter. So the existing equations of designing E-

class inverters can also be utilized to design ∅2-Class 

inverter. Note that the equations 11-13 which are mentioned 

in [22] are used to calculate L1, L2 and C2. Since the second 

harmonic is the largest harmonic of the system, these values 

are designed in twice the value of the switching frequency 

so as to eliminate this harmonic and decrease the switch 

voltage stress. 

1 2 2

1

9 f

L
f C

  
(11) 

2 2 2

1

15 f

L
f C

  
(12) 

2

15

16
fC C  (13) 

In specific applications, ∅2-Class Inverter can be 

designed and utilized in “n” times the switching frequency 

in order to eliminate the third harmonic or higher [23]. As it 

is depicted in Figure 5, according to the developed designs 

for ∅2-Class Inverters, the switch voltage stress values of ∅2-

Class inverter compared to E-class inverter have decreased 

for as much as 1 KΩ and 200V respectively in the same 

amounts of the load. 

 

 
Fig. 5. The switching voltage stress of E-class inverter compared to 
∅2-class inverter 

 

Fig. 6. The current ILMR of ∅2-class inverter 

As it is observed in Figure 5, the stress voltage of ∅2 

switch inverter is almost 460V which has decreased as 17% 

compared to E-class inverter because of eliminating the 

second harmonic by the resonant tank which is parallel to the 

switch. This voltage decrease is equal to 90V. In the 

presented application, the decrease of the switch stress 

voltage leads to increase the output power capacity of ∅2-

Class inverter from 0.09 to 0.13 compared to E-class 

inverter. Regarding the capacity change, the duty cycle also 

has changed from 50% to 37%. Figure 6 illustrates and 

compares the duty cycles of ∅2-Class and E-class inverters 

in the same load values. 
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Fig. 7. The applied gate voltages of E-class and ∅2-Class inverters 

in 50% and 37% duty cycles 

Employing ∅2-Class inverter in CPT system has the 

following advantages: 

 Because of the low voltage stresses, inexpensive 

switches can be employed for the similar applications 

compared to E-class inverters. In high powers, this 

cost difference is more touchable and the semi-

conductors benefit from longer mechanical age. 

 The output power capacity, the maximum operation 

frequency and the efficiency of this inverter are 

higher compared to the similar topologies, E-Class 

and D-Cass inverters. Also, compared to these two 

classes, this inverter has higher input voltage which 

leads to ripple and input dc current decrease which 

subsequently the non-capacitive parasite effect of 

Mosfet decreases. 

 The optimum duty cycle in this class of inverter can 

be between 37% and 40% while in the similar system 

of E-class has the optimum value of 50%. 

 Because of operating in high frequencies and small 

quality factor of this system, air-core inductors are 

employed. Therefore, because of eliminating 

magnetic losses of the core, this inverter has higher 

efficiency compared to D-Class and E-Class 

inverters. 

3.2. The system of the Presented CPT with ∅2-Class Drive 

In the presented CPT system of Figure 8, ∅2-Class 

inverter is employed which has been designed in section 3.1 

as the driver of the transmitter circuit. The L3 value of 

inductance is going to be employed in two roles as the 

primary coil and the resonance inductor. As it was expressed 

in section 2.2, for flat coils, the maximum coupling 

coefficient happens for two same size coils, therefore, in the 

presented structure, the receiver coil is selected in same 

inductance value and geometry similar to the ones of L3. The 

capacitor Cs is designed and calculated, parallel to the 

secondary coil, considering the load value. 

Creating the resonance condition by capacitor Cs, the 

reactance of the secondary circuit can be eliminated through 

which some features will be followed: 

 Causes the reflected impedance to increase, i.e. the 

distance between the transmitter and the receiver gets 

decreased 

 The impedance of the secondary coil gets decreased 

and subsequently, the power loss decreases. 

 The circuit capability of power transmission 

increases compared to the non-resonant mode. 

The presented system of Figure 8 features the input 

voltage of 200V in 30 MHz frequency with the ability of 

providing output power of 380V to the load. 

  

 

Fig. 8. The presented CPT system 

The frequency range of the designed inverter in section 

3.1 is measured and illustrated in Figure 9 in which the 

resulted THD is equal to 3.95%. By re-measuring the THD 

value, this time in the receiver circuit of the CPT system 

presented in Figure 8, it is observed that the value of THD 

changes to 14.2% by changing the distance of the transmitter 

and the receiver to 5 cm. 

As it is observed in Figure 9, the second harmonic is 

eliminated which is the largest harmonic of the presented 

CPT. This elimination has led to decrease the voltage stress 

in an equal transmission distance compared to E-class 

inverter. 
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Fig. 9. The frequency range according to the harmonic hierarchy in 
the presented system 

4. The Equivalent Circuit of the Presented System and 

the Parasitic Capacitance 

In order to analyze the operation of the presented system 

of Figure 8 in various frequency and coupling coefficient 

values and also investigate the loading effect on the circuit 

operation and the reflected impedance, the equivalent circuit 

of the inductive link can be extracted, considering the 

resulted numerical design values of Table 2. This equivalent 

circuit of the inductive link includes the transmitter and 

receiver of the presented model along with the parasitic 

capacitance. Figure 10 shows the resulted equivalent circuit. 

The capacitors CT and CR contain the transmitter and 

receiver resonance capacitors, respectively. CST and CSR 

represent the parasitic capacitance of the transmitter and 

receiver circuits in the inductive link region and the total 

equivalent capacitance is equal to CRE=CSR+CR. 

RT
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CST

CT

RR

LR

CSR CR RLM.Vin .

Transmitter Receiver
 

Fig. 10. The SP model of the CPT system along with parasitic capacitance 

In order to evaluate the presented model, the efficiency 

needs to be calculated in the transmitter and receiver circuits. 

In this regard, by applying KVL in the transmitter and the 

receiver circuit, the equation (14) and (15) are resulted. 

( ) 0T
in LT T T R
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I
V I R j L j MI

j C
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I I
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     (15) 

Similarly, by applying KVL in the receiver circuit and 

after simplifications and insertion of CSR+CR=CRE, the 

equation (16) will be resulted. 

0
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After simplification of the receiver circuit impedance, it 

can be divided into two real and imaginary parts. 
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So the impedance of the transmitter circuit can be 

obtained from equation (19). 
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By replacing the equation (16) in equation (14), the 

reflected impedance can be obtained from equation (20). 
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(20) 

For further simplifications the real and imaginary parts of 

the reflected impedance can be separated. 
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 (22) 

Since the imaginary part of the reflected impedance is 

equal to zero because of the resonance, Xref=0, the real part 

of the reflected impedance should be regarded in the final 

equivalent circuit. The final equivalent circuit is extracted as 

Figure 11. 
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Fig. 11. The equivalent circuit of the CPT system along with the 
parasitic capacitance and reflected impedance. 

The imaginary part of the equivalent circuit is eliminated 

because of the resonance. Therefore, the values of CT and CR 

is resulted by resetting the imaginary part to zero. 
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The efficiency of the transmitter and the receiver is 

calculated as below: 

(%) 100 %rec
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T rec
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R R
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The total efficiency is resulted from multiplying the 

transmitter efficiency by the receiver one. As a result, since the 

transmitter efficiency is equal to the proportion of the receiver’s 

given power to the transmitter’s one, and the receiver’s 

efficiency is equal to the proportion of the load’s given power 

to the total power of the receiver, the total efficiency of the 

entire system is resulted from the equation (27). 
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4.1. The Results and Analysis of the Presented Model 

According to the fabricated model in the previous section, 

the results of this modelling is in the following subsections: 

4.1.1.The Effect of the Frequency on the Power and the 
Output Efficiency 

According to equation (27), the efficiency of the 

presented system is calculated in various operating 

frequencies. The results are illustrated in Figure 12. In this 

figure, the resonance capacitor which is suitable for the coils 

is calculated with regarding the parasitic capacitance of the 

inductive link in each stage in the distance of 5 centimetres. 

It is observed that within the range of 30 MHz frequency, the 

efficiency is fixed and equal to 95%. So this frequency can 

be regarded as appropriate operating frequency for this 

application which makes the passive elements of the system 

to shrink. 

 

Fig. 12. The efficiency versus the operating frequency 

Also by obtaining the value of IR from the equation (16) 

and calculating the load voltage, the given power to the load 

can be calculated from the equations 28 and 29 by applying 

KVL in the receiver circuit. 
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Fig. 13. The frequency variations versus the given power to the load 

According to diagram 13 it is observed that the given 

power to the load increases as the frequency increases until 

30 MHz which is the desired operating frequency. Then, as 

the frequency increases, the given power to the load 

decreases. As it is observed, the maximum power of 380W 

is reached for the presented system in the frequency of 30 

MHz. 

4.1.2.The Loading Effect and Distance Change on the 
Reflected Resistance 

Figure 14 shows the load change effect and the frequency 

on the reflected resistance in various resonance frequencies. 

It is observed that constantly, Xref=0 and Zref=Rref because of 

the resonance. The resistance seen from the primary side in 

the frequency of 30 MHz and in the load of 1.5 KΩ has the 

value of 20Ω which shows the appropriate operating point 

and the maximum reflected resistance. 

 

Fig. 14. The frequency and load influences on the reflected resistance 

The larger the primary side of the circuit sees the 

resistance of the secondary side, the larger efficiency is 

transferred.  According to diagram 14, it can be interpreted 

that the high frequencies are appropriate for large loads. In 

the presented model, since a parallel capacitor is used in the 

receiver circuit for the resonance creation, it is observed that 

by shortening the distance, the observed resistance by the 

primary side increases. One of the problems that leads to 

huge energy loss in long distances is the equivalent 

resistances of the transmitter and the receiver coils and the 

passive elements of the circuit which make the CPT systems 

limited. 

Table. 2. The Values Of ∅2-Class Parameters and Inductive Link at 30 
MHZ 

With considering maximum 
switching frequency 

With considering 
E-class inverter Parameters  

35.3 µH 625.4 nH L1 

1.18 µH 375.26nH L2 

5.95 pf 18.75 pf C2 

18.6 pf 16.04 pf C1 

9.33 pf 20 pf Cp 

4.87 pf 4 pf C3 

6.95 µH 7.4 µH Lp 

6.95 µH 7.4 µH Ls 

4.69 nf 13.5pf Cs 

100-1kΩ 100-1kΩ RL 

200-329 v 200 v Vin 

380 380 Po 

37.5% 37.5% Duty cycle 

2.33-3.86 µH 2.33-3.86 µH M 

0-5 cm 0-5 cm Distance 

One recommended method that is applicable for longer 

distances is the utilization of the parallel capacitor in the 

secondary side, because it leads to a decreased current and 

subsequently a decreased power loss in ESR (Equivalent 

Series Resistance) resistances. Therefore, it can be stated 

that if the load value is very smaller than the secondary 

reactance, it is better to use series capacitor in the receiver 

circuit. If the load value is significantly larger than the 

secondary reactance it is better to use the parallel resonance. 

Figure 15 shows the distance effect from 1 to 10 cm and 

the loading effect on the reflected resistance. It will be 

observed that in the load value of 1.5 KΩ the reflected 

resistance value is equal to 18Ω. So the appropriate load 

value for this application can be selected as 1.5 KΩ. By 

increasing the distance from 1 to 10 cm and decreasing the 

load from the amount of 1.5 KΩ, the observed resistance 

from the primary circuit has got less than 18Ω which 

decreases to 2 Ω in the distance of 10 cm from the reflected 

resistance. 
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Fig. 15. The influence of the Distance and the load value on the reflected 
resistance 

4.1.3.The Effect of Distance and Frequency Change on the 
Magnetic Connection of the Coils 

According to Figure 10, since the resulted equivalent 

circuit can also be modeled as a bi-polar (one port represents 

the input that is fed by the source and the other side 

represents the output which feeding the load), the power 

transmission scattering can be calculated by measuring the 

linear magnitude scattering parameters (|S21|). This is an 

important parameter for analysis a vector network at high 

frequencies. S21 is defined as follows: 

1

2
21 2 ( )load source

source load

V R
S

V R
  (30) 

The difference of using equation (30) and other similar 

parameters like Y parameters, Z parameters, H parameters, 

T parameters and ABCD parameters is that the above 

parameter employs the matched loads instead of using the 

open circuit and short circuit conditions for specifying the 

circuit features. This type of description in high frequencies 

is way simpler than the open circuit and short circuit 

conditions.  

 Figures 16 and 17 illustrate the S21 value change in the 

frequency of 30 MHz. It is observed that the coupling 

between the two coils, increases from 0.2 to 0.8 linearly by 

the distance reduction from 0.4 to 0.2 in the frequency of 30 

MHz. this trend is approximately equal to 1/d3 (d: the 

distance between the two coils). Therefore the system 

efficiency increases through the distance reduction to an 

extent in which it reaches the critical point when S21 is equal 

to 0.95. When the magnetic coupling of two coils exceeds 

the value of 0.95, the system remains in its peak of 

efficiency. In this point, the frequency separation is obvious 

in the distance of 0.2 cm. In the frequency splitting part, the 

coupling of the two coils gets weaker until when the two 

separated parts get convergent again in the frequency of f=30 

MHz. This point can also be named as the critical coupling 

point which represents the longest distance in which the 

maximum efficiency is still available. Figure 16 actually 

shows a parametric study of the system “S” as a function of 

the transfer distance. 

 

Fig. 16. The S21 as a function of the frequency and the distance 

 

 

Fig. 17. S21 variations versus the frequency 

The results of the models’ simulation shows that in 

frequencies less or higher than 30 MHz the coupling value 

between the two coils gets decreased. Figure 17 has also 

shown the S value analysis. As it is observed, the system 

efficiency changes rapidly by the frequency and coupling 

variations between the transmitter and the receiver. The peak 

efficiency is in the frequency of 30 MHz when the system is 
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in the resonance mode and the two coils have a strong 

magnetic coupling (S21) of 0.7. The fields around a high 

frequency transmitter are called the near-field which are far 

or near to the emitting source in which the standard of the 

remoteness and the nearness is the wavelength of the emitted 

waves. According to the S21 parameter, since a flat designed 

coil is a magnetic resonator, the dominant field component 

of this coil is the magnetic field. If the near-field effect is 

plot, a strong local field in the distances of 0 to 15 cm will 

be observed in this circular flat coil. 

 

Fig. 18. The magnetic field distribution in the flat designed coil 

The following considerations are taken into account of 

the design procedure: 

 In order to design and analyze the presented system, 

the frequency of 30 MHz is utilized since this 

frequency is desirable for designing small volume 

CPT systems. Also it is a definite and desirable 

frequency for analyzing the broadband and drawing 

the points in the space for near-field systems. 

 It was shown that if there is no limitations for the coil 

designs, the maximum efficiency happens for the two 

same size coils. Therefore, in the presented system, 

the two same size coils are employed in the circuits 

of the transmitter and the receiver. However, if there 

are coil design limitations, according to equation 31 

an appropriate coil can be designed.  

2 2

1 1

V L
K

V L
  (31) 

 One of the most important parameters for high 

frequency inductors is the value of their stray 

capacitor, since the presented system has been 

designed based on the electromagnetic coupling. If 

the value of these stray capacitors is not calculated, 

an undesired resonance in the transferred efficiency 

may be resulted. Therefore, the effect of the formed 

capacitors around the inductive link is calculated and 

employed in the design and analysis. 

 A ∅2-Class inverter whose parameters are extracted 

based on the E-class inverter design equations is 

designed in the frequency of 30 MHz in which the 

THD is suitable and equal to 3.85%. In the following, 

this designed inverter is utilized in a CPT system with 

the frequency of 30 MHz and the model of its 

inductive link is analyzed and investigated. It is 

shown that the presented system demonstrates the 

efficiency of 95%. 

 According to the frequency range of the presented 

system, it can be concluded that ∅2-Class inverter 

does not present the second harmonic, thus 

demonstrates lower THD against an E-Class inverter. 

In the following, according to the results, the switch 

voltage stresses will be lower and. ∅2-Class inverters 

will also have better adjustability EMI compared to 

E-class inverters. 

5. Conclusion 

This paper deals with the investigation and the design of 

a CPT system which works upon a ∅2-class inverter. An 

analysis has been presented based on the coil design in the 

contactless system. According to this design, a coil with the 

appropriate dimensions and geometry for a CPT system can 

be presented. The optimum values for the ∅2-class inverter 

were extracted from the numerical design of an E-class 

inverter. The constructed inverter in the CPT structure was 

operated and it was shown that the voltage stress has 

decreased to 17% compared to E-class inverter. Therefore, 

the presented system has a higher power output capacity. In 

the following, a bipolar equivalent circuit was presented for 

the presented structure in which the CPT system was 

analyzed magnetically and from the point of the frequency. 

The analysis of the presented circuit has shown that in the 

frequency of 30 MHz the efficiency is 95% with the THD 

index is 3.85% along with the maximum efficiency, power 

and coupling. 
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