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Abstract: In this study, a new circuit topology using a Z-source resonant inverter (ZSRI) 

for high power applications in large-air-gap contactless power transfer (CPT) systems, 

has been investigated. The main shortcoming of a large-air-gap CPT system is the poor 

power transfer efficiency due to low magnetic coupling. In order to minimize this short-

coming and to improve the overall performance of the system by boosting the power 

transfer capability, in this paper a CPT system with the newly developed circuit topology 

using high frequency Z-source resonant inverter has been proposed. Using the newly 

developed circuit topology for the CPT system, it has been observed that the overall per-

formance of the system has been improved to a reasonable level with a purely sinusoidal 

resonant current flowing through the primary side. Therefore, no harmonics will be in-

jected into the source. The proposed CPT system with an air gap of 16 cm and a misa-

lignment of 3 cm has been simulated using the Maxwell finite element tool and Simp-

lorer circuit simulation software for an output power of 2 kW.  

Key words: contactless power transfer, mutual inductance, magnetic coupling coeffi-

cient, Z-source, resonant inverter 

 

 

 

1. Introduction 
 

Contactless power transfer (CPT) systems are designed to transfer power efficiently from  

a stationary primary coil to a stationary or movable secondary coil through an air gap. Con-

tactless means inductive coupling between two objects through an air gap [13]. The funda-

mental principle of a CPT system is similar to the closely coupled electrical and electro-

mechanical devices such as transformers and induction motors in which leakage inductance is 
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very low due to high magnetic coupling. But CPT systems are operated at a large air gap re-

sulting in high leakage inductances and low magnetic coupling. Due to high leakages and low 

magnetic coupling, CPT systems have very poor power transfer efficiency [46]. In order to 

offset the effect of low magnetic coupling due to high magnetic leakages, CPT systems are 

generally operated at high frequencies to improve the quality factor of the CPT transformer. 

On the other hand, at high frequencies, losses in the system will be increased due to high 

switching losses of the inverter and thereby affecting the overall power transfer efficiency of 

the system. To overcome this drawback, CPT systems are commonly operated at resonant fre-

quency by incorporating compensating capacitors [79]. Presently, the operational frequency 

for high power CPT systems is below 100 kHz due to high switching losses at a high fre-

quency. Additionally, resonant circuits reduce the reactive power requirement for the system 

thereby boosting the overall power transfer capability and minimizing the VA (volt-ampere) 

ratings of the system [1012]. 

Recently, rapid advancement in power electronics has enabled many new applications of 

CPT systems like contactless battery charging for electric vehicles, compact electronic de-

vices, mobile phones and medical implants [1315]. CPT systems are also very useful for po-

wer supplies in harsh environments such as mining, outdoor lightings, etc. The main advan-

tages of contactless power transfer are safety, reliability, low maintenance and long product 

life [16]. While comparing to power transfer through conventional transformer, CPT techno-

logy is having more complex systems. Because of the increasing areas of applications of this 

technology, a lot of new solutions with very different technical requirements (e.g. voltage and 

power level, transfer distance, installation size) are necessary. To allow an efficient and safe 

power transfer, the entire CPT system should be carefully designed for a particular applica-

tion. Therefore, new concepts of designs for both, magnetic and power electronic devices, are 

desirable. Usually, the design development is carried out by extensive experimental analysis 

and iterative practical redesigns. Resonant inverters play important roles in CPT systems. 

However, voltage source resonant inverters commonly used in CPT systems are having some 

inherent drawbacks. In this paper, to overcome the drawbacks of the conventional voltage 

source resonant inverters, a newly developed Z-source resonant inverter (ZSRI) with a Z-source 

network (ZSN) for high power contactless power transfer applications has been proposed.  

The ZSN in the proposed ZSRI provides the unique feature of inherent power factor cor-

rection (PFC) without adding extra switching devices. It is possible because it adds the unique 

features of immunity to the H-bridge inverter during shoot-through states. This characteristic 

makes the input current as a sinusoidal waveform and in phase with the ac input voltage. This 

variable also provides a boost factor to the system. Therefore, it is normally used for voltage 

regulation [17, 18]. However, to regulate the output voltage, the proposed ZSN-based inverter 

uses the active state duty cycle, which is a common control variable used in series resonant 

inverters. Both control variables are used in the series resonant H-bridge inverter and the ZSRI 

does not require additional control circuitry to provide power factor correction. In other words, 

because of the ZSN, the ZSRI can perform power factor correction as well as dc/ac conversion 

in single stage. In the next section, modelling and detailed analysis of the proposed circuit has 

been discussed. 
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Fig. 1. Equivalent circuit model of the proposed CPT system 

 

 

2. Analysis and modelling of the proposed CPT system 
 

Fig. 1 shows the main circuit configuration of the proposed CPT system with a Z-source 

resonant inverter (ZSRI). The Z-source network consisting of inductors L11, L22 and capacitors 

C11, C22 is connected to the rectified dc output of a three phase ac voltage source. In the pre-

sent circuit, at first three phase ac voltage vac (phase voltage) is rectified into dc voltage VDC 

by a diode bridge rectifier. This dc link voltage serves as the dc input voltage to the Z-source 

network. The dc output voltage Vi of the Z-source network is converted into a high frequency 

single phase ac voltage by an IGBTs-based full-bridge resonant inverter for CPT system. In 

the present CPT system, series-parallel (SP) compensation topology has been used [19-23]. 

Analysis of the Z-source network along with the CPT system has been described below. 

 

2.1. Operation during active state or non-boost mode 

For the analysis of the Z-source network for the CPT system, the ac voltage source along 

with the diode bridge rectifier has been replaced with a dc voltage source with absolute value 

of ǀvacǀ of ac input voltage vac in series with switch S1 as shown in Fig. 2. The full-bridge re-

sonant inverter is replaced with a single switch S2. The resonant circuit, contactless transfor-

mer and the load have been replaced by a single sinusoidal current source ir, since at reso-

nance a sinusoidal current is always flowing through the resonant circuit at any instant as 

shown in Fig. 2. Assuming the Z-source capacitors and inductors are equal, C11 = C22 = C, 

L11 = L22 = L and voltages vC11 = vC22 = vC and vL11 = vL22 = vL. In the active state, two diagonal 

switches in the inverter are ON while the other two switches are OFF. Total time interval of 

two active states is TA in one switching period TSW. So, during each active state, the time 

interval is TA /2 during one switching period.   

During the active states, switch S1 is ON and switch S2 is OFF as shown in Fig. 3 [19-24]. 

During this state, capacitors are charged from rectified dc voltage and inductors. The dc vol-
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tage across the inverter bridge is boosted and the power flows from the Z-source network and 

inverter to the resonant contactless power transformer and then to the load. From Fig. 3, the 

voltage vL across inductors can be expressed as follows: 

  iDCimiacL VVVtVVvv  sin2 , 0Cv . (1) 

where: vac is the ac input voltage (phase voltage), ǀvacǀ is the absolute value of ac input voltage, 

Vm is the peak value of input ac voltage, VDC is the dc input voltage to the Z-source circuit, Vi 

is the input voltage to the inverter. 

From (1) we get 

   iDCL VVv 
2

1
. (2) 

 

Fig. 2. Simplified equivalent circuit diagram of the Z-source resonant inverter with CPT system 

 

 

Fig. 3. Equivalent circuit diagram during active state 

 

2.2. Operation during shoot-through state or boost mode  

In this mode, three switches in the inverter bridge are ON and the remaining one can be 

either ON or OFF during the time interval of TS /4 (TS being the total shoot-through time 

interval in one switching period TSW). During this mode, switch S1 is OFF and switch S2 is ON 

as shown in Fig. 4. The power is transferred from the capacitors to the inductors and 

consequently the dc link voltage across the input of the inverter is boosted [1924]. The 

inductor voltage during the time interval of TS /4 becomes equal to the capacitor voltage and is 

given by: 
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  CL vv  . (3) 

During this boost mode, the conventional zero state is converted to shoot-through zero 

state. In this way, the sinusoidal output current is maintained and the voltage boost is achieved 

from the shoot-through of the dc link. The total time interval of four conventional zero states 

is T0 (T0 = TSW – TA – TS). During the interval of T0 /4, two horizontal switches in the inverter 

bridge are ON, while the other two switches are OFF. Rectified dc voltage of the diode bridge 

rectifier and the inductors charge the capacitors, but no power flows to the resonant network. 

The inductor voltage during this time interval can be expressed as follows: 

  CmCDCL vtVvVv  sin , (4) 

where: Vm is the maximum value of the input ac voltage vac (phase voltage), ω is the angular 

frequency. 

Under steady state condition, the average of inductor voltage LV becomes zero over one 

switching period of TSW, the average voltage LV can be expressed as follows: 

    0
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where: |vac| is the absolute value of ac input voltage vac (phase voltage) and switching periods, 

TA, TS, and T0 are the active state, shoot-through state and conventional zero state time inter-

vals respectively, TSW  is the total switching period. TSW = TA + TS + T0. 

Now, the capacitor voltage of the Z-source network [17, 18, 25] can be expressed as:  

  ac
S

S
C v

D

D
v

21

1




 , (6) 

where the shoot-through state duty cycle  
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Fig. 4. Equivalent circuit diagram 

during shoot-through state 
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From (5) and (6), the shoot-through duty cycle can be expressed as: 

  
i

aci
S

V

vV
D

2


 , (7) 

and 

  
S

ac
i

D

v
V

21
 , (8) 

where: Vi is the input voltage to the resonant inverter. 

Assuming the system in continuous conduction mode, the average power across the 

resonant circuit can be derived as follows [19-22]: 

  

SW
T

rinv
SW

R ttitv
T

tP

0

d)()(
1

)( , (9) 

where RP  is the average power across the resonant circuit, vinv is the output voltage of the re-

sonant inverter and ir is the resonant current flowing through the system. 

The average output voltage and power can be expressed as: 

  

T

oSAac ttv
T

DDvV

0

0 d)(
1

),,( , (10) 

and 

  

T

RSAaco ttP
T

DDvP

0

d)(
1

),,( , (11) 

where: T is the time period of the input ac voltage (vac) and its value is 1/50 s, vo is the ac 

output voltage across load resistance R0, 0V is the average output voltage, oP is the average 

output power. 

From (10) and (11), it is clear that the output voltage and the output power can be re-

gulated by controlling the ac input voltage, active state duty cycle and shoot-through duty 

cycle.  

 

 

3. Simulation results and discussions 
 

Simulation has been performed for the proposed system for high power applications using 

finite element tool (Maxwell) and circuit simulation software (Simplorer). Simulation 

parameters are given in Table 1. At first, finite element analysis (FEA) of the CPT transformer 

has been carried out for an air gap of 16 cm and misalignment of 3 cm as shown in Fig. 5. 
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Flux density distribution has been given in Fig. 6. The finite element analysis of the CPT 

transformer has also been performed for the relationship between the coupling coefficient and 

lateral misalignment for an air gap of 16 cm. Results have been shown in Fig. 7. It is observed 

from Fig. 7 that the maximum coupling coefficient can be achieved when the centre of the 

transmitter coil is aligned with the centre of the receiver coil and therefore maximum ef-

ficiency of the system is achieved at this position.  

Using circuit simulation software (Simplorer), circuit simulation of the proposed CPT 

system as shown in Fig. 8, has been carried out by linking the FEM modules with the elec-

trical circuit modules to compute the electrical transfer characteristics. The ZSRI design is 

based on [26] and [27]. The compensation capacitors were selected in such a way that the re-

sonant frequency equals the switching frequency. Switching frequencies for such systems vary 

between 10 and 50 kHz [27-30]. In this paper, 11.5 kHz has been selected as the resonant 

frequency as well as the switching frequency of the system (parameters given in Table 1) to 

maintain the efficiency of 69.68% for an air gap of 16 cm, misalignment of 3 cm and load 

resistance of 36.6 Ω. For switching frequency control (on-off control) of the inverter, a state 

controller has been used. 

 

Table 1. Simulation parameters and component values 

Parameter Value Parameter Value 

Number of turns of transmitter coil  20 Load resistance, R0 36.6 Ω 

Number of turns of receiver coil  16 
Switching frequency 

/ resonant frequency 
11.5 kHz / 11.5 kHz 

Inner radius of transmitter and 

receiver coils  
4 cm 

C11, C22 / L11, L22 

(Z-source network) 
4.5 mF / 1 mH 

Axial width of transmitter and 

receiver coils  
16 cm 

Leakage Inductance 

L1 / L2 
152.6 µH / 97.64 µH 

Conductor thickness 0.65 cm 
Compensating 

capacitance C1 / C2 
1.33 µF / 1.96 µF 

Ferrite core dimension [cm] 42 × 42 × 0.45 Mutual inductance M 30.31 µH 

Aluminum shield dimension [cm] 44 × 44 × 0.45 R1 / R2 (resonant circuit) 4 mΩ / 3.2 mΩ 

Air gap 16 cm Coupling coefficient 0.25 

Lateral misalignment 3 cm 

 
AC input voltage, vac (phase value) 

90 V RMS, 

50 Hz 

 

An air gap and misalignment in a CPT system plays an important role in deciding the over-

all power transfer efficiency (PTE) of the system. Any change in an air gap and misalignment 

will affect the efficiency of the system considerably. In present study, a 16 cm air gap and 

3 cm misalignment have been chosen to achieve the efficiency of the system around 70% for  

a resonant frequency of 11.5 kHz. Moreover, a 16 cm air gap and 3 cm lateral misalignment 

tolerance are sufficient for electric vehicle charging applications [3]. 



                                                       P.C. Ghosh, P.K. Sadhu, A. Ghosh, N. Pal                         Arch. Elect. Eng. 850 

Values of compensating capacitors have been chosen as per the resonant frequency as 

given in Table 1. Selection of compensation topology is strongly related to application and 

selected power converter topology. In the proposed system, series-parallel (SP) compensation 

topology has been chosen as shown in Fig. 8. Series-parallel compensation means that one 

capacitor is connected in series to the transmitter coil and other one is connected in parallel to 

the receiver coil. Compared with other single-resonant CPT structures, the series-parallel (SP) 

compensation topology provides some useful advantages. The SP topology is the best choice 

for a battery charging system with a voltage source input as the current limitation is imposed 

by the parallel compensation in the secondary side [31, 32]. Moreover, series compensation is 

more effective to reduce the effects of leakage inductance in the primary side [33, 34]. 

 

  

Fig. 5. Finite element model of the proposed CPT system Fig. 6. Flux density distribution  

of the proposed CPT system 

 

 

Fig. 7. Relationship between the coupling coefficient and lateral misalignment at an air gap of 16 cm 

 

In Fig. 8, C1 is the series compensating capacitor on the primary side and C2 is the parallel 

compensating capacitor on the secondary side respectively. Circuit simulation results have 

been shown in Figs. 914 and 15 respectively. Fig. 9 shows the inverter output voltage (vinv) 

and the primary-side resonant current (ir) at full-load condition. It is observed in Fig. 9 that the 

primary-side resonant current flowing through the system is purely sinusoidal and in phase 

with primary-side voltage. Fig. 10 shows the secondary-side voltage and current. The primary 

side and secondary side voltage, current and power waveforms of the CPT transformer have 

been shown in Figs. 11 and 12 respectively.  
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Fig. 8. Circuit simulation schematic with state controller 

 

 
Fig. 9. Inverter output voltage and primary-side 

resonant current 

 
Fig. 10. Secondary side (output) voltage 

and current 

 

In this analysis, the switching losses are considerable because the method used for output 

voltage regulation varies the active state duty cycle and this leads to hard switching. The input 

side rectifier conduction loss is also significant. The CPT system achieved an output power of 

2 kW at a load resistance of 36.6 Ω for an input power of 2.87 kW. Based on the losses, from 

Figs. 11 and 12, it is observed that the proposed system has achieved an efficiency of 69.68% 

at full load condition. Figs. 13 and 14 show the Z-source capacitor and inductor voltages. It is 

observed that the Z-source capacitor and inductor voltages contain negligible ripples. In 

Fig. 15, primary and secondary power waveforms and average powers have been shown 

separately for the rated load. In Table 2, primary power, secondary power and efficiency of 

the system have been given. 
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Fig. 11. Primary (input) voltage, 

current and power 

 

 

Fig. 12. Secondary (output) voltage, 

current and power 

Table 2. Simulation results 

Load 

resistance [Ω] 

Primary 

power [kW] 

Secondary 

power [kW] 

Transformer 

efficiency [%] 

36.5 2.87 2 69.68 

 

  

Fig. 13. Z-source capacitor voltage Fig. 14. Z-source inductor voltage 

 

 

Fig. 15. Primary and secondary powers 
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4. Conclusions 

In this paper, a new circuit topology for high power CPT applications using a full bridge 

Z-source resonant inverter has been developed and simulated. The Z-source network provides 

some unique features for the proposed system. The control methods in the system with the 

insertion of shoot-through modes of the Z-source inverter have been investigated. It has been 

observed from the results that the dc link voltage does not deviate with a wide range of load 

change, which is desirable for CPT systems. This is due to the Z-source network in the input 

side of the system. The Z-source network also makes the bridge inverter immune to the shoot-

through states without any extra circuitry. In this study, a CPT system with a 16 cm air gap 

and 3 cm misalignment has been simulated. The present concept of design for CPT systems 

can be applied to low as well as high power applications. In the simulation, the proposed sy-

stem attained an output power of 2 kW for a load resistance of 36.6 Ω. The overall system 

efficiency achieved is 69.68%. The low efficiency is due to the switching losses of the inverter 

and input-side rectifier conduction losses. From the waveforms, it is observed that the resonant 

current flowing in the system is purely sinusoidal and therefore no harmonics are injected into 

the source. 
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