
systems all over the world. They specify the working frequency 
range, the output power, and communication link types. Special 

standards are also provided to incr1ease the safety of devices 

by satisfying devices with an electromagnetic field. They 

provide ways of overcoming the electromagnetic influence on 
people, such as reducing power or involving additional coils 

shielding. On the other hand, the presence of coupled coils with 

a comparably large air gap provides additional tasks to be 

solved using this technology. The air gap between the 
transmitter and the receiver coils increases rapidly the leakage 

inductance and leads to increasing losses. In this case, high 

power system development is a challenging task [36]. Different 

approaches can be used to increase the system performance.  In 
one of the approaches, high-quality elements like capacitors 

with low equivalent series resistance and transistors with a low 

Rdson are used in the inverter. Using this method, the losses in 

the inverter and the wireless power transfer part can be reduced. 
However, the price of the final device can dramatically 

increase, which will limit its application to specific fields. The 

second approach is mostly concerned with the design of the 

coils, adding a ferrite material to concentrate the flux and 
increase the coupling coefficient or using the litz wires to 

reduce the skin and proximity effects. The aim is to increase the 

coil’s quality factor. As it was shown in [37], Figure-of-Merit 

FoM = kQ limits the efficiency to 

222 )11/( FoMFoM 
, where k is a coupling coefficient 

and Q is a quality factor. Accordingly, in commonly used 

solutions, the transmitter and the receiver coils are situated 

between two ferrite plates or pot-cores. In this case, the flux is 
concentrated between them and as a result, the coupling 

coefficient can be effectively increased. The third approach 

uses multicoil solutions [1], [7], [38]-[48]. In this approach, an 

effective area where high efficiency is obtained can be rapidly 
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Abstract— This article presents a non-conventional approach to 

a multi-coil wireless power transfer system based on a Z-source 

network. The novelty of the approach lies in the use of a Z-source 

as a voltage source for energy transmission through the wireless 

power transfer coils.  The main advantage is in a reduced number 

of semiconductors. This paper provides the design approach, 

simulation and experimental study. Feasibility and possible 

application fields are presented in the conclusions. 

Index Terms— Wireless charging, inductive charging, Z-source 

network, coupled coils 

I. INTRODUCTION

ireless power transfer technology is becoming more

W popular [1]-[12]. Its maintainability and safety give a

new dimension to the development of electronic 

equipment. The field of application is wide. Low power 
chargers are used in household appliances like toothbrushes or 

phones. Also,  non-invasive pacemaker charging systems make 

use of the technology [13]-[15], whereas invasive operations 

can be eliminated. High power chargers are used for charging 
electric cars [16]-[23], buses and boats [24]-[27]. 

There are different ways to transmit the energy by wireless: 

by using a capacitive coupling [28], [29], inductive coupling 

[30]-[33], [36], resonant inductive coupling, sound waves, 
microwaves, and light waves.  Wireless power transfer based 

on the capacitive and inductive coupling is most popular. The 

capacitive power transfer is mostly used for low power 

applications, whereas an inductive coupling can be used for low 
and high power and with an air gap relatively larger than in the 

capacitive approach. 

International standards like Qi [34],[35] allow for the 

development of devices compatible with the wireless charging 
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increased.  The system can maintain high performance for 

significant transmitting and receiving coils misalignment 
whereas the efficiency of the two coils solution with the same 

misalignment will decrease dramatically. A popular approach 

is maximum efficiency tracking, which can be implemented by 

changing the switching frequency [49], [50], the impedance 
[51], the load or other parameters to adapt to the system changes 

(like air gap), to match the load and correspondingly find the 

point with the highest efficiency. Unlike other approaches, this 

solution needs additional sensors (and sometimes 
communication links between the transmitter and the receiver) 

to estimate an optimal point. 

Fig. 1. Existing IPT solutions: (a) with eight transistors; (b) with six 

transistors; (c) with Z-source network; (d) with E-class inverter. 

Commonly, multicoil solutions use wireless power transfer 
topologies based on the full-bridge [38] and half-bridge circuits 

[44] shown in Fig. 1a and Fig. 1b, respectively. The advantages

of such approaches are full controlability of each transmitting

coil (coils can work separately or simultaneously, with a phase
shift or without) and possibility to implement various control

methods like phase-shifted control [38]  or input power splitting

[41], where an optimal amount of transmitted power is chosen

for each coil to maintain high efficiency at variable lateral
misalignment. As can be seen, the inverter topologies with two

transmitting coils are utilizing eight and six switches. This

increases the control complexity and the dimensions along with

an increasing price. Topologies based on an E-class inverter are
also used (Fig. 1d). They combine simplicity and ability to work

in the ZVS and ZDS mode. The disadvantage is based on high

voltage stress on the semiconductor elements, which can be up

to 3.5 times higher than the input DC voltage [52]. To
implement two transmitters, it is necessary to have two

switching elements.

The purpose of this work is to improve the WPT systems in 

terms of power density and complexity. This paper proposes a 
novel topology that lacks drawbacks of conventional topologies 

based on the full- or half-bridge circuitry. By using the inverter 

based on the Z-source network, a rapid decrease in the number 

of active elements can be achieved along with increased 
reliability. This enables reduction in the size and price of the 

system. Multiple transmitting coils allow for different designs 

to be created by changing the misalignment between the 

transmitting coils. A new dimension of freedom provides for 
increased density of the flux or increased transmitted area. On 

the other hand, the disadvantages of the proposed solution are 

related to the limited system controllability. The topology 

cannot control each transmitting coil independently, as only one 
control element is available in the circuit. The advantage of the 

converters based on the Z-source is that the Z-source network 

can work in both the buck and the boost mode, which is  

impossible in conventional solutions [53]. As the switching 
elements are connected to the supply through the Z-source 

inductors, the topology is not suffering from the noise 

misgating-on effect. By overcoming this disadvantage, the 

reliability can be increased and the damage of the active 
elements at simultaneous switch-on of both the low and high 

side transistors can be prevented. A Z-source was already used 

in WPT applications in its conventional implementation (Fig. 

1c) [54]-[57]. Each solution has additional features like PFC 
and inverter operations implemented only by the Z-source 

network [54] or using asymmetrical voltage-cancellation 

control to increase the efficiency and perform ZVS operation 

modes [55]. In total, these solutions use at least four switching 
elements in inductive power transfer systems for one 

transmitting coil and in current solutions, only one transmitter 

limits its applications mostly in static charging where the low 

variation of the air gap is expected to be in the working mode. 
The article is divided into three main sections.  Section II 

explains the operation principle of the proposed topology and 

its operation modes. Also, it contains guidelines for component 

estimation for different transmitter coil positions. Section III is 
devoted to the simulation study where the expected operation 

principle is verified along with the simulations for different 

operation conditions. In section IV, the developed experimental 

setup of the proposed topology is experimentally investigated 
in different operation conditions: for different transmitter coils 

positions, loads, switching frequencies, misalignments between 

the receiver and the transmitter and also for topologies with 

different blocking elements. Finally, in the temperature 
analysis, the solutions are compared with a blocking element 

represented by a diode and a transistor. 

II. DESCRIPTION OF OPERATION PRINCIPLE AND 

COMPONENT DESIGN 

The proposed IPT solution is shown in Fig. 2. It consists of 

four parts: an inverter (1), transmitting coil with the 

compensation (2), receiving coil with the compensation (3), and 

rectifier part (4). The inverter is based on the Z-source network 
[58]-[60]. It consists of passive elements: two capacitors, two 

inductors and two active elements. In this topology, the 

transistor T2 is used as a switch to transform the topology 

between two series (Cz1, Lz2 and Cz2, Lz1) and two parallel (Cz1, 
Lz1 and Cz2, Lz2) resonant circuits. In the boost mode, the 

voltages obtained on the reactive elements of the Z-source 

network are higher than the input voltage. To prevent this 

voltage passing to the voltage source, the diode D1 or the 
transistor T1 (Fig. 2) is used. As can be seen, the transistors work 

in a complementary mode. The second and third parts (Fig. 2) 

are represented by the transmitting and receiving coils along 

with the compensation capacitors. The capacitors are used to 
reduce the influence of a high leakage inductance based on a 
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higher air gap than in a regular transformer and as a result, they 

increase the system efficiency. 
The compensation capacitor can be connected in series or in 

parallel, depending on the demanded voltage and current. This 

provides four combinations: series-series, series-parallel, 

parallel-series, and parallel-parallel. The commonly used types 
of compensation are series-series and series-parallel. For low 

power applications, they are mostly preferable as they utilize 

the lowest amount of copper, which decreases the size and price 

of coils. As the variation of lateral displacement is addressed in 
this work, series-series compensation was considered as the 

optimal solution. The reason is that in this case, a variation of 

the coupling coefficient corresponds only to the variation of the 

reflected resistance and there is no variation of reactance. So 
the system appears to work in the resonant mode without 

reactive currents in all possible modes, which is impossible for 

series-parallel compensation without additional compensation 

elements or additional optimal tracking.  

Fig. 2.  The proposed solution for the IPT based on a Z-source network. 

As can be seen from the structure of the proposed solution, it 
can be divided into two main parts. The first one is the Z-source 

network, which plays the role of the voltage generator, and the 

second part consists of the transmitting and receiving coils 

along with the secondary-side rectifier.  

A. Z-source network design

The reactive elements of the Z-source network in their
regular applications are tuned to a resonance frequency much 

lower than the switching frequency  to reduce pulsations [53]. 

In this case, these elements are also working like a second-order 

low pass filter. In this work, elements of a z-source network are 
tuned commensurate to have resonance for half of the switching 

frequency. Then the quasi-sinusoidal voltages can be obtained 

on the Z-source inductors. The ideal diagrams of the expected 

voltages obtained on the Z-source network for equal coupling 
coefficients k13 and k23 are shown in Fig. 3. For the solutions 

with two transistors, the dead-time should be involved between 

the switching transitions. Without the dead-time, the Z-source 

network inductors can be shorted to the power source and it 
leads to transmitting signal distortion and rapid decrease of the 

transmitted power. In the case of ideal compensation on the 

secondary and the primary sides, the IPT part can be 

represented by an equivalent resistor Req. The capacitor value 
can be calculated from the conventional resonance equation (1) 

by only taking into consideration the half-switching frequency: 

Cz1,z2=1/((ω/2)2Lz1,z2); 

The equivalent circuits for three states of the topology are 

shown in Fig. 3.  

Fig. 3. Equivalent circuits of a Z-source based IPT: (a) at the transistor turn-

off; (b) at the transistor turn-on; (c) at the transistor turn-on and the capacitors 

discharge to vin/2; (d) Transistor T1 state; (e) Transistor T2 state; (f) Capacitors 

Cz1 and Cz2voltages (g) Inductors Lz1 and Lz2 currents; (h) Inductors Lz1 and Lz2

voltages. 

When the transistor T2 is turned off and the transistor T1 is 
turned on (Fig. 3a), the input voltage charges the capacitors. 

Equations expressing the first state are as follows: 
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When the transistor T2 is turned on, the topology is 

transformed to the two parallel resonant circuits (Fig. 3b) and 

the charge on the capacitors is being discharged on the 

inductors. Equations expressing the second state are: 
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It should be noted that the topology will switch to the next 

state at the moment T/2+Tdis. Discharge time Tdis can be 
evaluated from the next expression and its value is in a range 

0..T/2: 

2/)(
)2(

1 inC vtv
z

 . 4

In the third state (Fig. 3c), while the transistor T1 is closed, 

its body diode starts to conduct and the current passes through 

the inductors and equivalent load. As the capacitors are charged 

to the half of the input voltage, no current is passing the 
capacitors. Equations representing the third state are shown 

below: 
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To obtain a mathematical model for one switching period, 

differential equations were solved for capacitor voltages and 

inductor currents. These solutions involve unknown constants 

of integration. The constants can be evaluated by merging the 

boundary conditions for the system in the steady-state mode by 

solving a system where the start condition of the state is 

equalized to the final condition of the previous state. Finally, by 

evaluating constants of integration, currents in the inductors 

(and similarly, capacitor voltages) for one switching period can 

be obtained by merging all states with the Heaviside function. 

Due to bulkiness, these equations are not shown in this paper. 

The power obtained on the equivalent resistors can be acquired 

from the inductor current. This power can be recalculated to 

obtain the output power and estimate the losses. 

B. Application of multiple coupled coils

The design of the multiple coupled coils is presented in Figs.

4a and 4b. It consists of two transmitting coils with a 100% and 
50% intersection and a receiving coil. The reason for such 

choice is that the first design is expected to increase the 

efficiency of the system as compared to solutions with one 

transmitting coil while in the second solution, the transmitted 
flux would rapidly be expanded on a larger area, increasing the 

tolerance to the misalignment. 

To represent such coupled coil designs, two models can be 

used. The first one uses self-inductance of the coils and a mutual 
inductance between them [61]. The second model uses two 

leakage inductances, a magnetizing inductance and an ideal 

transformer to represent the turns ratio between the coupled 

inductors [62]. If the inductance of the coils is the same, the 
ideal transformer can be removed. In the cases of multicoil 

solutions, the first model is preferred, as it can show all the 

relations between the coils in a simple way. A coupling 
coefficient is a relation between self-inductances and mutual 

inductances, which represent the amount of energy transferred 

from one coil to another. It can be estimated as )/( 21LLMk  .  

Fig. 4. Coils: (a) design with 100% intersection; (b) design with 50% 

intersection; (c) coupling value between two coils under different intersections. 

It should be noted that in the first design, the coupling 

coefficient between the primary and the secondary side coils is 
significantly lower than that between the primary side coils, 

which is approaching 1. In the second design, the coupling 

between the primary coils is significantly (~10-40 times) lower 

than that between the primary and the secondary side. The 
relation between the coupling and two coils misalignment is 

shown in Fig. 4c. After 50% intersection, the flux is changing 

its direction because the inner space of the second coil is 

gathering more outer then inner flux of the first coil and vice 
versa. With such intersection, each transmitting coil can work 

independently. 

C. IPT part design

The advantages of the series-series compensation lie in an

arbitrary air gap compensation without the necessity of active 

matching. This can be done because the components are defined 
only by the working frequency. In this case, there is no need to 

maintain a constant coupling coefficient in an optimal point. 

The disadvantage is a load-dependent voltage transfer ratio for 

different coupling coefficients. In the case of a series-parallel 
compensation, the component parameters are additionally set to 

a fixed coupling coefficient, which corresponds to a fixed air 

gap between the coils.  

This approach appears more suitable for the stationary 
systems where the air gap remains constant. For variable 

coupling, any deviation in the high side or the low side from the 

calculated coupling will lead to a decrease in the efficiency. 

Such an approach should be actively matched to be situated in 
the optimal point. Unlike a series-series compensation, this 

approach gives a load-independent voltage transfer ratio. This 

feature enables the elimination of the communication link 

between the primary and the secondary side and simplifies the 
final system. In this paper, the air gap is considered to be 

variable and series-series compensation is preferable. In this 

case, variable matching elements are not necessary, resulting in 

reduced system complexity.  
The power received on the secondary side is rectified in the 

fourth part of the system by a diode rectifier. Also, to reduce 

Authorized licensed use limited to: Politechnika Gdanska. Downloaded on December 02,2020 at 22:17:54 UTC from IEEE Xplore.  Restrictions apply. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


2168-6777 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2020.3041565, IEEE Journal
of Emerging and Selected Topics in Power Electronics

high frequency voltage pulsations, a filtering capacitor is 

necessary. The equivalent circuit of an IPT (inductive power 
transfer) part with all necessary parameters is shown in Fig. 5. 

To simplify the model, a bridge rectifier with the load was 

replaced by the equivalent ac resistor RLeq. The value of this 

equivalent resistor is equal to the amount of the energy 
consumed by the load with the rectifier RLeq=(8/π2)(V2

2,dc /P2). 

Fig. 5. Equivalent circuit representing the IPT topology. 

To evaluate the compensation capacitors values (7), (9), the 

impedance on the primary side should be obtained along with 

the reflected impedances for both solutions (6), (8). For the first 
position when M12>M13≈M23, as can be seen, the reactive 

component to be compensated by the capacitor is Lc1+M12: 

Z1,2=(2ω2M 213,23)/(RLeq+Rlc)+jω(Lc1,c2+M12); 

 Cc1,c2=1/( ω2(Lc1,c2+M12)) 

In the second situation when M12<<M13≈M23, the coupling 

coefficient between the primary side coils is low and M12 
component can be neglected: 

Z1,2=(2ω2M 213,23)/(RLeq+Rlc)+jωLc1,c2; 

Cc1,c2=1/( ω2Lc1,c2); 

The equations obtained show that for M13≈M23 in both 

situations, reflected impedance has no reactive components. 

Additionally, as compared to the solutions with one transmitter, 

number 2 appears in equations (6), (8), which indicates that the 
increase in the amount of the transmitting coils will increase the 

reflected impedance for each coil. The secondary side 

compensation capacitor is the same for both situations 

Cc3=1/(ω2 Lc3). 
The results of the arbitrary displacement for both solutions in 

the first harmonic approximation with compensation are shown 

in Fig. 6. The compensation capacitors are involved in the 

simulation and are tuned accordingly to (7) and (9). Fig. 6a 
shows that in the first situation, the coupling between the 

transmitting and the receiving coils is changing equally and the 

corresponding mutual inductances are also equal, whereas in 

the second situation (Fig. 6b), the coupling coefficients and the 
corresponding mutual inductances are different. As Fig. 6c and 

Fig. 6d show, the compensation is effectively working on the 

whole range of the displacement whereas in the second 

simulation, the full compensation is obtained only for the zero 
displacement. This means that the second solution reflects a 

coupling dependent reactance to the primary side. 



Fig. 6. First harmonic coils: (a) coupling coefficient for the first situation; (b) 

coupling coefficient for the second situation; (c) imaginary part Zim for the first 

situation; (d) imaginary part Zim for the second situation; (e) real part Zre for the 

first situation; (f) real part Zre for the second situation; (g) |Z| for the first 

situation; (h) |Z| for the second situation.  

III. SIMULATION STUDY

The simulation was performed in a PSIM simulation 
environment. The parameters of the simulations are listed in 

Table 1. The model includes the losses in the components. For 

the chosen passive losses, the quality factor of the transmitting 

and the receiving coil can be Q=~500. The transistor drain 
source resistance Rdson is 3.5 mΩ. As the low ESR capacitors are 

used, this parameter is neglected in the model. 

The simulation in Fig. 7 shows the main voltages and 

currents of the topology.  

TABLE I 

SIMULATION PARAMETERS

Parameter 

symbol 

Appearance 

Brief description Value Units 

fsw Z-source switching frequency 140 kHz 

Lz1,Lz2 Z-source inductance 11 uH 

Cz1,Cz2 Z-source capacitance 470 nF 

Lc1,Lc2 Transmitting coil inductance 5.8 uH 

Cc1,Cc2 Primary side capacitance 222 nF 

Lc3 Receiving coil inductance 5.8 uH 

Cc3 Secondary side capacitance 222 nF 

Cf Filtering capacitor 1000 uF 

RL Nominal load value 5 Ω 

Rz, 

Rcl 

Losses in inductances and 

wireless power transfer coils 

0.01 Ω 

Authorized licensed use limited to: Politechnika Gdanska. Downloaded on December 02,2020 at 22:17:54 UTC from IEEE Xplore.  Restrictions apply. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


2168-6777 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2020.3041565, IEEE Journal
of Emerging and Selected Topics in Power Electronics

Fig. 7. Simulation results of the first solution: (a) control signals; (b) Z-

source voltages; (c) output and input voltages; (d) input and receiving coil 

current; (e) voltage after blocking element; (f) transistors drain-source voltages; 

(g) transistors currents.

The input and output voltages are shown in Fig. 7c.  It can be 
seen that the topology works in the boost mode and the output 

voltage is nearly twice higher than the input. The load voltage 

and current remain constant and can be used in the battery 

charging applications. The obtained inductor and capacitor 
voltages VLz and VCz of the Z-source network are shown in Fig. 

7b. The received current obtained on the secondary side coil is 

shown in Fig. 7d. The non-sinusoidal shape is caused by the 

nonlinear load represented by the rectifier.  
Fig. 7e shows that the blocking transistor works in a regular 

mode and when the voltage after the blocking transistor is 

higher than the input voltage, there is no current passing in the 

reverse direction (state 2). 
As experimental measurements of currents and voltages 

across the transistors cannot be implemented without 

significant influence on the inverter work, we analyzed the 

measurements in the simulation study. Fig. 7f and Fig. 7g show 
that the transistor T1 switches on under a ZVS condition and 

switches off under the Zero Current (ZCS) condition. T2 is not 

switching under ZVS condition but ZCS is observed, while 

switches off under ZVS condition. 

IV. EXPERIMENTAL STUDY

To verify the proposed topology and the coil designs, a 
wireless power transfer testing set (Fig. 8a) was developed. It 

consists of a control board, a converter board, coupled coils and 

the load.  

As the main task was to verify the effectiveness of the 
topology, both primary and secondary sides were made on one 

PCB, and MOSFET transistors were chosen to simplify the 

system. In the commercial implementation, GaN transistors can 

be more preferable as the increase of efficiency and switching 
frequency can be implemented. Input voltage Vin=5V. The main 

parameters of the experimental setup are listed in Table 2. 

Commercially available coils from Würth Elektronics were 

used. The coils are made with two litz wires connected in 
parallel and have ferrite plates to concentrate the flux. The 

transistor switching signals were generated by a development 

board with a microcontroller STM32F407VGT with the 

operation frequency 168 MHz.  
The coils were mounted on a plastic holder to maintain a 

constant coupling in all modes. For correlation with the 

simulation, the study positions were chosen the same as was 

mentioned in section II (Fig. 8b - Fig. 8d). The experimental 
plots of the solution with the transistor for a few working 

periods are shown in Fig. 9. The voltages obtained on the Z-

source components (Fig. 9a and Fig. 9e) are similar to the 

voltages obtained in the simulations. It should be noted that the 
high frequency oscillations present in a signal appear to be 

caused by the interactions between the drain-source output 

transistor capacitance and the z-source inductors.  

TABLE II 

EXPERIMENTAL PARAMETERS

Parameter 

symbol 

Appearance 

Brief description Value Units 

Primary side 

fsw Switching frequency 140 kHz 

Lz1,Lz2 Z-source inductance 11 uH 

Cz1,Cz2 Z-source capacitance 470 nF 

IPT coils – 760308102142 

Lc1,Lc2,Lc3 Coil inductance 5.8 uH 

Rcl DC resistance 10 mΩ 

Q Quality factor 100 

Transistors - IPI041N12N3 

VDS Drain-source voltage 120 V 

RDS Drain-source on-state resistance 3.5 mΩ 

IDS Continuous drain current 120 A 

Diodes - FERD40U50C 

VRRM Repetitive peak reverse voltage 50 V 

VF Forward voltage drop 0.43 V 

IF Average forward current 20 A 

Secondary side 

Cf Filtering capacitor 1000 uF 

RL Load value 1 - 50 Ω 
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Fig. 8. Testing set: (a) outlook of the components; (b) primary side coils; (c) 

coils with 50% intersection; (d) coils with 100% intersection.  

Fig. 9. Experimental results of: (a) control signals; (b) Z-source voltages; (c) 

output and input voltages; (d) input and receiving coil current; (e) voltage after 

blocking element. 

Fig. 9d shows the secondary coil current, which has the same 

amplitude and shape as was obtained in the simulation. 

Measurement equipment adds noise to the input and output 
voltages, as depicted in Fig. 9c. The boost mode with x2 voltage 

gain correlates with the simulation results in the previous 

section. 

To compare the solution with the transistor, the blocking 
diode was replaced on the same board. As was mentioned 

above, the control signals involve the dead-time between the 

transistor switching. This time is equal to 5% of the switching 

period. In this case, no short circuit stages appear in the working 
mode. 

The experimental results were estimated for the load values 

10 Ω and 5 Ω. Fig. 10 demonstrates the difference in the 

efficiency (Fig. 10a) and the voltage gain (Fig. 10b) between 

the two solutions for coil positions, as shown in Fig. 12b with 
the air gap and coils alignments (k13 ≈ k23 ≈ 0.35). As can be 

seen, the solution that utilizes the transistor gives ~5% increase 

in the efficiency in the working range and the frequency range 

of relatively high efficiency was increased (the rapid increase 
~40% for the frequencies in the range 60-75 kHz, which 

corresponds to the Z-source resonance frequency). 

Fig. 10. Experimental results of topologies with the diode (solution 1) and 

transistor (solution 2): (a) efficiency; (b) voltage gain. 

To approximately estimate the losses in the system and 

identify the elements leading to these losses, the temperature 

dissipated by the converter was captured for the regular 
working mode. Fig. 11 shows the results for the topology with 

one transistor (Fig. 11a) and two transistors (Fig. 11b). On the 

temperature photos: 1 - the blocking transistor T1 or diode D1, 

2 – the transistor T2, 3 – isolated dc-dc converters for the driver 
supply and 4 – the driver. 

Fig. 11. Photos obtained from the temperature camera for: (a) solution with a 

diode; (b) solution with a transistor. 

To investigate the operation modes based on different 

transmitting and receiving coil positions, three types of 
solutions were suggested. In the first solution, the receiver coil 

is situated between the transmitting coils with the same air gap 

between each transmitter, as depicted in Fig. 12a. The second 

solution uses two transmitting coils with 50% misalignments 
(Fig. 12b) and correspondingly low transmitter coils coupling 

(k12<0.05). The third solution (Fig. 12c) uses an opposite 

approach. Zero misalignments between the transmitters are 

used to obtain a high value of coupling between the transmitting 
coils (k12>0.95). It should be noted that in the first two 

solutions, formula (8) is used to evaluate the values of the 
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primary side compensation capacitors. The third solution uses 

formula (6), as it should take into account the mutual inductance 
of the transmitting coils. 

The resulting diagrams of a few switching periods for the 

proposed solutions are shown in Fig. 12. Input and output 

voltages and currents (Fig. 12d, Fig. 12e, Fig. 12f) show low 
noise levels. Only the third solution has a high level of spikes 

on the input voltages. They occur as the system works at higher 

power rates than in other solutions. The higher spikes value can 

be explained by the higher transmitted power than in other 
solutions.  

Overall, the first two solutions show quite similar results for 

the Z-source part (Fig. 12g, Fig. 12h) and coupled coils part 
(Fig. 12g, Fig. 12h). Such behavior can be explained by the fact 

that the only difference of these solutions is in the higher 

coupling value between the transmitters in the first solution, as 

they are situated between ferrite shields. The third solution (Fig. 
12c) provides a better quality of the transmitted energy. On the 

other hand, this solution utilizes higher voltage on the Z-source 

and correspondingly the IPT part. In this case, transistors with 

a voltage hi1gher than in other solutions should be used in this 
mode. 

Fig. 12. Results of the proposed solutions: (a) first solution; (b) second solution; (c) third solution; (d) oscillograms of Vin, Iin, Vout, Iout; (e) oscillograms of Vin, Iin, 

Vout, Iout; (f) oscillograms of Vin, Iin, Vout, Iout; (g) oscillograms of VLz1, VCz1; (h) oscillograms of VLz1, VCz1; (i) oscillograms of VLz1, VCz1; (j) oscillograms of VLc1, ILc1, 

VLc3, ILc3; (k) oscillograms of VLc1, ILc1, VLc3, ILc3; (l) oscillograms of VLc1, ILc1, VLc3, ILc3. 

All the proposed solutions were investigated for different 

load values (Fig. 13a). Load variation was chosen by the 

limitation of laboratory power supply, equal to maximum 3.2 A 

of the input current. The curves show that the optimal load for 
the first two solutions is approximately the same (11 Ω and 8 Ω) 

whereas in the third solution, the optimal load is higher (30 Ω). 

Resulting from the frequency analysis made for the obtained 

optimal loads (Fig. 13b), the first two solutions are more 
tolerant to switching frequency changes, while the third 

solution should use the precise switching frequency, as any 

frequency deviation would lead to a dramatic efficiency 

decrease in comparison to the other solutions. This can be 
explained by the higher quality factor of the resonance circuit 

in the third solution, which leads to the decreased bandwidth 

(BW=fr/Q, where fr-resonance frequency, Q - quality factor). 

The efficiency of the different displacements was also 

analyzed (Fig. 13c). As it was expected, the second solution 

expanded the effective area significantly. As shown by Fig. 4c, 

in the first and third solution, the misalignment is larger than a 
half of the radius; after a zero efficiency point (~3cm), some 

energy is received from the outer flux of the transmitters.  

As the second solution showed the best tolerance to the 

displacement, its oscillograms were obtained for 1 cm 
misalignment (Fig. 14). It can be seen that the Z-source 

elements are not in equilibrium (Fig. 14b and Fig. 14c), as 

different reflected impedances occurred on each transmitting 

coil. Nevertheless, due to the availability of compensation 
elements tuned on the switching frequency, the quality of the 

transmitted energy still remains high. 
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Fig. 13. Efficiency for: (a) different loads; (b) different switching frequencies; 

(c) different displacements between the transmitter and the receiver.

Fig. 14. Results for the second solution with 1 cm coupled coils misalignment: 

(a) oscillograms of Vin, Iin, Vout, Iout; (b) oscillograms of VCz1, VCz2; (c) 

oscillograms of VLz1, VLz2; (d) oscillograms of VLc1, ILc1, VLc3, ILc3. 

Finally, by measuring the temperature across semiconductors 
with passive components and overall efficiency, the losses 

breakdown was made (Fig. 15). The analysis was performed for 

coils configuration shown in Fig. 12b. High impact on 

efficiency was related to Z-source network coils (Lz1 and Lz2). 
This was caused by usage of non litz-wire inductors, which 

leads to low quality factor. To decrease level of losses inductors 

with lower resistance at high frequencies can be used.  

The main losses in active elements are related to transistor 
T2. This issue cannot be omitted and can be decreased only by 

using transistors with better parameters. 

Despite transistor T1 is being switched in ZVS mode the 

valuable impact of losses in caused when body diode of 
transistor T1 is conducting. These losses appear in state 3 (Fig. 

3.c). As this mode is undesirable it’s duration should be 

minimized. This can be done by make further optimizing of 

topology for higher reflected impedances. In this case 
capacitors Cz discharging period (mode 2, Fig. 3.b) can be 

increased (up to point when capacitors Cz are discharged to 

vin/2) and lead to decreased duration of state when the body 

diode conducts.  

Fig. 15. Losses break down; 

Comparison to one of the conventional solutions was 

performed in advance. For this purpose, an E-class converter 

with two transmitters was chosen (Fig. 1.d). For a fair 

comparison, the receiver and the coupled coils circuitry were 
the same. To satisfy ZVS conditions, component calculation 

followed the procedure in [63]. As compared to the proposed 

solution, one additional reactive element should be used (Fig. 

1.d). Calculation results show that to obtain ZVS conditions and 
remove harmonics for approximately the same power rating, as 

compared to the proposed solution, inductances should be 

significantly larger. This leads to increased dimensions of the 

final prototype and increased system tuning complexity. To 
verify the calculation, an experimental set was designed (Fig. 

16). With the same coupled coils, the receiver and the input 

voltage (5V) (except recalculated secondary compensation 

capacitor), the efficiency was about 46.5%. As can be seen from 
Fig. 16, the compensation capacitors of the transmitter and the 

receiver have sinusoidal voltages, which indicates that the 

system works under resonant condition and that the channels 

are symmetrical. The measured voltages across the transistor 
give evidence that the ZVS conditions are also satisfied. 
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Fig. 16. Experimental set with an E-class based converter. 

CONCLUSIONS 

A non-conventional approach of the multi-coils wireless 

power transfer system based on a Z-source network is presented 

in this work. It was shown that the Z-source network can be 
used in a resonance mode as a double voltage source generator. 

As a result, the multi-coils (double-coils) WPT system can be 

realized by means of only two semiconductors.  

The guidelines for the passive elements selection along with 
the simulation and experimental verification are provided.  

The key advantage of this solution consists in a reduced 

number of semiconductors. Only two semiconductors are 

required for two transmitting coils. Two different scenarios of 
the application are discussed. These scenarios are defined by a 

mutual location of the primary and secondary side coils. The 

first scenario assumed a strong coupling of the primary side 

coils. In this case, the maximum efficiency is expected to be 
higher. In the second case, the primary side coils are split away, 

which in turn, slightly deteriorates the maximum efficiency, but 

improves the efficiency when the secondary side coil is 

displaced. It means that this solution can be recommended for 
applications where the secondary side coil can be shifted in a 

horizontal line.  

Finally, despite the simplified experimental prototype with 

non-optimized semiconductors, the efficiency is acceptable and 
can be significantly improved by utilizing modern wide band 

gap semiconductors with minimal dynamic losses.  
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