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Abstract—The paper discusses two wireless power transfer 
systems for the charge of electric vehicles during the motion. The 
systems are conceived to be interoperable with the same receiver 
structure. Both systems are supplied by means of the same power 
electronics architecture and are based on the series-series 
compensation of the coils. In one of the presented systems a high-
frequency transformer is used at the transmitter side. The two 
solutions are analyzed and compared pointing out their 
advantages and drawbacks. Results of experimental tests are 
presented to demonstrate the operations of both systems.  

Keywords—Electric vehicle, dynamic charging, wireless power 
transfer. 

I. INTRODUCTION 
Over the past few years, electric vehicles (EVs) have 

rapidly developed. However, EVs are still affected by the 
problems of limited range and the need of frequent stops for 
the charge due to the low energy density of batteries. 
Furthermore, the weight and the cost of the batteries are other 
limitations in widespread use of electric vehicles. Dynamic 
wireless power transfer (WPT) is a possible solution for these 
issues [1]-[3]. With the dynamic charge, the transmission of the 
power to the battery is carried out in absence of electrical 
contacts when the EV is in motion. Thus, the EV range can be 
extended and the size and weight of the battery can be reduced. 

 In dynamic WPT systems, the transmitter coils are 
generally buried in the road while the receiver coil is mounted 
under the vehicle. Several WPT systems have been introduced 
in literature at various rated powers [2]–[11]. Generally, two 
main coil topologies are employed for the transmitters; the long 
track coil [4]-[6] and the segmented coil [7]-[11]. In long coil 
topology, the transmitter is much longer than the receiver. This 
results in a more constant coupling while the vehicle moves 
along the track. However, the efficiency is low as the magnetic 
coupling of the coils is typically weak. In segmented coil 
topology, the length of the transmitter is smaller than the size 
of the vehicle. Thus, the coupling coefficient is higher in 
comparison with the long track topology. This results in an 
improvement of the efficiency. In this topology, a separate 
converter can be employed for each transmitter coil. The 
converter can be turned on when the vehicle is above the 
transmitter coil. Besides the improvement of the efficiency, 
this will significantly help in reduction of stray field [11]. 
Another advantage of the segmented topology over long track 

topology is that the self-inductance of the transmitter coil is 
considerably smaller meaning a lower voltage stress over the 
transmitter compensation capacitor. However, since each coil 
is energizied by a separate H-bridge, in segmented topology, 
the total cost is higher and the coil circuit is more complicated.  

Furthermore, some work has proposed the use of a high-
frequency transformer at the transmitter side [12], [13]. The 
main role of this component is to provide an additional 
insulation level for the system.  

This paper presents two systems, indicated as system A and 
system B, both based on the segmented transmitter topology 
and a rectangular shape of transmitter and receiver coils. The 
two solutions adopt the series-series compensation, but the 
system B is characterized by the presence of a high-frequency 
transformer on the transmitter side. The two systems have been 
developed to operate in the same electrical infrastructure in 
which each transmitter is supplied by means of a dedicated 
DC/AC converter and the overall WPT infrastructure is 
powered through a DC distribution line. Moreover, system B 
has been designed to be interoperable with respect to the same 
structure of the receiver developed for the system A.  

Solutions A and B are investigated and compared in terms 
of efficiency and voltage stress over the compensation 
capacitors focusing also on the aspects of the common mode 
currents once the transmitters are directly embedded in the road 
pavement. The comparison is carried out also performing 
experimental tests.  

II. SYSTEM DESCRIPTION  

Fig. 1 shows the general architecture of the systems under 
analysis. Both systems are supplied by a main DC bus provided 
by an active AC/DC converter. The DC bus powers each WPT 
section (in the red box in Fig. 1) composed by an H-bridge and 
its transmitter coil together with the capacitive elements for the 
compensation. The entire system is directly connected to the 
LV distribution network through an insulation transformer that 
electrically separates the system and the normal three-phase 
distribution line.  
On the EV side (in the green box of Fig. 1), the receiver 
structure is composed of the receiver coil with its 
compensation capacitor, a diode rectifier and a DC/DC boost 
converter that acts as interface between the receiver and the 
battery by regulating the received power. The paper focuses on 
the content of the red box of Fig. 1. Both systems are supplied 



by the same H-bridge but the characteristics of the transmitter 
and the compensation capacitor change according to the 
insertion of a high-frequency transformer in the solution B. 
The remaining parts of the infrastructure do not change. Hence, 
the proposed solutions for the WPT are completely 
interoperable. The characteristics of each system is presented 
in the following.  

A. System A 

The architecture of system A is shown in Fig. 2. L1 and L2   
are the self-inductance of transmitter and receiver respectively 
and M represents their mutual inductance. R1 and R2 represent 
the resistances of the coils. The two capacitors C1 and C2 are 
employed in order to improve the power transfer capability of 
the system [3],[5],[6]. These capacitors are chosen in order to 
resonate with the self-inductance of the respective coil at a 
unique common resonance frequency ω0: 

 
2211

0
11

CLCL
  (1) 

As shown by (1), the series-series compensation topology 
is chosen because the resonant circuit can be designed 
independently of the mutual coupling. This is considered an 
important advantage for the dynamic applications when the 
mutual coupling naturally varies during the movement of the 
vehicle. 

For both systems the H-bridge operates at fixed frequency 
ω0 and the output voltage V1 is controlled by means of a phase 
shift modulation. This modulation technique is based on the 
control of the phase angle α between the gate signals of the two 
legs of the H-bridge. The relation between the rms value of the 
first harmonic of V1 and the angle α is expressed as: 
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Where, Vin is the amplitude of the DC bus voltage. Fig. 3 
shows an example of the waveforms of the gate signals for the 
switches of the H-bridge and the related output voltage. When 
α is set to 0°, the maximum converter output voltage can be 
determined.  

Beside the control of the system with the H-bridge 
converter, a DC/DC boost converter is used on the receiver  

side in order to control the voltage V2dc at the output of the 
diode bridge. The ratio between V2dc and I2dc defines an 
equivalent resistance. This resistance can be translated on the 
AC side upstream the diode bridge thanks to a first harmonic 
approximation: 
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The resistance Rac allows to simplify battery, DC/DC 
converter and diode-bridge using a single parameter.  

If the system works at the resonance frequency, it is 
possible to express the rms values of transmitter and receiver 
current as:  
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The power received at the diode bridge input is then 
defined by the following equation: 
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Hence the efficiency of the AC section (i.e. the efficiency 
between the H-bridge output and the diode bridge input) can be 
expressed as: 
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Fig. 3. Gate signals and H-bridge output voltage 
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Fig. 1. General architecture of the WPT system infrastructure 
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Fig. 2. Power circuit architecture of system A 



Equations (6) and (7) clearly point out as the mutual 
inductance plays a key role in the power transfer.  

It is worth noting that, in the condition of maximum voltage 
at the H-bridge output and for a given battery voltage, there is 
only one value of mutual inductance that allows the transfer of 
a certain power P2. If losses are neglected, the previous 
assumption can be viewed in the light of the following 
equation: 
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B. System B 

One of the main critical issues of WPT systems for EVs is 
represented by the high voltage stress over the compensation 
capacitors [14]. This voltage can reach the decade of kilovolt 
for applications whose power rating is in the order of decades 
of kilowatt. A possible way to mitigate this voltage stress on 
the transmitter side could be represented by the introduction of 
a transformer between the H-bridge and the transmitter 
resonant circuit as shown in Fig. 4.  

For the sake of simplicity, the non-idealities of the 
transformer are neglected. Hence, equations (3), (4), (5), (6) 
and (7) developed for the system A, can be considered valid 
also for the system B under the following conditions:  
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where N is the transformer ratio. 
The interoperability between the two systems can be 

guaranteed only if the transmitter of system B maintains the 
same amperes/turns ratio of the transmitter of system A. This 
means that, in order to demand the same voltage and current at 
the H-bridge output, the number of turns of the transmitter has 
to be decreased by a factor N. In first approximation, this 
means a reduction of the transmitter self-inductance by a factor 
N2 but also a reduction of the mutual inductance by a factor N 
[5]. In this case, (8) has to be rewritten by considering this 
effect: 
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Equation (10) indicates that the power P2 can be transferred 
with the same couple of values of Vin and Vbat used in system A 
if the mutual inductance is decreased by a factor N. This 
demonstrates the interoperability of the two systems while 
maintaining unaltered the receiver section and the 
characteristics of the transmitter source.  

The reduction of the self-inductance L1 by a factor N2 leads 
to a modification of the value of its compensation capacitor in 
order to maintain the same resonance frequency defined in (1). 
This means that the capacitance C1 has to be increased by a 
factor N2. By expressing the rms voltage over the capacitor C1  
as  
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one can see that, in the systems B, the voltage stress over the 
capacitor can be reduced by a factor N. 

Finally, the introduction of the transformer requires a 
strong modification of the compensation capacitor parameters. 
This capacitance strongly increases while the requirements in 
terms of current become more important and the requirements 
in terms of tolerated voltage become less critical. From another 
point of view, the insertion of the transformer can be used as an 
additional degree of freedom in the design of the WPT system. 
The transformer ratio N can be chosen to match the 
characteristics of the compensation capacitor with the 
characteristics of commercially available capacitors. The 
developed considerations have been based on the hypothesis of 
an ideal behavior of the transformer. In real implementations 
the presence of the leakage inductance Llk of the transformer 
has to be taken into account in the selection of the capacitors 
by using the following relationship: 
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III. EXPERIMENTAL RESULTS 

A. Test setup description 

The physical implementation of system A and system B 
consists of two WPT systems with a rated power of 20 kW. 
The systems are supplied by means of a three-phase insulated 
transformer and an AC/DC providing a DC bus at 600 V. The 
tests have been conducted by using as load a battery having 
rated voltage of 300 V. The transmitter is supplied through an 
H-bridge converter based on a SiC MOSFET module. The  
H-bridge operates at a fixed frequency equal to 85 kHz with a 
rated current of 40 A rms. For both system A and system B the 
distance between transmitter and receiver is maintained fixed 
at 25 cm. The adopted receiver, equal for the two systems, is 
shown in Fig. 5. It consists of a rectangular coil made of ten 
turns of litz wire and two ferrite cores placed in the sides 
parallel to the direction of movement of the vehicle on which 
the receiver has to be placed. The parameters of the receiver 
are presented in TABLE I. 

B. System A description 

Fig. 6 shows the transmitter coil of system A during the 
embedding in the road surface. In this implementation, the use 
of ferromagnetic materials is limited to the receiver only. The 
parameters of the transmitter of system A are listed in TABLE 
II. 
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Fig. 4. Power circuit configuration of system B 



Fig. 7. Structure of the transmitter coil for system B during the 
embedding in the road surface. 

 

Fig. 8. Power electronics structure of the System B. Transmitter 
converter, transformer and capacitors. 

TABLE III.   
PARAMETERS OF SYSTEM B 

Parameter Value Unit 

Transmitter resistance, R1 8.6 mΩ 
Transmitter inductance, L1 5.2 µH 
Transmitter capacitor, C1 600 nF 
Transmitter coil length 200 cm 
Transmitter coil width 58 cm 
Mutual inductance, M 1.7 µH 
Transmitter coil number of turns 1 - 
Wire diameter 10 mm 
Transformer turn ratio, N 10 - 
Transformer leakage inductance 
referred to low voltage side, Llk 

0.55 µH 

Transformer magnetizing inductance 2.85 mH 

 

 
C. System B description 

The transmitter coil adopted in system B is shown in Fig. 7. 
In this case, the transmitter is constituted by a single-turn coil 
with an increased diameter of the wire to tolerate the increased 
value of the current.  

As shown in Fig. 8, a high-frequency transformer with 
transformer ratio N=10 is inserted between the H-bridge and 
the compensation capacitors. In the physical implementation 
these components are placed in the same case. The overall 
value of capacitance equal to 600nF is made by using five 
capacitors of 500nF i.e. the parallel of three capacitors in series 
with the parallel of two capacitors. With respect to system A, 

the length of the transmitter has been slightly increased in order 
to tune the resonance frequency at a value as close as possible 
to 85 kHz. The main parameters of the transmitter of system B 
are presented in TABLE III.   

It is worth nothing that the change of wire diameter and 
length of the transmitter coil do not allow the scaling of the 
self-inductance by a factor N2. Conversely these changes have 
a less significant effect on the mutual inductance that is 
reduced by a factor 8.4.  

D. Experimental comparison 

Firstly, the two systems have been tested at the same power 
level of 10 kW at the H-bridge output for a passage of the 
receiver at a limited speed of about 4 km/h. The related 
waveforms are shown in Fig. 9 and Fig. 10.  

As visible in these figures, the waveforms of the transmitter 
voltage are different in the two cases. This difference is due to 
the fact that the mutual inductance of system B is not scaled by 
a factor N with respect to the mutual inductance of system A. 
In the case of system B, the value of M is proportionally higher 
than the value of system A. According to (10) this means that 

 
Fig. 5. Structure of the receiver coil 

TABLE I.   
PARAMETERS OF THE RECEIVER 

Parameter Value Unit 

Receiver resistance, R2 0.3 Ω 
Receiver inductance, L2 120 µH 
Receiver capacitor, C2 29.2 nF 
Receiver coil external length 60 cm 
Receiver coil external width 40 cm 
Receiver coil number of turns 10 - 

   

 

Fig. 6. Structure of the transmitter coil for system A during the 
embedding in the road surface. 

TABLE II.   
PARAMETERS OF SYSTEM A 

Parameter Value Unit 

Transmitter resistance, R1 0.5 Ω 
Transmitter inductance, L1 280 µH 
Transmitter capacitor, C1 12.5 nF 
Mutual inductance, M 14.3 µH 
Transmitter coil length 150 cm 
Transmitter coil width 50 cm 
Transmitter coil number of turns 10 - 
Wire diameter 5 mm 

Resonant 
Capacitors 

High frequency 
transformer 

High frequency 
inverter 



system B requires a slightly higher voltage to transfer the same 
power. 

A second series of tests have been carried out to evaluate 
the aspects of the ground currents (i.e. the common mode 
currents that can flow from the embedded coils and cables 
through the ground by means of capacitive coupling). These 
currents can represent a problem when a complete WPT 
charging lane is active and many converters switch together in 
close spatial proximity. In such cases the ground current could 
cause EMC problems with respect to the auxiliary electronics 
for the communications and the management of the charging 
process [15].   

Ground currents for both systems have been measured as 
the sum of the phase currents at the output of the insulated 
three-phase transformer that supplies the system. As could be 
seen in Fig. 11 and Fig. 12, a ground current takes place in 
correspondence of the H-bridge commutations. The peak of the 
ground current is not the same for the two systems. The current 
peak reaches 1A for system A while a value of 500 mA is 
measured for system B. This difference can be ascribed to two 
factors: 

1. The reduced number of turns of the transmitter coil of 
system B. This means a reduced surface of the coil 
thus a reduction of the capacitive coupling with respect 
to the ground 

2. The presence of the high-frequency transformer that 
provides an additional level of electrical insulation 
between coil and source. 

 

Fig. 9. System A waveforms. Top: transmitter current in yellow (10 
A/div), transmitter voltage in red (350 V/div) and receiver DC 

current in blue (20 A/div). Bottom: zoomed waveforms. 

 

 

Fig. 10. System B waveforms. Top: transmitter current in yellow (20 
A/div), transmitter voltage in red (350 V/div) and receiver DC 

current in blue (20 A/div). Bottom: zoomed waveforms. 
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Fig. 11. System one waveforms. (a) Transmitter current in yellow (5 

A/div) and voltage in green (200 V/div). (b) Ground current in red 
( 500 mA/div). 

 

 
(a) 

 
(b) 

 
Fig. 12. System two waveforms. (a) Transmitter current in yellow (5 

A/div) and voltage in green (200 V/div).  (b) Ground current in red 
( 500 mA/div). 



The effect of the voltage stress of the compensation capacitors 
is presented through Fig. 13. This figure shows the voltage 
over the compensation capacitors for different powers 
measured at the H-bridge output. As expected, the voltage 
stress over the capacitor of system B is strongly reduced to 
about one fifth of the voltage of the capacitor of system A.  
 Finally, the comparison of the DC-to-DC efficiency of the 
two systems for different powers is shown in Fig. 14. At the 
supplied power of 10 kW, the efficiency of system B is 76.9% 
and the efficiency of the system A is 87.9%. This difference of 
efficiency is due to the additional losses introduced by the 
high-frequency transformer.  

IV. CONCLUSION 

The carried out comparison has pointed out several 
differences between the analyzed systems. The origin of these 
differences is mainly due to the use of the high-frequency 
transformer as interface between the power electronics 
powering the system and the resonant transmitter section. The 
presence of the transformer has introduced two strong benefits 
that are the reduction of the ground currents and the reduction 
of the voltage stress over the compensation capacitor. 
However, this component causes an increase in the cost of the 
solution and a relevant decrease of the system efficiency.  
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Fig. 13. Capacitor voltage versus output power. 

 
Fig. 14. Efficiency comparison between two systems versus output 

power. 
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