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Abstract—With a high power level and a large transfer 
distance in a wireless charging system of electric vehicles, human 
exposure to electromagnetic filed becomes a major concern. In this 
paper, some key parameters of an aluminum plate and ring shield 
are studied with the aid of finite-element analysis. The shielding 
effectiveness and the power transfer efficiency are investigated 
simultaneously as one of the parameters changes. It is found that 
the shielding effect mainly depends on the size of the shield while 
increasing the distance between the shield and the ferrite layer 
attenuates efficiency drop due to the eddy-current loss in the 
shield. A 3.3kW wireless charging system with 20cm air gap was 
built to verify the simulation results. 

Keywords—electric vehicles; wireless power transfer; 
electromagnetic field; electromagnetic shielding;  

I. INTRODUCTION  

Nowadays, energy and environment issues have drawn more 
and more attention. With advantages of high energy efficiency 
and zero emission, the electric vehicle (EV) gains increasingly 
attention. However, the relatively low energy density of the 
battery constrains the travel distance of an EV. Besides,  
frequently plugging in and off the car charger may upset an EV 
user. Wireless power transfer (WPT) technology is considered 
as an effective way to solve this problem. With WPT 
technology, an electric vehicle is able to achieve opportunity 
charging [1]. For example, by installing wireless charging pads 
in the park lot even on the road, electric vehicles can be charged 
more frequently and conveniently. As a result, mile anxiety can 
be eased. Besides, wireless charger is able to charge a car 
automatically. The drivers can just park their cars and leave. 
They will never have the trouble of forgetting to charge. In 
addition, without cable, wireless charger is much safer and can 
adapt to severe weather [2]. 

The most common way to realize WPT at present is 
inductive power transfer technology, which consists of a 
transmitting coil and a receiving coil. Through electromagnetic 
field (EMF), the power can be delivered wirelessly. Recent 
research has been undergoing with respect to power transfer 
efficiency, adaptability to misalignment, and distance etc. [3]-
[8]. However, with the increase of power level and air gap 
distance, the electromagnetic field generated around the system 
should also be a concern. According to the most referred 
guidelines published by the international commission on non-
ionizing radiation protection (ICNIRP) in 2010, the reference 

level for general public is 27μT at frequency ranging from 3kHz 
to 10MHz, which covers most of the operation frequency of a 
WPT system for EVs [9]. As a result, when designing a WPT 
system, proper shielding methods should be utilized to fulfill 
this standard. 

In general, there are passive and active shielding methods to 
eliminate EMF. For passive methods, ferromagnetic materials 
are used as magnetic flux guide to constrain the EMF. 
Conductive materials such as aluminum are used to shield EMF. 
Utilizing ferromagnetic materials has benefit to improving 
magnetic coupling between the coil pads and improves system 
efficiency. However, ferromagnetic materials are usually fragile 
and expensive. Besides, in some circumstances, only using 
ferromagnetic materials may fail to constrain the EMF under the 
standard. As a result, conductive materials are often used as an 
auxiliary measure in practice. Effective cancellation of the 
electromagnetic field is found in [10] by combining those two 
methods. Similar to using conductive materials as shields, a 
resonant reactive shielding method was proposed in [11]. By 
using a passive compensation loop coil with a capacitor for 
resonance, this method demonstrates more effective shielding 
effect than a conductive shield with the same size. As for active 
methods, counter current is generated deliberately to achieve 
EMF cancellation. Active shielding methods may be used in the 
case of high power, large air gap and low magnetic coupling, 
where the passive shielding method is insufficient. [12]. 
Usually, passive shielding methods are preferred because they 
are simple, and cost effective.  

Several factors should be considered when designing WPT 
shields. This paper investigates how the parameters of an 
aluminum plate and an aluminum ring affect the EMF and the 
performance of a WPT system. The investigation is organized 
into five sections. Section II starts with the setup of the WPT 
system. The research method and some key parameters of the 
WPT system are introduced. In section III, the simulation results 
of aluminum plate shield with different size, thickness and 
distance between the plate and the ferrite layer are presented and 
discussed. Section IV illustrates the simulation results of 
aluminum ring shield with different size, width and  distance 
between the ring and the ferrite layer. The results are then 
compared with aluminum plate shield. In section V a series of 
experiments are conducted to verify the simulation. 
Measurements of the dc-dc efficiency and the magnetic field 
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density with 3.3kW output power are presented. Finally, in 
section VI, the investigation results are summarized. 

II. SETUP OF THE WPT SYSTEM 

A 3.3 kW WPT system was built to investigate the shielding 
effect. Fig. 1 shows the overall topology of this system, which 
consists of a high frequency inverter, a power delivery coil with 
its compensation networks and a full bridge rectifier. 
Conventional series-series (SS) compensation networks are 
adopted. According to the standard SAE-J2954, the operating 
frequency fo of an EV charging system should be within the 
range of 81.39 – 90 kHz and center at 85 kHz. The output 
voltage and output current is assumed constant in order to 
compare the effect of different shields. The equivalent circuit of 
SS compensation networks is shown in Fig. 2, where L1 and L2 
are the self-inductance of the primary side and secondary side 
respectively. C1 and C2 are the compensation capacitors. M is 
the mutual inductance between the primary coil and the 

secondary coil. R1 and R2 are the parasitic resistance of the coil 
plus the equivalent series resistance of the capacitor. RL is the 
equivalent load resistance of the rectifier. Based on the analysis 
in [13],  RL can be expressed as  
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where Uout is the output dc voltage of the rectifier and Po is the 
output power. According to the fundamental wave analysis 
method, the following equations can be obtained [14].  
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Fig. 1  WPT system overall topology 
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Fig. 2  Equivalent circuit of SS compensation networks 
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Fig. 3  Schematic of the WPT system and the observation spot. 
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Fig. 4 Shields used in the simulation: (a) aluminum plate; (b) aluminum ring 

TABLE I  GEOMETRIC PARAMETERS OF THE COILS 

Parameter Value 

Coil edge length 350 mm 
Ferrite bar length 370 mm 

Ferrite bar width 20 mm 

Ferrite bar thickness 6 mm 
Num. of ferrite bars in total 22 

Air gap 20 cm 
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Both the primary side and the secondary side are resonant at 
the operating frequency. Then the current of the secondary side 
I2 and the primary side I1 can be expressed as 
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 It should be noticed that the added aluminum shield will 
increase R2 and reduce M. Thus two simulations are required to 
get a precise result for each set of parameters. The first simulation 
will use arbitrary coil currents and obtain the values of R2 and M 
of the coil with the shield. The values can then be substituted into 
(4) to calculate the required primary current for generating a 
rated output current at 3.3kW. I1 and I2 are then used in the 
second simulation to get the results of the interested parameters. 

 The structure of the coils used in this system is shown in Fig. 
3 and the geometric parameters of the coils are listed in TABLE 
I. It is assumed that the width of a car is around 1.5 m. The 
magnetic flux density of the place 0.75 m away from the center 
of the coils is observed, as illustrated in Fig. 3. The magnetic 
flux density is maximized at point P due to the orientation of the 
magnetic bars. Therefore it is selected as the field observation 
spot in the following simulations and experiments. Fig. 4 shows 
the aluminum shields under investigation. The aluminum shield 
size, distance between the shield and the ferrite layer d, 
aluminum plate thickness t and ring width of the aluminum ring 
plate w are investigated. 

III. SIMULATION STUDY OF USING ALUMINUM PLATE AS A 

SHIELD 

A. Size of the Aluminum Plate 

Fig. 5 shows the simulation results of different aluminum 
plate sizes. In the simulation, the plate shield thickness t is 4 mm 
and the distance d between the plate and the ferrite layer is 4 
mm. The horizontal axis is the ratio of the aluminum plate edge 
length to the ferrite bar length, which indicates the size of the 
shield. The normalized B-field is the ratio of the magnetic flux 
density at point P to that when without shielding. It can be seen 
that as the size of the aluminum plate increases, the core loss and 
coil loss increase while the coupling coefficient k drops 
dramatically as shown in Fig. 5(a). Meanwhile, the B-field at 
point P and coil efficiency also decrease with increase of the 
shield size as shown in Fig. 5(b) . The B-field at point P is 
reduced by half when the normalized shielding plate size 
increases to 1.25. When the normalized size is more than 1.25, 
the increment of plate size has no significant effect on either 
shielding effect or the power transfer efficiency. 

B. Thickness of the Aluminum Plate 

Fig. 6 shows the simulation results of different aluminum 
plate thickness t. In the simulation, the plate normalized size is 
1 and the shield to ferrite distance d is 4 mm. It can be seen that 
the plate thickness t has little effect on the core loss, coil loss, 
coupling coefficient and magnetic flux strength. However, when 
the plate thickness is smaller than 5mm, the plate loss 

demonstrates a sharp increase as the thickness is further reduced, 
which will degrade the power transfer efficiency. As a result, 
there is an lower limit for plate thickness for obtaining higher 

      

 

Fig. 5  Simulation results of different aluminum plate sizes: (a) plate loss, 
core loss, coil loss and coupling coefficient k; (b) coil efficiency and 
normalized B-field.
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Fig. 6  Simulation results of different aluminum plate thicknesses: (a) plate 
loss, core loss, coil loss and coupling coefficient k; (b) coil efficiency and 
normalized B-field. 
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efficiency. Therefore, when using aluminum plate as a shield, 
the plate thickness needs to be properly designed. Thicker plate 
has little benefit to shielding. However it will increase weight of 
the charging pad. 

C. Distance between the Aluminum Plate and Ferrite layer 

Fig. 7 shows the simulation results of different distance d 
between the plate and ferrite layer. In the simulation, the 
normalized size of the plate is 1 and the shield thickness t is 4 
mm. It can be seen that as the distance between the plate and 
ferrite layer increases, the plate loss, core loss and coil loss are 
all decreasing. When the distance d is within 10 mm, the 
shielding plate loss drops quickly with the increment of the 
distance. In the meantime, the magnetic field density almost 
remains unchanged. That is because the coupling coefficient k 
will increase as the distance is enlarged, which contributes to a 
lower electromagnetic radiation. According to the simulation, 
when the plate to ferrite distance d increases from 0 mm to 20 
mm, the coil efficiency increases 2.5 percentage while the 
magnetic flux density only increases 5%. Therefore, when 
designing an aluminum plate shield, it is recommended to 
increase the distance between aluminum plate and ferrite layer 
moderately if volume is allowed. It may enlarge the volume of 
the pad slightly but the coil efficiency will rise. Besides, the 
shielding effect and the pad weight are almost unchanged. 

IV. SIMULATION STUDY OF USING ALUMINUM RING AS A 

SHIELD 

A. Size of the Aluminum Ring 

Fig.8 shows the simulation results of different aluminum 
ring size. In the simulation, the ring width w is 15 mm and the 
distance d between the ring and the ferrite layer is 4 mm. It can 
be seen that the magnetic field density decreases as the ring size 
increases, and the dropping rate starts to decrease when the 
normalized size is larger than 1.3 which is similar to the case of 
using aluminum plate. However, the efficiency curve of the 
system turns out to be "V" shape. When the normalized ring size 
is 1.5, the normalized B-field is about 0.52 and the coil 
efficiency is about 96.9%, compared with a normalized plate 
size of 1.1 and an efficiency of 96.2% when achieving a similar 
normalized B-field in the case using aluminum plate. Therefore, 
ring shape shield shows superior efficiency performance 
compared with plate shield but the size of the shielding ring 
needs to be larger than the shielding plate in order to achieve 
similar magnetic field attenuation. 

B. Aluminum Ring Width 

The simulation results of different aluminum ring width w 
are shown in Fig.9. In the simulation, the normalized size is 1 
and the distance d between the ring and the ferrite layer is 4 mm. 
The results are similar to that of the case investigating the effect 
of aluminum plate thickness t. When the ring width is smaller 
than 5 mm, with the increment of ring width, the ring loss will 
decrease dramatically, which leads to the enhancement of coil 
efficiency. However, if the ring width increases further, the 
dropping coupling coefficient will result in the increment of the 
primary coil current and the coil efficiency will decrease. 

C. Distance between the Aluminum Ring and Ferrite Layer 

Fig. 10 shows the simulation results of different distance d 
between the ring and the ferrite layer. In the simulation, the 
normalized size is 1.08 and the ring width w is 10 mm. A 
negative distance implies that the ring overlaps or goes across 
the ferrite layer in vertical direction. Similar to the results of 

   

 

Fig. 7  Simulation results of different distances between the aluminum 
plate and the ferrite layer: (a) plate loss and core loss, coil loss and 
coupling coefficient k; (b) coil efficiency and normalized B-field. 
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Fig. 8  Simulation results of different aluminum ring sizes: (a) plate loss 
and core loss, coil loss and coupling coefficient k; (b) coil efficiency and 
normalized B-field. 
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plate, increasing the distance moderately can enhance the 
coupling and improve the coil efficiency while remain the 
shielding effectiveness. 

V. EXPERIMENT VALIDATION 

Experiments are carried out to verify the simulations. A 3.3 
kW wireless charging system for electric vehicles has been built 
for practical measurements. Fig. 11 shows the setup of the  
system which has the same structure and geometric parameters 
as shown in Fig. 4 and TABLE I, respectively. Litz wire with 
strand diameter of 0.1 mm and 300 strands is used to minimize 
the skin effect. The output power of the system is 3.3 kW, the dc 
output voltage is 317 V and the operation frequency is 83.9 kHz. 
The dc-dc efficiency of the system and the magnetic field 
density at point P are measured and compared with the 
simulation results. The dc-dc efficiency is measured with 
PM6000 power analyzer from Voltech. The magnetic field 
density is measured with ESRP EMI test receiver from 
ROHDE&SCHWARZ and the RMS value of the magnetic field 
density is 10.8μT at point P without shielding. 

 
(a) 

 
(b) 

Fig. 11  Couplers of the WPT system: (a) with aluminum plate shield; (b) 
with aluminum ring shield.

    

 

Fig. 9  Simulation results of different aluminum ring widths: (a) plate loss 
and core loss, coil loss and coupling coefficient k; (b) coil efficiency and 
normalized B-field. 
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Fig. 10  Simulation results of different distances between the aluminum 
ring and ferrite bars: (a) plate loss and core loss, coil loss and coupling 
coefficient k; (b) coil efficiency and normalized B-field. 
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A. Using aluminum plate as a shield 

The shielding effect of aluminum plate is firstly investigated. 
The effect of three parameters, i.e. plate size, plate thickness and 
plate-to-ferrite distance, is studied. The experiment conditions 
are listed in TABLE II. The experimental results of different 
plate size are shown in Fig. 12. It can be seen that the 
experimental results are consistence with the simulations. B-
field at point P changes obviously with different plate sizes. 
When the normalized plate size increases from 0.5 to 1.5, the 
normalized B-field decreases from 0.95 to 0.47. However, the 
efficiency of the system will also decrease with a larger plate. 
The coupling coefficient drops from 0.12 to 0.076 as shown in 
Fig. 12 (b) which accounts for the reduction of the dc-dc 
efficiency from 93.83% to 87.38%. 

The experimental results of different plate thickness t are 
shown in Fig. 13. It can be seen that plate thickness has little 
effect on the shielding effect as well as the system efficiency. 
However, the plate thickness should be larger than some critical 
value, otherwise the system efficiency will be deteriorated. As 
shown in Fig. 13 (b), the measured efficiency at  thickness 4mm 
has an obvious decrease compared with that at 8mm. 

 

 
Fig. 12  Experimental results of different plate sizes: (a) coupling 
coefficient k; (b) dc-dc efficiency and normalized B-field. 
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Fig. 13  Experimental results of different plate thicknesses: (a) coupling 
coefficient k; (b) dc-dc efficiency and normalized B-field. 
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Fig. 14  Experimental results of different plate-to-ferrite distances: (a) 
coupling coefficient k; (b) dc-dc efficiency and normalized B-field. 
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TABLE II  EXPERIMENT CONDITIONS OF ALUMINUM PLATE SHIELD

Investigated 
Parameter 

Normalized 
Size 

Thickness t Distance d 

Size - 4mm 14mm 
Thickness t 1 - 4mm 
Distance d 1 4mm - 
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 Fig. 14 shows the experimental results of different plate-to-
ferrite distance d. It can be seen that increasing the distance can 
weaken the effect of the plate on the coupling coefficient k. 
Therefore, with a larger distance, the system efficiency is 
improved. As shown in Fig. 14 (b), when the distance is enlarged 
from 4 mm to 14 mm, the measured dc-dc efficiency increases 
by 2%. Meanwhile, the B-filed at point P only has a small 
increase. However, the volume of the receiver will be limited in 
a real application and therefore the plate-to-ferrite distance can 
only vary in a small range.  

B. Using aluminum ring as a shield 

The effect of an aluminum ring on shielding as well as 
system efficiency are practically studied. The experiment 
conditions are listed in TABLE III. Fig. 15 shows the 
experimental results of different ring size. It can be seen that as 
the ring size increases, the B-field at point P decreases and the 
efficiency curve has a “V” shape. The measured dc-dc efficiency 
reaches the minimum value when the normalized size is 1. 
Therefore, when using aluminum ring as a shield, the 
normalized ring size should exceed 1 so that a higher system 
efficiency and a better shielding can be achieved. Compared 
with aluminum plate, the dc-dc efficiency with aluminum ring 
shield is higher when achieving similar shielding effect but the 
required ring size is larger than the plate size.  

 Fig. 16 provides the experimental results of different ring 
width w. It can be seen that, the ring width does not affect the B-
filed at point P much. However, there is an optimum ring width 
for high system efficiency. When the ring width increases from 

TABLE III  EXPERIMENT CONDITIONS OF ALUMINUM RING SHIELD

Investigated 
Parameter 

Normalized 
Size 

Width w Distance d 

Size - 4mm 14mm 
Width w 1 - 4mm 

Distance d 1 15mm - 
 

 

     

Fig. 15   Experimental results of different aluminum ring sizes: (a) 
coupling coefficient k; (b) dc-dc efficiency and normalized B-field. 
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Fig. 16   Experimental results of different aluminum ring widths w: (a) 
coupling coefficient k; (b) dc-dc efficiency and normalized B-field. 

0.04

0.06

0.08

0.10

0.12

0 4 8 12 16

k

Ring Width w (mm)
(a)

Measured

Simulated

0

0.2

0.4

0.6

0.8

1

75.0

80.0

85.0

90.0

95.0

100.0

0 4 8 12 16

N
or

m
al

iz
ed

 B
-f

ie
ld

E
ff

ic
ie

nc
y 

(%
)

Ring Width w (mm)
(b)

Measured Efficiency
Calculated Efficiency
Measured B-field
Simulated B-field

 

     

Fig. 17 Experimental results of different distances d between the 
aluminum ring and the ferrite layer: (a) coupling coefficient k; (b) dc-dc 
efficiency and normalized B-field. 
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2 mm to 8 mm, the measured dc-dc efficiency increases by 
1.3%. Whereas when the ring width w is further increased, the 
measured dc-dc efficiency drops from 90.95% to 90.83%. This 
is similar to that of the study of the plate thickness. 
Consequently, when designing the aluminum ring width, the 
system efficiency rather than the shielding effect should be 
primarily considered. 

The experimental results of different ring-to-ferrite distance 
d are illustrated in Fig. 17. The results are similar to that of the 
case when using aluminum plate. Increasing the distance will 
increase coupling coefficient of the coils and push up system 
efficiency. But the improvements in coupling and efficiency are 
less obvious compared with the case using aluminum plate. 
When the ring-to-ferrite distance increases from 4 mm to 17mm, 
the measured dc-dc efficiency  increased by 0.6%.  

I. CONCLUSION 

 In this paper, the shielding effects of aluminum plate and 
aluminum ring in a WPT system are investigated by FEA 
simulations and practical measurements. The B-filed at the 
interested spot can be reduced to about 50% of the value without 
shielding by using either plate or ring shield. Based on this 
study, a few design guidelines are provided as follows. 

• Size of the shielding plate or ring should be determined 
by the targeted value of the B-filed; 

• There is a minimum thickness of the plate or minimum 
width of the ring which will provide similar shielding 
and maintain a high efficiency. Further reducing the 
thickness of the plate or the width of the ring will cause 
dramatic decrease in system efficiency. 

• The distance between the shield and the ferrite layer 
should be maximized. 

• Ring shape shield is better from the aspects of efficiency 
and cost. 
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