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Abstract: Power transfer efficiency is an important issue in wireless power transfer (WPT). In actual 
applications, the WPT system may be exposed to a complex electromagnetic environment. The 
metal which is inevitably or accidentally close to the system will impact the power transfer 
efficiency. Most previous research has aimed at the effect of the metallic sheet paralleled to the 
resonant coil. This paper focuses on the effect of the metallic plate perpendicular to the resonant 
coils. Firstly, based on the theoretical analysis, a simulation model is setup using COMSOL 
Multiphysics. The efficiencies of the double-coils magnetic resonant WPT system with the presence 
of the parallel and vertical aluminum plate are studied comparatively. Efficiency improvement is 
observed with the vertical plate while the reduction appeared with the presence of the parallel plate. 
The vertical metallic plate has shown a magnetic field shielding effect according to the magnetic 
field distribution. It can reduce the radial magnetic field and enhance the axial magnetic field. Then, 
the effects of the position and size of the vertical plate are studied. It is found that the transfer 
efficiency has a preferable improvement when the vertical aluminum plate with a larger size is 
placed between the resonant coils and near outer edge of the windings. Finally, the experiment is 
carried out to verify the effect of the vertical aluminum plate on the WPT system. 

Keywords: wireless power transfer; magnetic flux density; metal obstacles 
 

1. Introduction 

Wireless power transmission (WPT) refers to a class of technologies that transfer electric energy 
without wires. With the advantages of convenience, being contactless and simplicity of maintenance, 
it has attracted extensive attention and a wide range of applications, such as battery chargers for 
electronic devices [1–3], medical implants [4–6], electric vehicles and trams [7–10]. 

WPT technology can be traced back to the 19th century [11,12], and has developed rapidly in the 
past 10 years. The most important issues of a WPT system are the power transfer efficiency and the 
power transfer distance. Many attempts such as coil structure optimization [13–15], maximum 
frequency tracking [16–19], and the multi-coils system [20–22] have been developed in order to 
improve system performance. However, before large-scale practical application, safety concerns also 
need to be clarified and addressed [23–26]. 

In actual applications, the WPT system will generate a leakage magnetic field to the surrounding 
area. To limit electromagnetic radiation, many schemes including a conductive shield, magnetic 
shield, designed structure, and additional compensated coils have been proposed [13,27–31]. Among 
them, a conductive shield is a basic shielding method which uses the reversed magnetic field 
produced by eddy current in a good conductor to reduce the leakage magnetic field. It is a simple but 
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effective shielding technique, especially at high frequency. Relevant attenuation can be produced 
with a shield of few millimeters thickness. 

Besides the conductive shield, charged devices inevitably contain other metallic components. 
According to Faraday’s law of electromagnetic induction, the leakage magnetic field will induce an 
eddy current in these conductive components during the WPT process. Then, Joule heating due to 
the eddy current causes energy consumption. In addition, the introduction of the metal components 
will affect the magnetic field distribution. These will influence the power transfer efficiency and 
degrade the performance of the WPT system. 

To improve system performance and reduce the impact on the surroundings, the effect of 
metallic objects on the WPT system needs to be researched. Many scholars have studied the 
performance of the system with the presence of metallic obstacles [32–38]. The research shows that 
metal obstacles near the system such as the metal enclosure and shielding sheet influence the 
parameters of the WPT system and result in a deviation of the resonant frequency. Moreover, the 
eddy current induced in the metal obstacles causes temperature rise and energy consumption. 
Although methods such as frequency adjustment, impedance matching and structure optimization 
can diminish the impact of the metal obstacles [35–38], the system still have lower energy transfer 
efficiency with the presence of the metal obstacles. 

Most of the previous research is aimed at the metallic sheet paralleled to the resonant coils. The 
metal obstacles perpendicular to the coils are also common and important in the actual application 
of the WPT system. The effect of these obstacles on the performance of the system also should be 
studied. In this study, we focus on the non-ferrite metallic obstacles perpendicular to the resonant 
coils. Firstly, the WPT system efficiencies with and without the metal obstacles are analyzed in theory. 
Based on the analysis, a simulation model of the WPT system is set up by COMSOL Multiphysics. 
With this model, we studied the effect of a vertical aluminum plate on the WPT system performance 
numerically. Then, the variations of the system efficiency caused by the vertical aluminum plates 
with different positions and sizes are studied in detail. Finally, the WPT experiment is conducted to 
verify the effect of the vertical metallic plate. 

2. Basic Principle and Simulation 

2.1. Basic Principle 

According to the operation principle, WPT techniques can be divided into three categories: 
inductive coupling, capacitive coupling and electromagnetic radiation. Inductive coupling is the most 
widely used WPT technology, and the magnetic resonant WPT is a special inductive coupling system. 
Herein, the study is based on a double-coil magnetic resonant WPT system with series–series 
topology. The equivalent circuit of this system is shown in Figure 1. In the system, the energy is 
transmitted from the power transmitter to the power receiver though the resonant coils. To simplify 
the analysis, the structure of the receiver coil (RX-coil) here is the same as the transmitter coil (RX-
coil). The resonant frequency depends on the resonant coils and the series resonant capacitors. When 
the source frequency is equal to the resonant frequency, the system has an optimal performance. 
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Figure 1. The equivalent circuit of the wireless power transmission (WPT) system. 

Based on the Kirchhoff’s circuit law, the system circuit equations without the presence of the 
metallic obstacles can be set up. 
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In the equations, U  is the voltage of the alternating current (AC) source, 1I  and 2I  are the 
current in the transmitter and the receiver, and ω  expresses the system resonant frequency. 1R , 1L 
and 1C  are the resistance, inductance and capacitance of the transmitter circuit, respectively. 2R  , 

2L  and 2C  are the resistance, inductance and capacitance of the receiver circuit. LR  is the load 
resistance. 12M  expresses the mutual inductance between the transmitter and receiver. 

If the fluctuation of the resonant frequency is ignored, we can deduce the system energy 
efficiency η according to Equations (1) and (2). 
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where 2'R  represents 2 LR R+ . 
However, the metallic obstacles in the vicinity may impact the system performance. According 

to Faraday’s law of electromagnetic induction, eddy current will be induced in the conductive plate. 
The transfer energy may be influenced by the induced magnetic field, and will also be partly 
dissipated due to joule heating in the metallic obstacles. The metallic obstacle can be considered as 
an added loop that contains a resistor and a inductor. The system circuit equations with the presence 
of the metallic obstacles can be rewritten as: 
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where 3I  is the equivalent current in metal plate, 3R  and 3L  are the equivalent resistance and 
inductance of the metallic plate. 13M  expresses the mutual inductances between the transmitter and 
metal plate, and 23M  expresses the mutual inductances between the receiver and metal plate. 
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According to the Equations (4)–(6), the system energy efficiency can be deduced. 
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2.2. Simulation 

As stated in Section 1, the previous studies mostly aimed at the metallic obstacles parallel to the 
coils. There is less research on the effect of the metallic obstacles perpendicular to the coils. In order 
to analyze the effect of the vertical metallic plate, a 3D simulation model of the WPT system is set up 
with the multi-field modeling and simulation software COMSOL Multiphysics. In order to simplify 
simulation and reduce the computation time, we use the multi-turn coil module to simulate the 
resonant coils. The schematic of the simulation model is shown in Figure 2. TX-coil and RX-coil are 
concentric and parallel. They are winded by the copper wire and with the same flat spiral structure. 
They have 12 turns and 1 layer. The inner and outer radii of the resonant coils are 60 mm and 100 
mm, respectively. The thicknesses of the coils are both 1 mm. The resonant frequency of the coils is 
adjusted to 1 MHz with resonant capacitors. The simulation parameters are detailed in Table. 1. 

 
Figure 2. Schematic of simulation model. (The solver domain is larger than that shown in the 

figure). 
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Table 1. The detailed parameters of the simulation. 

Parameter Description Value 
N  Turns of coils 12 

0R  Inner radius of coils 60 mm 

1R  Outer radius of coils 100 mm 
D  Distance between the coils 100 mm 
S Cross-section area of wire 0.14 mm2 

LR  Load resistance  100 Ω 
L  Inductance of coil 32.19 μH 
C Compensation capacitor 0.787 nF 
U  Voltage amplitude of alternating current source 40 V 
f  Frequency of AC source 1 MHz 

In the simulation, free tetrahedral mesher with predefined sets of finer were employed to 
generate the model mesh. We also subdivided the coil into more finer grids to ensure the simulation 
precision. We used frequency domain solver to carry out this simulation. The iterative solver GMERS 
(generalized minimal residual method) was employed to increase the simulation accuracy. The 
exciting current was introduced to the coil by circuit module with a high-frequency AC source of 40 
V. Then the magnetic field distribution and transmission characteristics could be calculated by finite 
element method based on Maxwell’s equations. 

3. Effect of Metallic Plates 

3.1. Impact of Parallel Metal Plates 

With the simulation model, the impact of metallic obstacles paralleled to the resonant coils is 
first studied. According to the permeability, metal can be divided into ferrite metal and non-ferrite 
metal. Herein, we mainly focus on the non-ferrite metal. The aluminum plate is chosen as the non-
ferrite metallic obstacles here. 

The transfer efficiency of the WPT system changes with the distance between the resonant coils 
as the coupling coefficient changes. In this simulation, the system transfer efficiency is 88.44% at 100 
mm. When parallel aluminum plates with different sizes are placed between the two resonant coils, 
the variations of the efficiency with the axial position of the plate are shown in Figure 3. The axial 
position of the plate represents the distance from the transmitter coil. From the figure, we can see that 
the efficiency declines with the presence of the parallel aluminum plate. When the plate is closer to 
one of the resonant coils, the efficiency has a larger decline. When the plate is in the middle of the 
resonant coils, it has the least effect on efficiency. On the other hand, the efficiency decrease is also 
related to the size of the aluminum plate. The 160 × 160 × 1 mm plate has a greater impact on the 
efficiency rather than the 80 × 80 × 1 mm plate. 

When the metallic plate is paralleled to resonant coil, it is perpendicular to the main magnetic 
field of the transmitter coil. The magnetic field induced by eddy current will weaken the main 

magnetic field. Combined with current direction, the mutual inductances 12M  and 13M  are 

negative, where the mutual inductance 23M  is positive. In that case, k is larger than 1 according 

to Equation (8). The system energy efficiency 'η  with the presence of the metal plate is lower than 
that without the presence of the metal plate. 
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Figure 3. The variations of the efficiency with the position of the plate. 

The larger the plate, the more magnetic flux will pass through the plate. The main magnetic flux 

may be further weakened. The value of mutual inductances 13M  and 23M  will increase. Moreover, 

the resistance 3R  also increases with the size of plate. These lead to a larger value of k  , and a lower 
energy-transfer efficiency. 

3.2. The Impact of Vertical Metal Obstacles 

In the WPT system, vertical metallic obstacles such as a conductive shield or cover may exist in 
the proximity of the coil, and the impact of them on the system needs to be studied. Herein, the effect 
of the vertical aluminum plate on the system efficiency is simulated. The arrangement of the vertical 
plate simulation is shown in Figure 4. In the figure, a vertical aluminum plate with the size of 80 × 80 
× 1 mm is placed 100 mm from the common axis and 50 mm from the transmitter coil. It is found that 
the efficiency of the system is improved from 88.44% to 89.63% with the vertical plate. 

 
Figure 4. The arrangement of the vertical plate simulation. 

In order to clarify the influence mechanism of the vertical aluminum plate, the magnetic field 
distributions are studied in detail. From Figure 5a, it can be found that the transfer magnetic field 
between two resonant coils is impeded by the parallel plate. The magnetic field flux intensity behind 
the aluminum plate is lower than that before the plate. As mentioned above, this results from the 
reverse magnetic field produced by the eddy current in a conductive plate. Then, the transfer energy 
and efficiency will be reduced by the reduction of the magnetic field. For the vertical plate, only the 
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leakage magnetic field induced an eddy current in the plate as the plate is parallel to the main 
magnetic field, as shown in the figure. The induced magnetic field by the eddy current in the vertical 
plate impedes the leakage of the magnetic field. From Figure 5b, we can find that the magnetic field 
intensity outside the plate are lower than that inside the plate. The plate shows a shielding effect of 
the magnetic field. It can reduce the leakage magnetic field and enhance the main magnetic field. This 
enhancement improves the transfer efficiency of the WPT system. 

  
(a) (b) 

Figure 5. The distribution of the magnetic field; (a) with the parallel plate; (b) with the vertical plate. 

To verify the enhancement of the magnetic field, the magnetic induction intensity is also studied. 
We predict the variations of the magnetic induction intensity on the radial direction in Figure 6. 
Figure 6a shows the changes of radial magnetic induction intensity in the middle plane between the 
resonant coils with and without the vertical aluminum plate. It can be seen that the vertical plate 
effectively suppresses the radial magnetic induction intensity near the metallic plate. The changes of 
axial magnetic induction intensity in the plane 75 mm from the transmitter coil are shown in Figure 
6b. We can find that the axial magnetic induction intensity inside the vertical plate is enhanced by 
the plate. This indicates the main magnetic field of energy transfer is enhanced. 

  
(a) (b) 

Figure 6. The variation of the magnetic induction intensity in the radial direction. (a) the radial 
magnetic induction intensity in the plane 50 mm from the transmitter coils; (b) the axial magnetic 
induction intensity in the plane 75 mm from the transmitter coils. 

When the vertical metallic plate is perpendicular to the coils, it is paralleled to the main magnetic 
field. Only leakage flux passes through and induces current in the plate. The induced magnetic field 
mainly weakens the leakage flux but not the magnetic field. It even enhances the main magnetic field 
transmission to some extent. In this case, all the mutual inductances 12M , 13M  and 23M  are 
negative. It increases the value of 2K  in Equation (7). If the other parameters are properly set, k 
can be smaller than 1, and the system energy efficiency 'η  with the presence of metal plate will be 
higher than that without the presence of metal plate. 
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3.3. Effect of the Radial Position 

For further study, the effects of the vertical plate position and size on the performance of the 
system are analyzed with the simulation model. The distance between the resonant coils remains 100 
mm. The variation of the system efficiency on the radial position of the plate is first depicted in Figure 
7. From the figure, we can see that the energy-transfer efficiency is changed with the radial position. 
With the increase of the radial, the transfer efficiency first increases and then decreases. The vertical 
plate can improve the transfer efficiency when the plate is near the windings of the coils. It reaches a 
maximum value of 89.88% when the radial distance of the aluminum plate is 80 mm. When the radial 
distance is less than 20 mm, the transfer efficiency decreases slightly. The plate has nearly no effect 
on the performance of the system when the radial distance is larger than 140 mm. 
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Figure 7. The variations of the system efficiency on the radial position of the vertical plate. 

This is because the aluminum plate cannot suppress the leakage magnetic field effectively when 
the plate is too close or too far from the common axis of the coils. Moreover, the induced current 
causes energy losses from joule heating. Then it results in a slight reduction of the energy transfer 
efficiency when the radial distance is too small. When the plate is placed near the windings, the radial 
magnetic induction intensity is relatively large, and it induced higher eddy current density in the 
plate which can impede most of the leakage magnetic field and result in a larger improvement of 
energy transfer efficiency. 

3.4. Effect of the Axial Position 

The axial position of the vertical plate also affects the transfer efficiency. Combined with the 
effect of the radial position and the feasibility of the axial movement, the vertical plate is placed near 
the outer edge of the resonant coil and 105 mm from the common axis. The variation of the efficiency 
with the axial position is shown in Figure 8. In the figure, the distance between the center of the 
vertical plate and the transmitter resonant plane is used to indicate the axial position of the vertical 
plate. We can find that the efficiency is improved when the axial position is ranged from 0 mm to 100 
mm. The largest efficiency of 89.56% occurs when the axial distance is about 50 mm while the center 
of the plate is in the middle of the two coils. When the center of the plate is close to the transmitter or 
receiver coil, the efficiency decreases. The reduction is mainly caused by the increase of the joule 
heating and the decrease of the shielding effect. 
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Figure 8. The variation of the system efficiency with the radial distance of the vertical plate. 

3.5. Effect of Size 

We also study the effect of the plate size. Square aluminum plates with the thickness of 1 mm 
are employed in this simulation. The radial and axial positions of the vertical plate are 105 mm and 
50 mm from the center of the resonant coils. The transfer efficiencies with the presence of the 
aluminum plates with different side lengths are depicted in Figure 9. The results show that the 
vertical plates can enhance the transfer efficiency. The improvement increases with the side length. 
When the side length is shorter than 30 mm, there is no obvious improvement due to the combined 
action of shielding and joule heating. When the side length is larger than 100 mm, the increase of the 
side length has less impact on the improvement of the efficiency. 
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Figure 9. The variation of the system efficiency with the size of the vertical plate. 
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4. Experiment Results 

4.1. Experimental Setup 

Based on the simulation, an experimental system is set up to verify the effect of the vertical 
aluminum plate on the transfer efficiency. The system includes high-frequency power supply, 
resonant coils, resonant circuit, rectifier circuit and the electronic load as shown in Figure 10. The 
resonant coils are produced with the printed circuit board (PCB) technology with a similar size as the 
simulation model. They have 12 turns with the inner and outer diameter of 120 mm and 200 mm. The 
width of the copper wire is 2.50 mm, respectively. The turn spacing of the windings is 1 mm. However, 
the thickness of the PCB coils in this experiment is different from that of the simulation. The resonant 
capacitance is 670 pF, and the resonant frequency of the system is about 1 MHz. During the 
experiment, the load is set as 100 Ω. 

4.2. Experimental Results 

The effect of the aluminum plate parallel to the resonant coil is first studied. The distance 
between the two resonant coils is set as 100 mm. The efficiency of the experiment system (82.6%) is 
lower than that in the simulation (88.44%). It is probably caused by the circuit resistance of the circuit 
and the loss in rectifier module which are ignored in the simulation. On the other hand, the thinner 
PCB coils in the experiment also leads to a difference. However, the skin depth of copper at the 
frequency of 1 MHz is about 0.07 mm, so the efficiency reduction caused by the different thickness 
can be neglected. 

 
Figure 10. The arrangement of the experimental system. 

An aluminum plate with the size of 80 × 80 × 1 mm is employed in the experiment. The transfer 
efficiencies with the parallel plate at different axial positions are present in Figure 11. The variation 
trend is similar to that in the simulated analysis. The parallel aluminum plate decreases the transfer 
efficiency. The effect is least when the plate is in the middle of the resonant coils and largest when 
the plate is near the resonant coils. In the experiment, we also find the parallel plate will influence 
the resonant frequency of the system. The variation of the resonant frequency with the parallel plate 
at different axial position and the efficiency with the adjusted resonant frequency are also depicted 
in Figure 11. The results show that the resonant frequency with the parallel plate is higher than that 
without the parallel plate. The increase decreases with the distance of the plate from the transmitter 
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coil. The system transfer efficiency can be improved by adjusting the resonant frequency. However, 
the adjusted efficiency is still lower than that without the parallel plate. 
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Figure 11. Experimental results of the variation of the efficiency with the axial position of the parallel 
plates. 

The effect of the aluminum plate perpendicular to the resonant coil is then studied. We 
conducted the experiment with different radial and axial positions. Firstly, the axial position of plate 
is kept at 50 mm, and the experimental results of the variation with different radial position are show 
in Figure 12. The transfer efficiency decreases slightly when the radial distance from the common 
axis is less than 30 mm. It is enhanced when the radial distance is larger than 40mm. The largest 
efficiency improvement of 4.42% occurred when the radial distance was about 90 mm. The variation 
tendency with the different radial position is in accordance with the simulation. In addition, the 
vertical plate has no effect on the resonant frequency of the system. 
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Figure 12. Experimental results of the variation of the efficiency with the radial position of the vertical 
plates. 
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Then the radial position of the plate was kept at 105 mm, and the experiment results of the 
efficiency variation with the axial position are shown in Figure 13. When the axial distance between 
the center of the plate and the transmitter coil was from 10 mm to 80 mm, the vertical plate improves 
the transfer efficiency. The efficiency has a maximum value of 85.7% when the center of the vertical 
plate is 50 mm from the plane of the transmitter coil. However, the efficiency will decrease when the 
vertical plate is close to one of the resonant coils. The variation tendency of the experimental results 
is also in agreement with those in the simulation. 

 
Figure 13. Experimental results of the variation of the efficiency with the axial position of the vertical 
plates. 

Moreover, to further improve the transfer efficiency, the experiment with four vertical plates is 
also carried out in this study. In the experimental arrangement, the four aluminum plates are placed 
symmetrically around the resonant coils. The radial positions of them are all kept at 105 mm. The 
transfer efficiencies are measured at different axial positions. The results are shown in Figure 14. 
From the figure, we can find that the maximum efficiency was achieved when the plates are in the 
middle of the resonant coils. In this case, the efficiency was improved by 8% and reaches 89.2%. 

0 20 40 60 80 100
81.5%

82.0%

82.5%

83.0%

83.5%

84.0%

84.5%

85.0%

85.5%

86.0%

the axial position of the vertical plate (mm)

th
e 

tra
ns

fe
r e

ffi
ci

en
cy

 with the vertical plate
 wiithout the vertical plate



Energies 2019, 12, 3790 13 of 15 

 

0 20 40 60 80 100
80%

82%

84%

86%

88%

90%

th
e 

tra
ns

fe
r e

ffi
ci

en
cy

the axial position (mm)

 with four vertical plates 
 without plate

 
Figure 14. Experimental results of the variation of the efficiency with the axial position of the system 
with four vertical plates. 

5. Conclusions 

This paper studied the effect of the vertical metallic plate on the efficiency of the WPT system. 
With the simulation model, it is found that the vertical plate between the resonant coils can improve 
the energy transfer efficiency while the parallel plate reduces the transfer efficiency. The analysis of 
the magnetic field distribution shows that the vertical plate can effectively suppress the leakage 
magnetic field and enhance the main magnetic field. It can improve the efficiency of the system with 
the shielding effect. The position and size of the plate will affect the shielding effect. In this study, the 
transfer efficiency has a preferable improvement when the vertical aluminum plate with a larger size 
is placed between the resonant coils and near the windings. An experimental system according to the 
simulation model was also carried out. The results verified that the employment of the vertical 
aluminum plate can improve the system efficiency at the proper position without resonant frequency 
shift. Moreover, it also showed that the four vertical plates can further improve the energy transfer 
efficiency. This may have significance for the design and improvement of the WPT system. The 
mechanism and quantitative calculation of the effect of a vertical metal plate on transfer efficiency 
will be further researched in our following study. 
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