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Abstract

:

Magnetic resonant wireless power transmission (MRWPT) is a method of transmitting power over a long distance at a specific frequency. Because this system uses an alternating magnetic field, if an object with electrical/magnetic properties is placed between the transmit and receive coils, this will have a significant impact on the power transfer. In this paper, the effect of an obstacle located between two coils on the resonance frequency and transmission power is analyzed. A wireless power transmission system with a resonant frequency of 20 kHz was designed, and ferrite, aluminum, and carbon steel were selected as obstacles with permeability or conductivity. After simulating the system with finite element analysis (FEA) with these obstacles, the results were verified through actual experiments. The results show that the permeability of the obstacle decreases the resonant frequency, and the conductivity increases the resonant frequency and greatly reduces the output power. In addition, part of reduced output could be recovered by adjusting the frequency.
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1. Introduction


Magnetic resonant wireless power transmission (MRWPT) is a method that can transmit power farther distances than the conventional WPT [1]. This method uses an additional resonance phenomenon, thus enabling high efficiency power transmission only at certain resonant frequencies. Because power is transmitted through the alternating magnetic field, if an object that affects the magnetic field is located between the transmitting and receiving coils, it changes the resonant frequency and affects the transmission power and efficiency [2,3,4].



In commercial fields, such as charging of electric vehicles and electronic devices, obstacles such as chassis or cases are often located between transmit/receive coils. There are several studies on the effect on the properties of ferrite core or aluminum plate for shielding in WPT. However, most of the studies on obstacles between coils in WPT have focused on specific materials (Seawater, pipes, etc.) or have discussed the reduction of efficiency and quality factor at fixed operating frequencies [5,6,7,8,9]. In addition to enabling power transmission in systems with fixed obstacles, it is also important to restore the system’s output and transmission efficiency when an unknown obstacle is suddenly located [10,11,12]. Due to the characteristics of the MRWPT operating at the resonant frequency, the influence of the obstacle will show various aspects according to its electrical/magnetic properties, but the effect of these properties on the resonant frequency or output power has not been studied.



Therefore, in this paper, obstacles with various electromagnetic characteristics, such as magnetic substance and electric conductors, were selected, and the effect of their properties on power transmission was simulated through finite element analysis (FEA). In addition, the method of recovering the reduced power due to obstacles was simulated and verified through actual experiments, as shown in Figure 1.




2. Types of Electromagnetic Material


The properties of the material affecting magnetic field include magnetic permeability ( μ ) and electrical conductivity ( σ ). An object with permeability is magnetized inside the field and changes the magnitude and shape of the surrounding magnetic field. In contrast, when an object with conductivity is placed in an alternating magnetic field, an eddy current is formed inside the object, which forms a magnetic field in a direction opposite to the applied field. As a result, eddy currents interfere with existing magnetic fields and causing power drop due to ohmic loss.



We selected soft ferrite to investigate the effect of permeability. Ferrite is a ceramic material with high magnetic permeability and low conductivity due to sintering process during the manufacturing. In addition, aluminum was selected as a material having only conductivity without magnetic permeability, and carbon steel (SS400) was selected as a material having both properties. Aluminum is widely used in automobiles because of its low density and good corrosion resistance, and SS400 is a carbon steel widely used for structural purposes. In other words, these two materials are relatively more likely than other materials to be positioned as obstacles in WPT. The value of the properties of these materials are shown in Table 1.



The effects of these obstacles on power transmission were analyzed by comparison with the case of air (or free space), and other properties (permittivity, density, etc.) that do not significantly affect power transmission were ignored.




3. Simulation of the Influence of Obstacle


A magnetic resonance power transfer system with a resonant frequency of 20 kHz was simulated for analysis. The transmitting and receiving coils are 300 mm in diameter and 40 mm in height, which can transmit power up to 400 mm. Optimal transmission distance is 300 mm, which enables 43 W power to be transmitted with about 60% efficiency.



Each helical coil has 72 turns of 200 strands and has an inductance of 2.59 mH. A capacitor of 24.45 nF has been added for resonance, and the system resonates at a 20 kHz frequency resulting in maximum output and efficiency. The obstacle located between two coils has the same diameter as the coil and a thickness of 10 mm.



Figure 2a shows the equivalent circuit of a typical MRWPT system, where    L  1 , 2     and    R  c 1 , 2     are the self-inductance and resistance of the transmit/receive coil,    C  1 , 2     is each compensation capacitor, and    R  S , L     is the source/load resistance [13,14,15,16,17,18]. When power is transmitted through free space, the coupling coefficient, k is determined by the geometry of the coil and the transmission distance. Additionally, the coupling between the two coils can be replaced by the T equivalent circuit, as shown in Figure 2b, and the mutual impedance M is calculated as


  M = k    L 1   L 2    ,  



(1)




and the inductance of each coil becomes


   L a  =  L 1  − M ,  



(2)






   L b  =  L 2  − M .  



(3)







Therefore, if the coupling coefficient and the value of each element are known, the transmission power can be calculated as follows:


   P o  =      I 2     2   R L  =       j ω M    Z 1   Z 2  +  ω 2   M 2       2   V s 2   R L  ,  



(4)




where  ω  is the angular frequency, and the total impedance of the transmitting/receiving side    Z 1    and    Z 2    are


   Z 1  =  R s  − j / ω  C 1  +  R  c 1   + j ω  L 1  ,  



(5)






   Z 2  = j ω  L 2  +  R  c 2   − j / ω  C 2  +  R L  .  



(6)







However, if there is an obstacle affecting the electromagnetic field between the two coils, as shown in Figure 2c, it is difficult to predict the output power with a circuit equation. Therefore, power transmission was simulated through FEA that can take into account the electromagnetic characteristics and geometry of obstacles.
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Figure 2. Equivalent circuit of the MRWPT system: (a) Power transmission through free space; (b) T equivalent circuit; (c) equivalent circuit with the impedance of the obstacle. 
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The simulation proceeded at the optimum transmission distance (300 mm), and the obstacle was located in the middle of the two coils (150 mm from each coil). The system was simulated using the commercial FEA software, ‘Flux′ (Ver. 12/G2Elab, Grenoble Alpes University, Grenoble, France), and Figure 3 shows the 2D and 3D models of the system and obstacle used in the simulation. A steady-state 3D simulation of an AC magnetic field was performed on a model divided into over 300,000 elements to determine the output power versus frequency.



3.1. Influence of Obstacle with Magnetic Permeability


First, the change in resonant frequency and power was simulated when the ferrite, a magnetic material with a permeability, was located between the coils.



Figure 4a is a simulated magnetic flux line, showing that the magnetic field around the ferrite is attracted to the ferrite. This effect increases the magnetic flux density, B, inside the ferrite compared with the case of air, as shown in Figure 4b.



As a result, ferrite lowers the resonant frequency and slightly reduces the output by increasing the inductance of the equivalent circuit. This change is shown in Figure 5 as a graph of output power versus frequency compared with the case of air. The resonant frequency of the system is reduced by 30 Hz from the original 20 kHz due to the ferrite, and the output is reduced 0.897 W (−2.1%).




3.2. Influence of Obstacle with Electrical Conductivity


Under the same conditions, the case where aluminum, a conductor with electrical conductivity, is located between two coils was simulated. Figure 6a is a simulated flux line, showing that shows that aluminum has the effect of repelling the surrounding magnetic field. Figure 6b shows the magnetic flux density, which is decreased compared to the case of ferrite. This phenomenon is caused by the rotating eddy current formed inside the conductor due to the time-varying magnetic field as shown in Figure 6c. This eddy current has a rotational direction opposite to that of the applied current, so it creates a magnetic field that interferes with the previously applied magnetic field. The magnitude of the eddy current is proportional to the strength of the magnetic field, frequency and conductivity of material, but it is difficult to accurately predict its value due to the skin effect.



The interference of the magnetic field by the eddy current weakens the coupling between the two coils. This means that k in Equation (1) decreases and, accordingly, the output power also decreases as if the distance between the two coils has increased. In addition, this effect increases the resonant frequency by reducing the self-inductance and reduces the system output power due to the ohmic losses of the eddy currents. The result is shown in Figure 7 as a graph of output power versus frequency compared with the case without obstacle. The resonant frequency of the system is increased by 130 Hz from the original 20 kHz due to the aluminum, and the output is reduced by 22.341 W (−51.5%).




3.3. Influence of Obstacle with Both Permeability and Conductivity


To analyze the effect of an obstacle with both magnetic permeability and conductivity, the same simulation was performed using carbon steel, SS400. The results shown in Figure 8 show the combined effects of two properties, magnetic permeability (blue arrow) and electric conductivity (red arrow). Compared to the case of aluminum, the increased inductance due to the additional permeability lowers the resonance frequency, and the increased eddy current due to the stronger magnetic field lowered the output power.




3.4. Summary


The magnetic flux line according to the obstacles are shown in Figure 9. There is a clear difference in the path of the magnetic flux depending on the properties of each material.



A material with magnetic permeability become magnetized in response to an applied magnetic field and attracts the path of the external magnetic field. This effect increases the inductance of the overall system, resulting in a reduction in the resonant frequency. In contrast, a material with electrical conductivity forms eddy currents inside and pushes out the magnetic field. This not only increases the resonant frequency by reducing the inductance of the system, but also induces eddy current loss.



In the case of carbon steel, which has both permeability and conductivity, the effects of both properties are combined. For the shift of the resonant frequency, the effect of conductivity is dominant, because the weakening of the coupling due to the eddy current has a greater effect than the change in inductance. Because the two effects on the resonant frequency are opposite to each other, they can be balanced in certain situations. Although it is a rare property in practice, the resonant frequency did not shift when the relative permeability was   2000   and the conductivity was   2 ×   10  5    S / m   in the simulation.



For all cases, a graph of output power versus frequency is shown in Figure 10a,b. In this situation, if the input of the original resonance frequency of 20 kHz is continuously applied, the output of the system is decreased. Through these simulation results, the electromagnetic properties of unidentified objects added between coils can be estimated by observing the change of the output. Furthermore, it is possible to recover a part of reduced output by adjusting the frequency of the input source to suit the added object.



MRWPT uses the principle that the reactance of the input terminal approaches zero at the resonance frequency and thus the output becomes maximum. Accordingly, as shown in Figure 11, the phase of the input current becomes 0 at the resonant frequency, and has positive/negative values at lower/higher frequencies, respectively. Therefore, when the resonance point is changed due to an obstacle, the changed resonance frequency can be obtained by measuring the phase of the input current. Figure 10b shows the process of adjusting the frequency through this method, and the reduced power and recovered power are shown in Table 2.



In a system with a higher resonant frequency, it is expected that the amount of reduction and recovery of the output power will be greater due to the larger quality factor and more eddy currents.





4. Experimental Verification


To verify these results, an actual magnetic resonant WPT system was constructed and tested under the same conditions. Figure 12a,b shows the model for the actual experiment compared with the simulation model, and Figure 12c shows the equipment and three obstacles used in the experiment. Detailed specifications of the model for experimental validation are summarized in Table 3.



The coils and obstacles were arranged as shown in Figure 1, and the power supply applied a sinusoidal voltage of variable frequency to the transmitting coil. Thereafter, the output power was calculated by measuring the current of the 25 ohm resistive load on the receiving coil side.



Figure 13 is a graph of the output power versus frequency when each obstacle is located between two coils, and experimental results are very similar to the simulation results in Figure 10.



The measured values of the output power and resonant frequency are not exactly the same as those of the simulation. This is because the actual obstacles do not have their ideal material properties and non-linear characteristics such as magnetic hysteresis were not considered in the simulation.



The output power of the system, which was 40.98 W, has been reduced to 39.431 W (−3.8%), 26.663 W (−34.9%), and 23.81 W (−41.9%), respectively, at an original resonant frequency of 20 kHz. As in the simulation, a certain amount of reduced output power can be recovered by adjusting the input frequency to changed resonant frequencies, and the amount of the reduced and recovered output is summarized in Table 4.




5. Conclusions


In this paper, the effects of the obstacle placed between two coils of the MRWPT system on the power transmission were analyzed according to their magnetic/electric properties. Ferrite, aluminum, and carbon steel were selected as obstacles, and the effect on the WPT system was analyzed through finite element simulations and actual experiments.



A magnetic material with a permeability lowers the resonant frequency and slightly reduces the output power. Conversely, conductors with electrical conductivity have internal eddy currents that increase the resonant frequency and reduce the output power considerably. In addition, material with both properties, permeability and conductivity, shows the combined effects of each property.



From these results, the magnetic/electric properties of the unidentified electromagnetic material located between the coils can be estimated. Moreover, a part of the output power reduced by the obstacle can be recovered through frequency adjustment. The changed resonance frequency can be found by measuring the phase of the input current. For example, in the case of aluminum, the phase of the input current at the original resonant frequency appears as a positive value. Accordingly, by increasing the frequency until the phase of input current becomes zero, the changed resonance point can be found. The experimental results showed that adjusting the frequency can restore the output power of 3.868 W, which is 27% of the 14.32 W reduced by aluminum.



These results suggest a way to recover the output power reduction due to an obstacle in a MRWPT system, such as a chassis in car charging, but further studies on the effect of obstacle size and location are needed for accurate prediction of changed resonant frequency.
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Figure 1. Magnetic resonant wireless power transmission (MRWPT) system with obstacle. 
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Figure 3. Configuration of simulation: (a) 3D model; (b) meshes in 2D FEA; (c) magnetic flux lines (in the case of air); (d) obstacles (ferrite, aluminum, carbon steel). 
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Figure 4. Influence of the obstacle with permeability (ferrite) at resonant frequency: (a) Magnetic flux line; (b) flux density inside the obstacle. 
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Figure 5. Changes in resonance frequency and output power when ferrite is placed between coils. 






Figure 5. Changes in resonance frequency and output power when ferrite is placed between coils.



[image: Energies 14 07469 g005]







[image: Energies 14 07469 g006 550] 





Figure 6. Influence of the obstacle with conductivity (aluminum) at resonant frequency: (a) Magnetic flux line; (b) flux density inside the obstacle; (c) eddy current inside the obstacle. 
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Figure 7. Changes in resonance frequency and output power when aluminum is placed between two coils. 
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Figure 8. Changes in resonance frequency and output power when carbon steel is placed between two coils. 
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Figure 9. The shape of the magnetic flux lines when each obstacle is placed between two coils: (a) Air; (b) ferrite; (c) aluminum; (d) carbon steel. 
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Figure 10. Simulation results when each obstacle is placed between two coils: (a) Output power versus frequency; (b) output power recovery through frequency adjustment. 
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Figure 11. Simulation result of the phase of input current according to frequency when each obstacle is placed between two coils. 
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Figure 12. Configuration of the MRWPT system with an obstacle: (a) FEA simulation model; (b) actual system for experimental verification; (c) equipment and obstacles used in the experiment. 
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Figure 13. Experimental results of the output power versus frequency when each obstacle is placed between two coils. 
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Table 1. Material and electromagnetic properties of obstacles.
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Material (Type)

	
Magnetic Property




	
Relative

   Permeability ,    μ r    

	
Conductivity,

  σ        S / m     






	
Air (Free space)

	
1

	
-




	
Ferrite (PC40)

	
2200

	
-




	
Aluminum (1100)

	
1

	
   3.445 ×   10  7    




	
Carbon steel (SS400)

	
2000

	
   0.14 ×   10  7    
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Table 2. Recovering reduced output power in simulation.
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Material

	
Influence of Obstacle

	
Frequency Adjustment

	
Restored

Power      W     

	
Recovery

Rate     %    




	
    f      kHz       

	
     P      W      

	
    ∆  P     %     

	
    f      kHz       

	
     P      W      

	
    ∆  P     %     






	
Air

	
20.00

	
43.352

	
-

	
-

	
-

	
-

	
-

	
-




	
Ferrite

	
20.00

	
42.455

	
   − 2.1   

	
19.97

	
42.949

	
   − 0.9   

	
0.494

	
55.1




	
Aluminum

	
20.00

	
21.011

	
   − 51.5   

	
20.13

	
31.431

	
   − 27.5   

	
10.420

	
46.6




	
Carbon steel

	
20.00

	
24.216

	
   − 44.1   

	
20.08

	
26.912

	
   − 37.9   

	
2.696

	
14.1
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Table 3. Specifications of the model for experimental verification.
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	Specification
	Value





	Coil diameter/height
	288 mm/40 mm



	Input
	28 Vrms



	L/C
	2.549 mH/24.845 nF



	Resonant frequency
	20 kHz



	Transmission distance
	300 mm



	Material type
	Ferrite, aluminum, carbon steel



	Material diameter/thickness
	288 mm/10 mm
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Table 4. Recovering reduced output power in experiment.
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Material

	
Influence of Obstacle

	
Frequency Adjustment

	
Restored

Power      W     

	
Recovery

Rate     %    




	
    f      kHz       

	
     P      W      

	
    ∆  P     %     

	
    f      kHz       

	
     P      W      

	
    ∆  P     %     






	
Air

	
20.00

	
40.980

	
-

	
-

	
-

	
-

	
-

	
-




	
Ferrite

	
20.00

	
39.431

	
   − 3.8   

	
19.97

	
39.869

	
   − 2.7   

	
0.438

	
28.3




	
Aluminum

	
20.00

	
26.663

	
   − 34.9   

	
20.07

	
30.531

	
   − 25.5   

	
3.868

	
27.0




	
Carbon steel

	
20.00

	
23.810

	
   − 41.9   

	
20.05

	
24.677

	
   − 39.8   

	
0.867

	
5.0
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