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Abstract

:

An increment of magnetic field strength inevitably appears at the shield edge if a magnetic shield is made of a soft magnetic material, and that increment becomes more serious if this shield is combined with the chassis of an electrical vehicle (EV). This phenomenon is caused by the fringe effect, which limits the transfer efficiency of the coupler for the wireless power transmission (WPT) systems of EV. This phenomenon, and its relationships with some parameters, are analyzed in this paper, and these relationships are fitted to estimate the increment for different shield structures. A magnetic shield structure to reduce the increment of the magnetic field strength and improve coupler efficiency is herein proposed. The effectiveness and correctness of the fitting curves and the advantages of the proposed shield structure are demonstrated by finite element analyses results.
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1. Introduction


In order to prevent serious air pollution, EV and hybrid EV (HEV) are widely used to replace the traditional fuel vehicle and reduce exhaust gas emissions. Since a large floor space and a contact-type charging rack are necessary for a charging pile or charging station, this building project requires large-scale investments, and the security is weak due to its possible poor contact [1]. WPT became a research hotspot in recent years to reduce cost and ensure security for the EV charging system [2]. WPT is mainly divided into static WPT and dynamical WPT. The former requires the charging process to start after the vehicle has stopped within a specified space, and the latter means that the vehicle can be charged during any operating state [3,4]. The coupler is the key equipment component of WPT, and has four main parts, including the primary coil, the primary magnetic shield, the secondary coil and the secondary magnetic shield. The primary side of the coupler is always installed underground and sends the high-frequency magnet field into the air. The secondary side of the coupler is installed below the chassis of the vehicle, which is shown in Figure 1; the magnetic field in the air can be received and converted into a high-frequency current to satisfy requirements of EV [5].



Two magnetic shields are adopted to summarize the magnetic field into the middle space between them for improved transfer efficiency [6]. Based on the typical circle and square type coils, many new coil shapes have been proposed to achieve better transfer efficiency, such as the double D-type (DD) [7], the double D-type quadrature (DDQ) [8], the bipolar pad (BP) [9], the tripolar pad (TP) [10], the quadruple pad (QP) [11], the taichi-type [12] and some tridimensional-type coils [13,14]. Cost advantage and a lower leaked magnetic field were achieved with these new-type coils, as well as better stability and an anti-offset of the charging process.



The shape of the shield needs to be adjusted according to the coil shape, such as the cylindrical or pad shield for the circle coil [15], the quadrangular layer for the square coil [16,17] and the strip-type layers for DD and DDQ coils [18,19]. These shapes are commonly used due to their low costs and simple structures. Excepting these conventional structures of shields, some novel structures are presented to improve efficiency. An aluminum plate, ring and ferrite bars are combined as a shield in [20,21] and operated with a circle coil and a DD coil, respectively. Aluminum and ferrite are the commonly used materials for shields, and double-layer and multi-layer shields with multiple materials are used to improve shielding efficiency of magnet fields with different frequency characteristics [22]. Some new-type and composite materials with larger relative permeability also can be applied, such as the nanocrystalline material in [23] and the hybrid high-temperature superconductor/ferromagnetic material in [24].



If a soft magnetic material is adopted to make the secondary side shield, the magnet field strength at the edge of the shield will be increased according to the results of finite-element analysis and experiments. Since the chassis is always made from a hard magnetic material such as steel or aluminum alloy, the shield can be seen as a double layer. This phenomenon becomes more serious if the adopted material has larger relative permeability and the shield has double or multiple layers; furthermore, the transfer efficiency is affected due to the increased strength. This phenomenon has been named the fringe effect of shields, and it is necessary to improve shield structure to solve this problem.



For the secondary shield of the soft magnet material, the relationships between the increment of the magnet field strength by the fringe effect and some parameters including the radius, depth, relative permeability and input power of the coupler are obtained in this paper by the linear fitting and correlation analysis methods to estimate the increment values due to the influence of the fringe effect. Based on these relationships and estimated value, an improved shield with an extended part is proposed to prolong the radius indirectly and reduce the influences of the fringe effect. According to the results of the finite element analyses, the correctness and effectiveness of the proposed structure were verified, and the advantages, including reduced influence of the fringe effect, resistance to the horizontal offsets and improved transfer efficiency achieved, in comparison with the conventional shield structure.



This paper is organized as follows: In Section 2, basic structures of WPT and its coupler are introduced. In Section 3, the phenomenon of the fringe effect and its relationships with some shield and circuit parameters are obtained. In Section 4, the proposed shield structure is shown and verified by the finite element analysis. In Section 5, a conclusion is summarized for this paper.




2. Structure of Coupler


The basic structure of a WPT system for EV is shown in Figure 2, which includes a power-frequency rectifier and its filter, a high-frequency inverter, a primary side compensation circuit, a secondary side compensation circuit, a high-frequency rectifier and its filter and loose coupler are combined as mainly as a WPT system, where the loose coupler is the key for transferring energy by high-frequency magnetic field. The basic structure of the coupler is shown in Figure 3, which mainly includes primary and secondary coils and their shields.



The primary side circuit, coil and shield are always installed at the ground, and the secondary is installed on the EV. These shields make the magnetic field summarize within their middle range to reduce the wasted power in the air and decrease the influence on the EV.




3. Phenomenon and Relationships Analyses


3.1. Phenomenon


A circuit coil and a cylindrical shield of aluminum are selected as an example, and used as the coupler secondary side. As shown in Figure 4, most of the magnetic field lines are reflected at the surface of the shield because of the lower relative permeability of aluminum.



As shown in Figure 5, most of the magnetic field lines are refracted and entered into the shield if the material is changed into ferrite.



In order to clearly observe the magnetic field distributions by the soft and hard magnetic materials, distribution diagrams and curves of magnet field strength by aluminum and ferrite are shown in Figure 6 and Figure 7, respectively, by the finite element analysis. They show that due to the influence of the fringe effect, the magnet field is gathered at the edge of the shield of the ferrite because it is a kind of soft magnetic material, and its magnet field strength obviously increases at the edge compared with the aluminum. This phenomenon results in the longer length of the closed magnet field lines. More energies are used to generate magnetic field to transfer power.



As mentioned above, since the materials of chassis belong to hard magnetic material, the combination of the ferrite and the chassis becomes as a double-layer shield. For a shield with double and multiple layers, more energies are summarized into the inner layer, and the fringe effect becomes more serious because of less relative permeability of the outer layer.




3.2. Relationships for Fringe Effect


A cylindrical shield is adopted to judge relationships between the fringe effect and some selected variables of the shield, including radius, depth, input power and relative permeability. The initial parameters of the shield are listed in Table 1.



3.2.1. Radius Influences


Under the condition of the fixed d, μr and pi, make the radius r change from 112 mm to 140 mm. Some of the magnetic field strength curves are shown in Figure 8 (Complete testing results are listed in Figure A1 in the Appendix A). The increasing range of the magnetic field strengths are involved during (−150,−100) and (100,150), and the coupler structure is symmetrical. The maximum and average values from 100 mm to 150 mm are tested and shown in Figure 9. According to these figures, the maximum and average values decrease with the increment of radius, and the location of the maximum value always appeared at the shield edge.




3.2.2. Depth Influences


Similarly, make the depth change from 0.5 mm to 4 mm. Some of the magnet field strength curves are shown in Figure 10 (complete testing results are listed in Figure A2 in the Appendix A), and the maximum and average values from 100 mm to 150 mm are shown in Figure 11. They show that the magnet field strengths have similar curves, and the fringe effect is not obviously affected by the shield depth.




3.2.3. Input Power Influences


The input power is changed from 5 W to 40 W, and some of the magnet field strength curves and their maximum and average values are shown in Figure 12 and Figure 13, respectively (complete testing results are listed in Figure A3 in the Appendix A). They show that the magnet field strengths have increased obviously, due to the fringe effect, with the increment of input power.



The ratios of the maximum values in (100,150) to the maximum values in (−300,300) are shown in Figure 14. It shows that most of these radio values are about 0.386, and the relationship between the fringe effect and input power is a nearly positive proportion.




3.2.4. Relative Permeability Influences


Some common MnZn ferrites with relative permeabilities as 1200, 2500, 3000, 5000 and 7500; and NiZn ferrites with relative permeabilities as 250, 500, 900 and 1200 are adopted to test the influences—the testing results of the former ferrites are shown in Figure 15 and Figure 16. They show that the magnet field strength is increased with the increment of relative permeability, but the rising trend of the magnet field strength becomes slower.



Under the same conditions, the material is changed to NiZn ferrite, and the testing results are shown in Figure 17 and Figure 18, respectively.





3.3. Correlation Analyses and Linear Fitting


The Pearson, Kendall and Spearman correlation analyses are used to obtain correlation coefficients for these selected variables, and the results are listed in Table 2. According to the table, input power and relative permeability have significant influences on the fringe effect, and the influence of the radius is less than them. The influence of depth almost has no worth in statistical analysis because of the large significance value.



Based on RLS, linear fitting is used to obtain a k-order polynomial to replace the trend of a group of sampling points [25]. The polynomial is:


   B  f e   =   ∑  i = 0  k    a i   x  k − i     ,  



(1)




where ai is the coefficients, and x is the selected variables.



According to the confidence intervals, the order k is selected as 3, 4 and 2 for r, pi and μr to consider all of the sampled points. Fitting results are shown in Figure 19, Figure 20 and Figure 21, respectively, and their coefficients are listed in Table 3. The confidence intervals in these figures involve all of the sampled points and the fitting results are credible.





4. Improvement Method


4.1. Physical Structure


Since the space under the chassis is limited, the radius of the shield cannot be extended enough to eliminate the fringe effect. An extended part is added at the edge of the shield, and its structure is shown in Figure 22. This part can guide the magnet field to operate toward the primary coil and prolong the radius indirectly.



The physical dimensions of the proposed structure and the conventional structure are shown in Figure 23, where the radius r and depths d of two structures are the same values, and the inner radius ri is equal to the radius of secondary coil.




4.2. Finite Element Analysis


The main parameters of the coupler with the proposed structure are listed in Table 4, and the model of secondary side is shown in Figure 24.



The distribution diagram of the magnet field strength of the secondary shield and its extended part are shown in Figure 25. It shows that the extended part covers the influenced edge of the fringe effect and some magnet fields are guided into this part to reduce the gathered magnet field. Since there are two types of materials located on the z-axis, the magnetic field strength curves are hard to analyze. The curves in Figure 26 are tested at 10 mm above the shields (which is the test line A in Figure 24) to observe fringe effect. The maximum value from 100 mm to 150 mm is 239.60 for the proposed structure. These figures show that the increments of magnet field strength at the left and right edges of the shield are reduced by the extended part.



The test line B is located at 10 mm from the profile of the shield and used to obtain the fringe effects at the upside and bottom edges of the proposed structure and conventional structure, and the magnetic field strength curves are shown in Figure 27. The fringe effect also appears at the bottom edge. These waves show that the magnetic field lines are buckled and passed the bottom edge. The maximum value of the increment of magnet field strength is 384.70 for the proposed structure, which is less than the conventional structure.



According to the above-mentioned finite element analyses, the obtained coupling coefficient k for the proposed structure and conventional structure are 0.489 and 0.456, respectively.



4.2.1. Fitting Result Demonstration


Under the conditions of the same material and relative permeability, based on the structure in Figure 23a, the radius is prolonged as (ri + db) in Figure 23b. Substitute the radius and its coefficients into (1), following expression is obtained:


   B  f e   =   ∑  j = 0  4    a j     (   r i  +  d b   )    4 − j     ,  



(2)




and the average value of the magnetic field strength is 355.87, and its maximum value is about 378.16. The fitting error is about 1.70%, and it is satisfied with the confidence interval. Since the magnetic field line cannot be buckled sharply, the actual radius is larger than (ri + db), and the actual magnetic field strength is better.




4.2.2. Horizontal Offset Influence


The center of the secondary side moves right to 5 mm, 10 mm, 15 mm and 20 mm, respectively, to observe performances with some offsets at the horizontal plane, and the results at the test line B of the proposed structure and conventional structure are shown in Figure 28, Figure 29, Figure 30 and Figure 31, respectively. According to these distribution diagrams, the received magnet fields are gathered into the right half of the shield with the movements of the secondary side. For the conventional structure, the fringe effects in Figure 29 are not changed obviously when compared to the curve in Figure 26.



The gathered magnet fields have similar trends with the movements compared with the conventional structure, and the proposed structure has lower increments of magnet field strength under the same conditions. The magnetic field strength increments at the left edge of the shields are increased gradually because the left edge moves into the receiving range with the dense magnet field lines. On the other hand, the increments of the right edge are decreased because it moves far from the receiving range.



The coupling coefficients for two structures are shown in Figure 32 with different offsets. The average values are 0.4732 and 0.4619 for the proposed and conventional structures, respectively, and a larger coupling coefficient is obtained by the proposed structure. The proposed structure can fully resist the horizontal offset.



The results with larger offsets, including 30 mm and 40 mm, are shown in Figure 33 and Figure 34 for the two structures of the shield. Comparing with the curves with 10 mm and 20 mm offsets, as shown in the figure, the magnet field strength at the left side is increased for the conventional shield when the offset is 30 mm, and decreased when the offset is 40 mm. The magnet field strengths are continuously decreased with the increment of the offset. The changes of the magnet field strength for the proposed structure are not obviously compared with the conventional structure, and the maximum increment appeared when the offset is 20 mm, as in Figure 31. The magnet field strengths at the right side of the two shields are continuously decreased with the increment of the offset.



The edge of the shield is entered into the magnetic field covering area of the coil of the primary side when a larger offset has happened; the left-side area influenced by the fringe effect might be flooded by the transferring magnetic field when the secondary side moves to the right. This phenomenon can be observed in Figure 33; the magnetic field strength at the left side is increased sharply when the offset is 30 mm. Since the transferring magnet field is decreased at the center of the primary coil, the magnet field strength of the secondary side is decreased when the edge is closing into the center of the primary coil. This phenomenon can also be observed in Figure 33, where the magnet field strength is decreased at the left side when the offset is 40 mm. There is no doubt that these phenomena have also appeared for the proposed shield, but the curves are not obviously changed. This might be because the area covered by the primary coil was moved too early, closing the secondary coil due to the extended part of the shield.




4.2.3. Circuit Validation


A circuit simulation was built on the MATLAB/simulink software, and the main parameters of the circuit are listed in Table 5. An uncontrolled rectifier was adopted as the secondary rectifier, and the primary and secondary self-inductions and their mutual inductance were obtained by finite element analysis. Under the same conditions, the current waves for the primary and secondary coils are shown in Figure 35 and Figure 36 for the proposed and conventional strategies, respectively. The energy can transfer to the secondary side of the coupler successfully, with transfer efficiencies of 91.08% for the proposed structure and 90.04% for the conventional. Since the output voltage and current are uncontrolled, i.e., the system is open-loop, the current amplitude of the secondary coil is larger than the conventional structure.






5. Conclusions


Since the fringe effect increases the distances of the magnet field line and wastes the energy of EV, the increment of magnet field strength due to the fringe effect is analyzed in this paper, and its correlations with some parameters including radius, depth, input power and related permeability are obtained by the linear fitting method to estimate the influence of the fringe effect. Based on the obtained correlations, an improved shield structure with an extended part is proposed and used as the secondary shield to prolong the radius indirectly and to reduce the influences of the fringe effect. The advantages of the proposed shield include reduced increment of magnetic field strength, resisting horizontal offset and increased transfer efficiencies, which the results have testified to and verified, as well as the reduced influence of the fringe effect compared with the conventional shield. The effectiveness and correctness of the estimated increment of the magnet field strength and the proposed shield structure are proven by the results of the finite element analyses.



For possible future works, the structure of the shield can be seen as a multi-objective optimization problem based on the obtained curves, and an optimal structure can be obtained by the determined artificial intelligence algorithms, such as the genetic algorithm, the particle swarm optimization (PSO) method and the ant colony algorithm (ANA). Better transfer efficiency could be achieved by these algorithms for the WPT system of EV.
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Appendix A


All of the results of the finite element analyses are summarized as follows. The magnetic field strength curves with different radiuses are shown in Figure A1.
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Figure A1. Magnetic field strength curves with different radiuses. (a) 112 mm. (b) 116 mm. (c) 120 mm. (d) 124 mm. (e) 128 mm. (f) 132 mm. (g) 136 mm. (h) 140 mm. 






Figure A1. Magnetic field strength curves with different radiuses. (a) 112 mm. (b) 116 mm. (c) 120 mm. (d) 124 mm. (e) 128 mm. (f) 132 mm. (g) 136 mm. (h) 140 mm.
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The magnetic field strength curves with different depths, input powers, MnZn ferrite relative permeabilities and NiZn ferrite relative permeabilities are shown in Figure A2, Figure A3, Figure A4 and Figure A5, respectively.
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Figure A2. Magnetic field strength curves with different depths. (a) 0.5 mm. (b) 1.0 mm. (c) 1.5 mm. (d) 2.0 mm. (e) 2.5 mm. (f) 3.0 mm. (g) 3.5 mm. (h) 4.0 mm. 






Figure A2. Magnetic field strength curves with different depths. (a) 0.5 mm. (b) 1.0 mm. (c) 1.5 mm. (d) 2.0 mm. (e) 2.5 mm. (f) 3.0 mm. (g) 3.5 mm. (h) 4.0 mm.
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Figure A3. Magnetic field strength curves with different input powers. (a) 5 mm. (b) 10 mm. (c) 15 mm. (d) 20 mm. (e) 25 mm. (f) 30 mm. (g) 35 mm. (h) 40 mm. 






Figure A3. Magnetic field strength curves with different input powers. (a) 5 mm. (b) 10 mm. (c) 15 mm. (d) 20 mm. (e) 25 mm. (f) 30 mm. (g) 35 mm. (h) 40 mm.
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Figure A4. Magnetic field strength curves with different relative permeabilities of MnZn ferrite. (a) 1200. (b) 2500. (c) 3000. (d) 5000. (e) 7500. 
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Figure A5. Magnetic field strength curves with different relative permeabilities of NiZn ferrite. (a) 250. (b) 500. (c) 900. (d) 1200. 






Figure A5. Magnetic field strength curves with different relative permeabilities of NiZn ferrite. (a) 250. (b) 500. (c) 900. (d) 1200.
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Figure 1. Sketch of EV chassis. 
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Figure 2. Basic structure of a WPT system. 
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Figure 3. Basic structure of the loose coupler. 
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Figure 4. Magnetic field lines of shield of aluminum. 
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Figure 5. Magnetic field lines of shield of ferrite. 
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Figure 6. Distribution diagrams of magnetic field strength for different materials. (a) Aluminum. (b) Ferrite. 
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Figure 7. Curves of magnetic field strength for different materials. 






Figure 7. Curves of magnetic field strength for different materials.



[image: Wevj 12 00252 g007]







[image: Wevj 12 00252 g008 550] 





Figure 8. Magnetic field strength curves of shields with different radius. 
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Figure 9. Maximum and average values of magnetic field strength due to the fringe effect with different radius. 
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Figure 10. Magnetic field strength curves of shields with different depths. 
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Figure 11. Maximum and average values of magnetic field strength due to the fringe effect with different depths. 
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Figure 12. Magnetic field strength curves of shields with different input powers. 
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Figure 13. Maximum and average values of magnetic field strength due to the fringe effect with different input powers. 
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Figure 14. The ratios of the maximum values in (100,150) to the maximum values in (−300,300). 
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Figure 15. Magnetic field strength curves of shields of MnZn with different relative permeabilities. 
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Figure 16. Magnetic field strength curves of shields of MnZn with different depths and different relative permeabilities. 
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Figure 17. Magnetic field strength curves of shields of NiZn with different relative permeabilities. 
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Figure 18. Magnetic field strength curves of shields of NiZn with different depths and different relative permeabilities. 
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Figure 19. Fitting curve and its confidence interval of different radius. 






Figure 19. Fitting curve and its confidence interval of different radius.



[image: Wevj 12 00252 g019]







[image: Wevj 12 00252 g020 550] 





Figure 20. Fitting curve and its confidence interval of different input powers. 
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Figure 21. Fitting curve and its confidence interval of different relative permeabilities. 
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Figure 22. Structure of the proposed shield. 
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Figure 23. Physical dimensions of the shields. (a) Conventional structure. (b) Proposed structure. 
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Figure 24. Secondary side of the finite element analysis model. 
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Figure 25. Distribution diagrams of magnetic field strength for the proposed structure. (a) Secondary shield. (b) Extended part. 
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Figure 26. Magnetic field strength curves at 10 mm above the shields. 
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Figure 27. Magnetic field strength curves of the profile of the shields. 
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Figure 28. Distribution diagrams of magnetic field strength with the conventional structure and different offsets of the secondary coil. (a) 5 mm. (b) 10 mm. (c) 15 mm. (d) 20 mm. 
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Figure 29. Magnetic field strength curves with the conventional structure and different offsets of the secondary coil. 
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Figure 30. Distribution diagrams of magnetic field strength with the proposed structure and different offsets of the secondary coil. (a) 5 mm. (b) 10 mm. (c) 15 mm. (d) 20 mm. 






Figure 30. Distribution diagrams of magnetic field strength with the proposed structure and different offsets of the secondary coil. (a) 5 mm. (b) 10 mm. (c) 15 mm. (d) 20 mm.



[image: Wevj 12 00252 g030]







[image: Wevj 12 00252 g031 550] 





Figure 31. Magnetic field strength curves with the proposed structure and different offsets of the secondary coil. 
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Figure 32. Coupling coefficient curves with the two structures and different offsets of the secondary coil. 
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Figure 33. Magnetic field strength curves with the conventional structure and larger offsets of the secondary coil. 
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Figure 34. Magnetic field strength curves with the proposed structure and larger offsets of the secondary coil. 
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Figure 35. Coupler currents waves with the proposed structure shield. 
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Figure 36. Coupler currents waves with the conventional structure shield. 
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Table 1. Initial parameters of the secondary shield.
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	Symbol
	Quantity
	Values





	r
	Radius
	120 mm



	d
	Depth
	1 mm



	μr
	Relative permeability
	2500



	pi
	Input power
	10 W
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Table 2. Correlation analysis results.






Table 2. Correlation analysis results.












	
	Radius
	Depths
	Input Powers
	Relative Permeabilities





	Pearson correlation
	−0.898
	−0.243
	0.979
	- 1



	Pearson significance
	0.002
	0.562
	0.000
	-



	Kendall correlation
	−0.786
	−0.214
	1.000
	1.000



	Kendall significance
	0.006
	0.458
	0.000
	0.000



	Spearman correlation
	−0.905
	−0.429
	1.000
	1.000



	Spearman significance
	0.002
	0.289
	0.000
	0.000







1 The Pearson correlation analysis only suit for the evenly spaced variables.
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Table 3. Fitting coefficients.






Table 3. Fitting coefficients.





	Coefficients
	Values
	Coefficients
	Values





	a1 for r
	−0.0242
	a3 for pi
	6.1127



	a2 for r
	9.2502
	a4 for pi
	−45.0215



	a3 for r
	−1182.99
	a5 for pi
	434.4354



	a4 for r
	50,871.69
	a1 for μr
	−4.075 × 10−7



	a1 for pi
	0.0022
	a2 for μr
	0.0049



	a2 for pi
	−0.2040
	a3 for μr
	483.4461
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Table 4. Main coupler parameters with the proposed structure shield.






Table 4. Main coupler parameters with the proposed structure shield.





	Symbol
	Quantity
	Values





	r
	Radius
	120 mm



	d
	Depth
	1 mm



	μr
	Relative permeability
	2500



	pi
	Input power
	10 W



	ri
	Inner radius
	110 mm



	db
	Extended depth
	5 mm



	rb
	Extended length
	10 mm



	rs
	Ring width of the secondary coil
	110 mm



	r
	Radius of the coil line
	2.5 mm



	ns
	Number of turns of the secondary coil
	15



	rp
	Ring width of the primary coil
	120 mm



	np
	Number of turns of the primary coil
	17



	dps
	Distance between the primary and secondary coils
	50 mm
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Table 5. Main circuit parameters.






Table 5. Main circuit parameters.





	Symbol
	Quantity
	Values





	ii
	Input current
	10 A



	Cp
	Primary compensation capacity
	120 nF



	Rpc
	Resistance of the primary coil
	0.2 Ω



	Cs
	Secondary compensation capacity
	53 nF



	Rsc
	Resistance of the secondary coil
	0.1 Ω



	Lf
	Induction filter
	21.85 μH



	Cf
	Capacity filter
	16 μF



	Ro
	Output resistance
	10 Ω
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