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Abstract

:

This study deals with the optimization of a shielding structure composed by multiple active coils for mitigating the magnetic field in an automotive wireless power transfer (WPT) system at 85 kHz. Each active coil is independently powered and the most suitable excitation is obtained by an optimization procedure based on the Gradient Descent algorithm. The proposed procedure is described and applied to shield the magnetic field beside an electric vehicle (EV) equipped with SAE standard coils, during wireless charging. The obtained results show that the magnetic field in the most critical area is significantly reduced (i.e., approximately halved) with a very limited influence on the electrical performances (i.e., WPT efficiency decreases by less than 1 percentage point compared to the case without active shielding).
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1. Introduction


Electric vehicles (EVs) are a key factor in the development of a more sustainable transport. Efficient and comfortable delivery of the electric power from the grid to the EV is crucial. For automotive applications, the most widely used technology for contactless charging is the wireless power transfer (WPT) technology based on magnetic resonant coupling as it permits transferring high power with an efficiency similar to that of plug-in charging [1,2,3,4,5,6,7]. When using this technology, an important problem is given by the magnetic field in the environment produced by the currents flowing in the coils of the WPT system [8,9,10,11,12,13,14,15,16,17,18]. Therefore, electromagnetic field (EMF) safety in terms of human exposure to electromagnetic fields needs to be addressed.



A typical WPT system for the wireless charging of an EV is composed by a transmitting coil (Tx) mounted on the ground and a receiving coil (Rx) mounted on the EV underbody. The resonance frequency is set to 85 kHz. The goal of the proposed work is the minimization of the magnetic flux density B in a zone outside the vehicle in close proximity to the Rx and Tx coils where people can stay. According to the definition in the SAE J2954 standard [7], there are three distinct regions to be considered, as shown in Figure 1. The most critical zone is Region 1 (under the chassis of the EV). However, being inaccessible to the humans, it does not cause any EMF safety problem. Region 3 is the zone inside the cabin occupied by the driver and the passengers where the magnetic field levels are not very high due to the shielding action of the metal bodyshell, at least in traditional cars made of steel or aluminum. The remaining zone is Region 2, i.e., beside and above the vehicle. The region beside the vehicle nearby the coils is the most critical in terms of risk for magnetic field exposure since the magnetic field is maximum there and could exceed the EMF safety limits [19,20,21].



Being intentional sources of magnetic field, the WPT coils cannot be completely shielded as this would lead to a significant decrease of the system electrical performance [14]. In order to reduce the magnetic field, different shielding techniques can be used. The simplest one is based on the use of passive shields made of conductive materials. Despite the very good shielding performance obtained by these materials at the frequencies considered, eddy currents in the shield drastically affect the performance of a WPT system based on inductive technology, resulting in a significant reduction in efficiency [8]. On the other side, the use of magnetic materials with high permeability and negligible conductivity permits obtaining good shielding without affecting the electrical performances of the system. The main disadvantages of this solution are the weight and the cost of magnetic materials. The combined use of conductive and magnetic shields allows good shielding and electrical performances, but with an increase in weight and cost. Another well-known passive shielding technique is based on reactive coils, i.e., passive loops that are excited by time-varying magnetic fields produced by the currents induced by the source. Despite the great simplicity, the shielding performances of reactive coils are limited. A detailed description of this technique can be found in [16,17,18]. To overcome the mentioned inconveniences, active shielding is proposed here as a cost-effective solution for mitigating relatively low frequency electromagnetic fields, very suitable for automotive applications due the low impact on the weight.



The active shielding technique is definitely challenging [22,23,24], and consists in powering ad hoc designed active coils to generate a magnetic field opposite to the incident one in order to mitigate the total field. This technique is very efficient in reducing the static magnetic field, e.g., earth’s magnetic field in medical applications, or to magnetically confine plasma in nuclear fusion devices. Active shielding techniques have been also applied to mitigate low frequency magnetic fields using a single active coil as in power line applications [22]. When a single active coil is not enough to obtain a satisfactory field reduction, it is possible to use a more complex configuration based on multiple active coils. In this case, the main issue is the definition of the electro-geometrical configuration of each coil (i.e., shape, dimension, orientation, and position), as well as the current to be injected. In the recent past, a procedure to mitigate the magnetic field at a single point has been proposed using an active coil configuration [23]. Here, this procedure is extended to a multicoil configuration. In past works [23,24], the focus was mainly on the design of the optimum configuration of a single shielding coil. Here, a big improvement is proposed to optimize the configuration of several active coils to mitigate the field in a three-dimensional region by using optimization techniques. This new approach is described in the following sections.




2. Optimization and Design


2.1. Problem Definition


Let us consider the n-coils active shielding configuration used to mitigate the magnetic field produced by a two-coil WPT system (i.e., Tx and Rx coils). The considered configuration can be modeled by n + 2 equivalent circuits that are inductively coupled together, as shown in Figure 2 [23].



All the n active coils are independently powered by voltage generators, as well as the Tx coil, while the Rx coil is not powered but only loaded on the impedance ZL. Adopting circuital mesh equations, the system is given by:


   [       [   Z  w p t    ]       [   Z  w p t , a    ]         [   Z  a , w p t    ]       [   Z a   ]       ]   [       [   I  w p t    ]         [   I a   ]       ]  =  [       [   V  w p t    ]         [   V a   ]       ]   



(1)




where [Zwpt] is the 2 × 2 mesh impedance matrix of the WPT system composed by Tx and Rx coils given by:


   [   Z  w p t    ]  =  [       Z t  +  Z S       Z  t r          Z  t r        Z r  +  Z L       ]   



(2)




being ZS the internal impedance of the Tx voltage source, ZL the load impedance of the Rx coil, Zr and Zt the impedances of the Rx and Tx compensated coils, respectively, and Ztr the mutual impedance between them. These last impedances are defined in the following.



The term [Za] in (1) is the n × n mesh impedance matrix of the n active coils given by:


   [   Z a   ]  =  [       Z  11      ⋯     Z  1 n        ⋮   ⋱   ⋮       Z  1 n      ⋯     Z  n n        ]   



(3)




and    [   Z  a , w p t    ]  =    [   Z  w p t , a    ]   T    is the n × 2 mesh impedance matrix representing the interaction between the two WPT coils and the n active coils given by:


   [   Z  a , w p t    ]  =  [       Z  t 1        Z  r 1        ⋮   ⋮       Z  t n        Z  r n        ]  =    [   Z  w p t , a    ]   T   



(4)







In (2)–(4), the subscripts t and r refer to the Tx and the Rx coils, respectively, and the subscripts 1,…, n refer to the active coils. The coefficients of the impedance matrices are defined as:


   Z  k l   =  {      R k  + j ω  L k  +  1  j ω  C k    ,   k = l ,   k ∈  {  t , r , 1 , … , n  }      j ω  M  k l   ,   k ≠ l , k , l ∈  {  t , r , 1 , … , n  }        



(5)




where Rk and Lk are series resistance and inductance of the kth coil, Mkl is mutual inductance between the kth and lth coils, and Ck is the series capacitance of the kth coil. The resonance capacitances Ck are chosen such that LkCk = 1/ω2 being ω = 2πf and f the operational frequency equal to 85 kHz in the considered automotive application.



Assuming the same notation described above, the current vectors in (1) are given by:


   [   I  w p t    ]  =  [       I t         I r       ]   



(6)






   [   I a   ]  =  [       I 1       ⋮       I n       ]   



(7)




while the voltage source vectors in (1) are given by:


   [   V  w p t    ]  =  [       V  s t        0     ]   



(8)






   [   V a   ]  =  [       V  s 1        ⋮       V s    n       ]   



(9)




where Vst is the known voltage generator on the Tx side, while the generic coefficient Vsi of [Va] is the excitation on the ith active coil that must be optimized.




2.2. Optimization Algorithm


First of all, the geometrical configuration of the WPT and active coils must be a priori defined. Then, the magnetic flux density    B   ( P )  =  B x  ( P )  x ⌢  +  B y  ( P )  y ⌢  +  B z  ( P )  z ⌢    generated by all coil currents at point P = (x,y,z) is given by superposition when assuming linearity as:


   B   ( P )  =   ∑ k     b  k   ( P )   I k    =  [        b  t   ( P )        b  r   ( P )        b  1   ( P )     ⋯      b  n   ( P )       ]   [       [   I  w p t    ]         [   I a   ]       ]   



(10)




where


   b k   ( P )  =  b  k , x    ( P )   x ⌢  +  b  k , y    ( P )   y ⌢  +  b  k , z    ( P )   z ⌢  =  [      x ⌢     y ⌢     z ⌢      ]   [       b  k , x    ( P )         b  k , x    ( P )         b  k , x    ( P )       ]   



(11)




is the magnetic field vector transfer function generated by the kth coil unit current (measure unit: T/A) [20]. By introducing (11) into (10), the magnetic flux density at point (P) is rewritten as:


   B   ( P )  =  [      x ⌢     y ⌢     z ⌢      ]   [       b  t , x    ( P )       b  r , x    ( P )       b  1 , x    ( P )     ⋯     b  n , x    ( P )         b  t , y    ( P )       b  r , y    ( P )       b  1 , y    ( P )     ⋯     b  n , y    ( P )         b  t , z    ( P )       b  r , z    ( P )       b  1 , z    ( P )     ⋯     b  n , z    ( P )       ]   [       [   I  w p t    ]         [   I a   ]       ]   



(12)




or, in a more compact form, as:


   B   ( P )  =  [      x ⌢     y ⌢     z ⌢      ]     [  b  ( P )   ]   [ I ]   



(13)




where [b(P)] is the 3 × (n + 2) matrix where the kth column is given by the three components of bk(P) as in (11), and [I] = [[Iwpt] [Ia]]T is the current vector. According to (13), the 3 × 1 vector [B(P)] having for coefficients the three components of the magnetic flux density at point P is given by:


  [ B ( P ) ] =  [       B x   ( P )         B y   ( P )         B z   ( P )       ]  =  [  b  ( P )   ]     [ I ]   



(14)







The interest is focused on minimizing the magnetic field in critical zones accessible to humans such as in Region 2 beside the EV. To this purpose, we consider this region as a cloud of m points beside the EV close to the ground, as shown in Figure 3. At each point Pj = (xj, yj, zj) with j = 1,…,m of the cloud, the transfer functions bk(P) given by (11) is calculated for all coils, i.e.,   k ∈  {  t , r , 1 , … , n  }   , assuming a unit current excitation Ik = 1 A. Then, the Gradient Descent [25] optimization technique is used to find out the values of the active coils currents which minimize the magnetic field in the cloud of points as described in the following.



By writing (14) for all the m points of the cloud, it is possible to obtain the vector:


   [       [  B (  P 1  )  ]         [  B (  P 2  )  ]       ⋮       [  B (  P m  )  ]       ]  =  [ S ]     [       [   I  w p t    ]         [   I a   ]       ]   



(15)




where the matrix [S] of size 3m × (n + 2) is given by:


  [ S ] =  [       [  b  (   P 1   )   ]       ⋮       [  b  (   P m   )   ]       ]   



(16)







By deriving the current vector from (1) and introducing it in (15), it yields:


   [       [  B (  P 1  )  ]         [  B (  P 2  )  ]       ⋮       [  B (  P m  )  ]       ]  =  [ S ]       [       [   Z  w p t    ]       [   Z  w p t , a    ]         [   Z  a , w p t    ]       [   Z a   ]       ]    − 1    [       [   V  w p t    ]         [   V a   ]       ]  = [ G ]  [       [   V  w p t    ]         [   V a   ]       ]   



(17)




where for compactness it has used the position:


   [ G ]  =  [ S ]       [       [   Z  w p t    ]       [   Z  w p t , a    ]         [   Z  a , w p t    ]       [   Z a   ]       ]    − 1    



(18)







To determine the active coils excitation, i.e., [Va], it is useful to rearrange (17) as follows:


   [       [  B (  P 1  )  ]         [  B (  P 2  )  ]       ⋮       [  B (  P m  )  ]       ]  =  [ A ]   [   V a   ]  −  [ U ]   



(19)




where [A] is the 3m × n submatrix of [G] obtained removing the first two columns of [G], and [U] is a column vector whose components are obtained by multiplying the Tx excitation Vst with the elements on the first column with a minus sign of [G], as:


   A  j , h   =  G  j , h + 2   ,    j ∈  {  1 , … , 3 m  }  ,    h ∈  {  1 , … , n  }   



(20)






   U j  = −  G  j , 1    V  s t   ,   j ∈  {  1 , … , 3 m  }   



(21)







To address the optimization problem, it is necessary to define the variables, the constraints, and the cost function. The variables are the coefficients of the voltage source vector [Va], while the constraints are all other physical and geometrical quantities which are kept fixed at a predetermined value. As the interest is here focused to minimize the norm of the magnetic flux density      ‖  B  ‖   2   , considering (19), the cost function   J ( [  V a  ] )   is given by:


  J ( [  V a  ] ) =  1  2 m      (   [ A ]   [   V a   ]  −  [ U ]   )   *   (   [ A ]   [   V a   ]  −  [ U ]   )   



(22)




where the superscript * represents the transpose complex conjugate. Equation (22) is proportional to the average value of      ‖  B  ‖   2    in the considered m points. The update equation after the kth iteration of the Gradient Descent is given by:


     [   V a   ]    k + 1   =    [   V a   ]   k  − α  1 m     [ A ]   *   (   [ A ]     [   V a   ]   k  −  [ U ]   )   



(23)




being α the learning rate (0 < α < 1) and where all coefficients of matrix [Va] are initially set to zero. After a sufficient number of iterations in (23), [Va] will converge and return the optimized value of the voltage generator of each active coil.





3. Application


The optimization procedure previously described is applied to design the multiple coils active shield for the wireless charging system of the EV. The considered configuration including active coils and WPT coils is shown in Figure 4, where the EV bodyshell is not depicted to make the system easily visible. The WPT coils are designed following the standard SAE J2954 [7,26]. The Tx coil, placed on the ground, has a circular shape with dimensions xTx = 650 mm and yTx = 500 mm. The coil is composed by two parallel windings forming N1 = 8 turns (the total equivalent turns are then 2 × 8 = 16). A Litz wire with an external diameter Ø = 5 mm is adopted for the coil. The Rx coil has a circular shape with a side length sRx = sry = 380 mm, it is composed by N2 = 10 turns, and it is made with the same Litz wire of the Rx coil. On both the Tx and Rx coils, one magnetic (ferrite) and one conductive (aluminum) shields are included as described in the SAE standard [7]. The operational frequency is set to f = 85 kHz while the power delivered to the vehicle battery is set to 7.7 kW. The bodyshell of the considered EV (please see again Figure 3) has outer dimensions mx = 274 cm, my = 160 cm, mz = 140 cm [26]. The WPT receiving coil is placed in the center of the vehicle underbody. The bodyshell is simplified as a metallic box made of a high strength aluminum alloy with electrical conductivity σal = 10 MS/m and thickness tk = 2 mm. To reproduce the worst-case scenario a very small vehicle is considered, since the distance between the coil and the people outside the vehicle is minimum. The vertical separation distance between the Tx and Rx coils is set to dc = 25 cm to reproduce the worst case condition (the magnetic flux leakage increases with the gap between the Tx and Rx coils).



Four active coils are used to mitigate the magnetic field generated by the WPT coils: two on the transmitting side and two on the receiving side (see again Figure 4). The active coils are geometrically designed following the guidelines described in [24] to obtain good shielding capacity without degrading the WPT performances.



The computational domain is analyzed by the commercial software tool COMSOL [27] based on the finite element method (FEM) solution of the magneto-quasi-static (MQS) field equations. To reduce the computational cost, transition boundary conditions (TBCs) are used to model the metallic surfaces [27]. The TBCs take into account the field discontinuity, i.e., reflection and refraction, produced by thin conductive materials as the EV bodyshell or shields without any FEM discretization of these materials. It greatly reduces the number of unknowns and the solution time. In the proposed application, the FEM mesh is composed by 258547 2nd order tetrahedral elements and the degrees of freedom of equations were 1906778. The solution time using a PC with Intel Core i7 7th gen CPU and 16 GB of RAM was 15 min and 42 s. The COMSOL model of the proposed system is reported in Figure 5 and Figure 6.



First, the magnetic field distribution produced by the WPT coil currents is calculated without considering the presence of the active coils. Then, two different active coil configurations are examined. In test case #1, two active coils, named bottom coils, placed on the ground (see again Figure 4) are considered. In test case #2, four active coils (the two previously described bottom coils on the ground, with additional two top coils placed in the EV underbody) are considered. The shape, position, and dimension of all active planar coils are prefixed, and the optimization procedure is carried out to obtain the active coil excitations which allow minimizing the magnetic field emission in the region beside the EV. To this aim, a total of m = 16,384 points were selected, uniformly placed in two zones where the magnetic field must be mitigated and symmetrically located on the left and right sides of the vehicle, respectively. Each zone discretized in a cloud of points is beside the EV close to the ground, as shown schematically in Figure 3 for the right side.



The volume with the cloud of points is defined as    {   (  x , y , z  )  ∈  ℝ 3  |  x 1  ≤ x ≤  x 2  ,  y 1  ≤ y ≤  y 2  ,  z 1  ≤ z ≤  z 2   }    assuming x1 = −50 cm, x2 = 50 cm, y1 = 85 cm, y2 = 125 cm, z1 = 0 cm, and z2 = 50 cm for the right side zone, while y1 = −125 cm and y2 = −85 cm on the left side zone.



For each of the considered m points the vector transfer function b in (11) is calculated by COMSOL assuming a unit current in turn in each of the 2 + n = 2 + 4 = 6 considered coils. Then, the optimization procedure based on the Gradient Descent algorithm is carried out by MATLAB to calculate the independent voltage sources of the active coils for the two test cases. The cost function J([Va]) vs. iteration step for test case #2 is shown in Figure 7.



The ratio between the average of    ‖    B    a c t i v e     ‖    calculated over all m points used for the optimization and that of the incident field    ‖    B    w p t     ‖    (i.e., case without active coil shielding) versus the number of iterations used in the optimization is shown in Figure 8, for test case #2. The lower this ratio is, the better the magnetic field shielding will be. Note that Figure 7 and Figure 8 have similar decreasing behaviors until convergence.



The optimization procedure provides the vector [Va] containing the voltage source excitations of the active coils. Applying these excitations to the circuit shown in Figure 2 for the two considered test cases #1 and #2, the coil currents are obtained. Thus, it is possible to impose these currents as sources of the magnetic field and to calculate the field distribution by COMSOL using the MQS equations solver. The magnetic field beside the EV is calculated along the red dotted measuring line shown in Figure 4. The comparison of the results obtained in test cases #1 and #2 is shown in Figure 9. The measuring line is located beside the EV parallel to the x axis, at a distance of 110 cm from the center of the coil along the y axis and equidistant from the primary and secondary coil on the z axis. It is worth noting that the magnetic field is significantly reduced in both test cases #1 and #2, and the field mitigation is also very similar. Therefore, the configuration of test case #1 is more convenient as it is based on only two active coils in the ground assembly instead of the four coils in test case #2. A smaller number of active coils leads to a reduction in complexity, cost, and losses.



Then, we have investigated the relevance of the sampling (i.e., cloud of m points) on the obtained results. Figure 10 shows the ratio of average    ‖  B  ‖    with and without active shielding versus the number m of points used in the optimization. The points are taken in order of distance from the primary coil center (the closer ones before the further ones). For the considered configuration m = 16384 points were used but, as you can see, the procedure can be considered accurate selecting approximately 1000 points.



Finally, we observed as the WPT efficiency is strongly influenced by the quality of the applied active shielding, as shown in Figure 11. It can be noted that the optimization of the shielding coil current leads to a very limited reduction of the system efficiency. The proposed method can be applied to several configurations of the system (e.g., different gap, coil misalignment, etc.). For each condition, the optimum shielding current can be considered to create a lookup table in order to minimize the magnetic field for all operational conditions of the system.




4. Conclusions


An optimization procedure for the minimization of the magnetic field produced by a near field WPT system by active shielding has been presented. The proposed method permits finding the optimum current for each shielding active coil to minimize the magnetic field in a specific area while maintaining very good electrical efficiency. This aspect is very important for high power WPT systems. An automotive WPT charging system designed following the SAE standard has been considered to apply the proposed optimization procedure. The obtained results demonstrate that the magnetic field on the most critical area outside the EV, the magnetic field level, can be halved with only a little reduction of the WPT system efficiency, taking into account also the losses in the active coils. The efficiency goes from 91.2% without the shielding active WPT to 90.6% with the active shielding. Finally, it should be noted that the proposed method can be applied to different electro-geometrical configurations of active and WPT coils.
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Figure 1. SAE J2954 regions definition. 
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Figure 2. Equivalent circuit of the wireless power transfer (WPT) system with n active shielding coils. 
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Figure 3. Cloud of points beside the EV where the magnetic field is mitigated. 
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Figure 4. WPT and shielding coil configuration. 
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Figure 5. COMSOL model of the receiving coil (Rx) side of the system mounted on EV underbody. 
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Figure 6. COMSOL model of the transmitting coil (Tx) side of the system. 
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Figure 7. Cost function J vs. number of iterations with Gradient Descent for test case #2. 
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Figure 8. Ratio of Bactive/Bwpt vs. number of iterations of the Gradient Descent for test case #2. 
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Figure 9. Magnetic field B along the measuring line beside the car with and without active shielding. 
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Figure 10. Ratio Bactive/Bwpt vs. number of points. 
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Figure 11. Efficiency η vs. number of points. 
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