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Abstract

:

The matrix coupling mechanism brings flexibility and reliability to energy supply in the form of multiple transmitting coils and is now favored in most wireless energy transmission applications, such as wireless charging boards for mobile phones, inspection robots, and so on. However, the process of considering the layout of the matrix coupling mechanism and the output performance based on the target in space is very complex, while also taking into account the need to avoid impedance changes caused by cross-interference between each unit, which can lead to frequency inconsistency. This paper proposes a design method based on space charging area expansion for matrix coupling mechanisms, and on this basis, it focuses on analyzing the impedance mismatch phenomenon caused by cross mutual inductance and inconsistent mutual inductance between coil units, in order to obtain the optimal topology to avoid frequency drift as much as possible. Finally, the effectiveness of the method is validated through simulation and experiments.
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1. Introduction


Wireless power transfer (WPT) technology based on magnetic field coupling has been widely used in fields such as electric vehicles, household appliances, underwater equipment, medical implants, and consumer electronics due to its relatively mature mechanism understanding, comprehensive practical technology system, simple and easy system topology, stable energy transfer process, and good robustness [1,2]. At present, there are a large number of wireless charging products for consumer electronic devices such as smartphones, tablets, Bluetooth earphones, smartwatches, etc. on the market, which greatly facilitates user experience [3,4].



However, there are difficulties in the application and promotion of wireless power supply technology, and the core reason is that traditional wireless charging forms have not brought users a breakthrough experience. Traditional magnetic coupling wireless power transfer technology usually only has one primary coil and one secondary coil. Basic figures to illustrate the difference between one and multiple coils are shown in Figure 1. Actually, for some high-power application scenarios, the power level of the one-to-one mode is limited and needs to withstand greater voltage and current stress, and there is not enough flexibility in some application places [5,6]. The limitations of the one-to-one WPT system in the charging area have led people to adopt the coil array method to expand the charging range, and the method of connecting multiple transmitting coils in parallel with a single input source or one primary coil with one excitation source has been utilized. The matrix coupling mechanism or multi-excitation unit wireless power transfer system (MEU-WPT) is favored by many applications, such as distributed-track wireless charging cars, inspection robots, drones, wireless charging platforms for mobile phones, and so on, due to its high power capacity, flexibility, and low current and voltage stress [7,8,9].



To date, research based on multiple transmitting or receiving coils mainly focuses on the following aspects: (1) modeling and solving of complex nonlinear systems [10,11,12]. The most commonly used modeling and analysis methods currently include coupled-mode theory [10], mutual inductance coupling theory [11], and two-port theory [12]; (2) coupling mechanisms and parameter design [13,14]. Based on the mapping relationship of model functions, to configure the modal parameters of the system, combined with various corresponding constraint conditions, designing the actual modal parameters of the WPT system is a crucial step; (3) power distribution and control [15,16]. In the wireless charging process of various application scenarios, the change of the coupling coefficient during dynamic charging and the interference of environmental factors must be considered. Although the above research has to some extent improved the performance of MEU-WPT systems through parameter optimization and control circuits, there has been no reasonable planning and utilization of the layout of coil units. Most coupling mechanisms are based on the most common pattern printing or an equal amount of winding. However, in the above research, there was no clear determination of the charging area boundary for the MEU-WPT system. Further in-depth research is needed on how to define an effective charging area, how to design a reasonable layout and expand the area based on the characteristics of the coil matrix, and how to avoid interference between matrix elements during the working phase.



To achieve the best system performance, many design objectives must be included. The power level, efficiency, and misalignment tolerance should be considered in total. In addition, because all shape parameters of these multiple excitation coils must be considered, the design work will become more complex. Among the previous works on coupling mechanism design for MEU-WPT systems, paper [17] proposed a novel multi-coil WPT system to enhance power transfer efficiency. It can overcome the misalignment problem and maintain high power transfer efficiency. In paper [18], based on the lumped element circuit model, the efficiency, current gain, and voltage gain calculations of multi-coil magnetic resonance wireless power transfer systems are given. And paper [19] proposed a scalable printed circuit board (PCB)-based coil design for electric vehicle (EV) wireless power transfer. Paper [20] proposed a multi-layer coil (MLC) for wireless charging for small electronic devices (SED), such as implantable medical devices (IMD) and wearable devices. And paper [21] presents a design method for a multi-transmitter wireless power transfer (WPT) system that aims to achieve stable and high power transfer efficiency (PTE) across a wide range. However, previous studies did not provide a specific definition of the actual charging area, and the question of how to maximize the charging area of the matrix coil is an urgent problem that needs to be solved. At the same time, the optimization design and adaptability of matrix coils under different layouts still need to be reconsidered. Moreover, further in-depth research is needed to design a reasonable layout and expand the area based on the characteristics of the coil matrix with interference considered between matrix elements during the working state, such as the impact on the frequency characteristics and output characteristics of the system.



This paper proposes an optimization design method for expanding the charging area of matrix coils and evaluates the frequency characteristics and interference between each coil unit while considering multi-objective parameters. It provides a reasonable approach for the topology selection of matrix coil coupling mechanisms with frequency drifting analysis. The second section constructs the system model, the third section calculates and derives the mutual inductance of the matrix coil layout, and the fourth section analyzes the interference characteristics of the coil unit data and provides a comprehensive design idea based on the previous calculation formulas. Finally, the method is validated and explained.




2. Modeling of Proposed System


According to the system structure shown in Figure 1a, S1–S4 are the switching transistors of the inverter circuit. On the primary side, Cpi is the compensated capacitor, Lpi is the inductance of the primary coil, and Rpi is the internal resistance of coils. On the secondary side, similarly, Cs is the compensated capacitor, Ls is the inductance of the pick-up coil, and Rs is its internal resistance. D1–D4 are the diodes of the rectifier. And Co is the filter capacitor of the load Ro. Ein is the input voltage,     u ˙  i    is output voltage of the inverter, and Iin is the input current of the inverter.     i ˙   p i     is the resonant current of each primary coil. is is the pick-up current. us is the input voltage of the rectifier, and Io, Uo are the current or voltage of the load. In order to balance magnetic field distribution, each primary coil has the same parameter in the multi-excitation coil matrix. The system parameters are set as Cp1 = Cp2 = … = Cpn, Lp1 = Lp2 = … = Lpn, Rp1 = Rp2 = … = Rpn. Take the series-series-type topology as an example, and the primary side and pick-up side operate at an identical angular frequency ω, which can be defined by


  ω =  1     L s   C s      =  1     L  p n    C  p n        



(1)







According to KVL’s law, the relationship between the currents and voltages can be derived as


   {       u ˙   1  = j ω (  L  p 1     + C   p 1   +  R  p 1   )   i ˙   p 1   + j ω  M  12     i ˙   p 2   + j ω  M  1 i     i ˙   p i   + … + j ω  M 1    i ˙  s         u ˙   2  = j ω (  L  p 2     + C   p 2   +  R  p 2   ) + j ω  M  12     i ˙   p 1   + j ω  M  2 i     i ˙   p i   + … + j ω  M 2    i ˙  s      ⋮        u ˙   n  = j ω (  L  p n     + C   p n   +  R  p n   ) + j ω  M  1 n     i ˙   p 1   + j ω  M  n i     i ˙   p i   + … + j ω  M n    i ˙  s       0 =  j ω  M 1    i ˙   p 1   + j ω  M 2    i ˙   p 2   + … + j ω  M n    i ˙   p n   + (  8   π 2     R o    + R  s  +  L s    + C  s  )   i ˙  s       



(2)







Using Formula (1) as the principle of resonant matching and ignoring cross-coupling, the circuit equation of the system can be simplified in an ideal situation.


   [         u ˙   1           u ˙   2       ⋮           u ˙   n      0        ]  =  [       R  p 1      0   ⋯   0    j ω  M 1       0     R  p 2      ⋯   0    j ω  M 2       ⋮   ⋮   ⋮   ⋮   ⋮     0   0   ⋯     R  p n       j ω  M n        j ω  M 1      j ω  M 2     ⋯    j ω  M n       R o  +  R s       ]   [        i ˙   p 1           i ˙   p 2        ⋮        i ˙   p n           i ˙  s       ]   



(3)







Therefore, the equivalent impedance of the primary side could be expressed as


   {       Z  p 1   =    u  p 1    R p 2  (  R o  +  R s  ) +  u  p 1    ω 2   R p    ∑  i = 1  n    M i 2       R p  (  R o  +  R s  )  u 1  +  ω 2  (  u 1    ∑  i = 1  n    M i 2    −  M 1    ∑  i = 1  n    M i   u i    )          Z  p 2   =    u  p 2    R p 2  (  R o  +  R s  ) +  u  p 2    ω 2   R p    ∑  i = 1  n    M i 2       R p  (  R o  +  R s  )  u 2  +  ω 2  (  u 2    ∑  i = 1  n    M i 2    −  M 2    ∑  i = 1  n    M i   u i    )        ⋮       Z  p n   =    u  p 3    R p 2  (  R o  +  R s  ) +  u  p 3    ω 2   R p    ∑  i = 1  n    M i 2       R p  (  R o  +  R s  )  u n  +  ω 2  (  u n    ∑  i = 1  n    M i 2    −  M n    ∑  i = 1  n    M i   u i    )          



(4)







And the output power of multi-excitation coils could be obtained by


   P  o u t   =   (   ω   ∑  i = 1  n    M i   u i       R p  (  R o  +  R s  ) +  ω 2    ∑  i = 1  n    M i 2      )  2   R o   



(5)








3. Matrix Coil Optimal Design Method


Before the design, the final target is determined to improve the output characteristics; efficiency is especially considered first. To design the coupling mechanism based on a multi-excitation coil matrix, the size of the receiver coil and transmission distance should be determined. At the same time, the size of every single excitation and the number of coils will determine the output characteristics of the system. Figure 2 shows a wireless power transfer system with three primary coils and four primary coils.



With a different layout, only the projection area of the secondary coil containing the largest number of excitation coils is considered as the effective position to analyze. In Figure 2, R is the radius of the secondary coil, and r is the radius of every single primary coil. To reduce the complexity of parameter design, overlapping primary coils are not considered. Because of the arrangement in the same plane, the cross-coupling is small enough to ignore.



Spatial modeling of the coupling mechanism is built for the multi-excitation coil matrix in Figure 2. Take Figure 2a as an example. The multi-excitation coils are built by a regular triangle ΔABC if the centers of excitation coils are connected. Similarly, there is a square ABCD in Figure 2b. Drawing the circles at vertices of the regular polygon with n edges, all the circles are regarded as the primary coils. At the same time, all the outmost primary coils are within the region of the pick-up coil. The relationship between the radius r of the primary coil and the radius of the secondary coil R could be derived as


    R =  r / n    ( n = 1 , 2 )     R = r ( 1 +  1  sin ( π / n )   ) ( n = 3 , 4 … )    



(6)







To calculate M, the tracks of the planar in ductors are assumed as constant current-carrying filaments, as shown in Figure 3.



During the charging process, the output characteristics of the system are evaluated by analyzing the changes in the coupling coefficient. From the sources in [22,23], Neumann’s equation is employed to calculate mutual inductance:


   M  i j   =    μ 0    4 π      ∮  c 1       ∮  c 2     1 R        d   l →  1  ⋅ d   l →  2   



(7)




where


  R =    a 2  +  b 2  +  Z d 2  +  X d 2  − 2 a b cos (  φ 1  −  φ 2  ) + 2  X d  b cos  φ 2  − 2  X d  a cos  φ 1     



(8)







In the above equation, μ0 is the vacuum magnetic permeability, Mij is the mutual inductance between single-turn current-carrying wires c1 and c2, R is the center distance, a and b are the radii of the two current-carrying wires, Zd is the vertical distance, and Xd is the lateral center offset distance. φ1, φ2 is the horizontal offset angle, introduced by these three equations:


    ξ =   2 a b    a 2  +  b 2  +  Z d 2        λ =   2 x a    a 2  +  b 2  +  Z d 2  +  X d 2        ϕ =   2 x b    a 2  +  b 2  +  Z d 2  +  X d 2       



(9)







Equation (9) can be expressed as


     M  i j   =    μ 0  a b   4 π    a 2  +  b 2  +  X d 2  +  Z d 2         ∫   φ 2  = 0    φ 2  = 2 π       ∫   φ 1  = 0    φ 1  = 2 π    cos (  φ 1  −  φ 2  ) × [ 1 − ( γ cos (  φ 1  −  φ 2  )           + λ cos  φ 1  − ϕ cos  φ 2  )  ]  − 1 / 2   d  φ 1  d  φ 2     



(10)




where   γ =  X d 2  / (  a 2  +  b 2  +  Z d 2  +  X d 2  )  . According to the paper in [24], the self-inductance of a single primary coil could be derived as


     d  a v g   = 0.5 (  D  max   +  D  min   )     β =    D  max   −  D  min      D  max   +  D  min         L =    μ 0   N 2   d  a v g    m 1   2  ( ln    m 2   β  +  m 3  β +  m 4   β 2  )    



(11)




where Dmax is the maximum diameter of the coil, and Dmin is the minimum diameter of the coil. μ0 is the permeability of free space, and m1~m4 are fitting parameters, which are determined by the shape of a coil. Paper [24] notes that for a circular coil, m1 = 1.0, m2 = 2.46, m3 = 0, and m4 = 0.2. Moreover, according to paper [25], the DC resistance of a solid-round wire winding and the skin depth of the conducting wire δw are described by


     R  d c   =   4  ρ w  N  l T    π  d 2         δ w  =      ρ w    π  μ 0  f        



(12)




where ρw is the winding conductor resistivity, N is the total number of turns in the inductor, and lT is the mean turn length. d is the diameter of a bare solid-round wire. From paper [25], the AC-to-DC winding resistance ratio FR as a function for a solid-round wire winding with η = 0.9 and several numbers of layers Nl could be described by


     F R  = 1 +    η 2  ( 5  N l 2  − 1 )   45     (  π 4  )  3    (  d   δ w    )  4       R  a c   =  R  d c    F R     



(13)







Consider the receiving power from multi-excitation coils as an approximate linear superposition. When the phase of the resonant current on the primary coil is the same, the magnitude of a magnetic field can be expressed by the sum of the coupling coefficient of every single excitation coil. For traditional one-to-one WPT systems, the expression for the induced voltage of the pickup coil is   j ω M   i ˙  p   . Therefore, for a WPT system with multiple transmitting coils, the voltage of the secondary side pickup coil is a linear superposition of the voltage sensed from each transmitting coil. When n excitation units are working simultaneously, the value of the picked-up voltage on the secondary side can be expressed as     ∑  i = 1  n   j ω  M i    i ˙   p i      . Moreover, the definition of the coupling coefficient for the WPT system is known to be   k = M / (    L p  ∗  L s    )  . It is also known that the coupling coefficient for WPT systems is defined as


   |    u ˙  s   |  =  |    ∑  i = 1  n   ω  M i    i ˙   p n      |  =  |  n ω  k n     L  p n    L s      ∑  i = 1  n     i ˙   p n      |   



(14)







For a WPT system with a coil matrix, according to Figure 1, the loss of its coupling mechanism can be expressed as


     P  l o s s   =   ∑  i = 1  n      |    i ˙   p i    |   2     R  p i   +      |    ∑  i = 1  n   j ω  M i    i ˙   p i      |   2      (  R o  +  R s  )  2     R s       P  o u t   =      |    ∑  i = 1  n   j ω  M i    i ˙   p i      |   2      (  R o  +  R s  )  2     R o     



(15)







According to (12) and (13),


     R  p i   =  R  d c _ i   +  R  a c _ i        R s  =  R  d c _ s   +  R  a c _ s        R o  =  8   π 2     R L     



(16)







The formula above only considered the outmost coils that are on the vertex of the regular polygon. In this case, due to the central symmetry, the coupling coefficients kn are the same. When all the input currents are the same, n∗kn is used to evaluate the power transmission capability. Once the coils of the outmost layer have enough coupling ability, the whole multi-excitation coil matrix is proven to be effectively used. Furthermore, the loss on the multi-excitation coils must be analyzed at the same time. When the coil parameters are consistent with the coupling coefficient of each coil, the internal resistance of the coil is equal, and     ∑  i = 1  n    k i  = n ∗  k n     . The losses Ploss on the coupling mechanism are calculated under the condition of the same power output to evaluate the power-saving capability. Set Ptarget as the target value of the power. When Pout = Ptarget, the above equation can be written as


     P  l o s s   =   8  P  t arg e t    R s     π 2   R L    +   8  P  t arg e t    R p    (  R s  +    π 2   8   R L  )  2    n ω  M n   π 2   R L        η =    P  o u t      P  l o s s   +  P  o u t        



(17)







To design the multi-excitation coil matrix, only the following equations need to be satisfied, that is, the minimum coupling coefficients of the secondary coil and transmitting coil that is farthest from the center of the charging area need to be greater than the target value at first. Secondly, the efficiency of the whole coupling mechanism should be greater than the target value.


     k n  ≥  k  t arg e t        P x  ≥  P  t arg e t        P  x 0   =  P  t arg e t       η ≥  η  t arg e t      



(18)







According to the data analysis in the previous section, the maximum charging area is defined as the maximum shadow area projected on the plane XOY by the output power surface greater than or equal to the rated power when all excitation units output the same maximum current. Based on the parameter design in the previous text, the known conditions are determined as the size of the primary coil a, the size of the secondary coil b, the transmission distance z, etc. The coordinates of the primary coil are defined as (xi, yi, 0), the spatial coordinates of the secondary coil as (xs, ys, zs), and the constraints on the coordinates of the primary coil as


  ∀     (  y j  −  y i  )  2  +   (  x j  −  x i  )  2    ≥ a , ( i ≠ j )  



(19)







According to the mutual inductance Equation (10) and Figure 3, it can be inferred that the mutual inductance function is related to the variable Xd (the plane distance between the center of the primary and secondary coils,    X d  =     (  x s  −  x i  )  2  +   (  y s  −  y i  )  2     ). Under a given transmission height condition Zd, define function M((xs − xi),(ys − yi)) as the mutual inductance equation at a certain height. And the power distribution surface function P(xs, ys) at any position can be obtained by using the picked-up voltage Equation (14):


   P  (  x s  ,  y s  )   =     [  |  ω   i ˙   p _ max     ∑  i = 1  n    M  i s   ( (  x s  −  x i  ) , (  y s  −  y i  ) )    |  ]  2   R o      (  R o  +  R s  )  2    , ( i = 1 , 2 , … , n )  



(20)







For matrix coils, when the coil currents ip are in phase, the secondary coil picks up the maximum energy. According to the load power demand, assuming that all coil unit currents are in phase, at the specified transmission height Zd, the projection of the surface Equation (20) in space on the XOY plane z = Ptarget can be expressed as


   {      f (  x s  ,  y s  ) =     [ ω  i  p _ max     ∑  i = 1  n    M  i s   ( (  x s  −  x i  ) , (  y s  −  y i  ) )   ]  2   R o      (  R o  +  R s  )  2          z =  P  t arg e t          



(21)







It can be seen that Formula (20) is the power surface function at a given transmission height, whose variables are xs and ys in the spatial plane. In Formula (21), the difference between the actual output power at a determined position in space and the target power is defined. When the judgment condition f(xs, xy) is greater than or equal to 0, the effective charging area of the power surface can be determined. Furthermore, the Cartesian coordinate system could be converted to a polar coordinate system, and the projection area of the surface (20) on the XOY plane z = Ptarget can be calculated.



The Cartesian coordinate system is converted to a polar coordinate system, and the projected area S of the power distribution surface on the XOY plane can be expressed as


  S ( r , θ ) =    ∫ 0  2 π       ∫ 0  φ ( θ )    f ( r cos θ       , r sin θ ) r d r d θ  



(22)







Among φ(θ), in Equation (22), r is the expression of the dependent variable. And the maximum area of this charging area is only related to the distribution of coordinates (xi, yi) of each excitation unit when the coupling mechanism parameters and transmission distance are determined.



Therefore, the mathematical expression for expanding the effective charging area can be transformed into


      max     S ( r , θ )       s . t .        k n  ≥  k  t arg e t        P x  ≥  P  t arg e t        P  x 0   =  P  t arg e t       η ≥  η  t arg e t          



(23)







Based on the previous analysis, the coil parameters of multiple excitation units are calculated in sequence according to the given coupling mechanism’s constraint relationship and system output indicators, and the optimal design method is determined based on the judgment conditions. This section proposes a flowchart for optimizing the design of incentive units, as shown in Figure 4.



The optimization idea of the flowchart is as follows:



① Determine the size and transmission distance of the primary and secondary coils based on the application background and device appearance, and set the system output characteristic indicators, including the minimum coupling coefficient kn, rated power Ptarget, and efficiency η target;



② Determine the coupling coefficient of the system in a centrally symmetrical layout using the spatial mutual inductance distribution establishment method (9) analyzed earlier and the coordinate derivation method of the original excitation unit (10). Simultaneously, perform the first step of optimization judgment. If the coupling coefficient of each excitation unit is greater than or equal to kn, proceed to the next step; otherwise, the number of excitation units will decrease;



③ Based on the coupling mechanism of the current size, refer to Formulas (17) and (20) to further derive the output characteristics of the multiple excitation units. If the output power reaches the rated power target, proceed to the next step;



④ During the loop process, efficiency or comparison is performed on the front and back elements of the data array, and the number of excitation units with higher efficiency is selected;



⑤ By determining the condition P(xs,ys) = Ptarget, increase the spacing dr between the excitation units, calculate the effective charging area, and compare the size of the charging area. If the requirements are not met, re-plan the coil size and repeat the steps to expand the charging range. Finally, use the above method to obtain the final optimized design parameters.




4. Frequency Stability Analysis for Matrix Coils


In section III, the analysis is mainly focused on the output characteristics. In order to more intuitively reflect the relationship between the excitation coil and the load, the system equation has been simplified according to the ideal resonant matching situation. As analyzed earlier, the matrix coupling mechanism system is a high-order coupled system, and during the charging process, changes in mutual inductance, load, and even input source can affect the zero-phase operating frequency of each excitation unit (Equation (2)). However, it is not possible to improve the output characteristics of the system by satisfying the zero-phase operating frequency of each excitation unit, because for a pickup end device with a unique resonant frequency, the energy superposition of multiple frequency bands will increase the circuit loss. Taking two adjacent array units as an example, this section mainly discusses the dynamic characteristic of the system based on the topology types of different input sources and analyzes the design principles of matrix coils with frequency stability as the goal. The design parameters of the system in this section are shown in Table 1.



Taking the topology types of voltage (series-series type) and current sources (PS type) as examples, considering the symmetry of matrix coils, the frequency drift phenomenon between the two coils is analyzed with emphasis.



According to Equation (2), the expression for the input impedance of a voltage-type system with series-series topology is as follows, where u1 and u2 are the effective values of the primary voltage, respectively:


   [        i ˙   p 1           i ˙   p 2        ]  =   (  a  v s   +  b  v s   j )   − 1    [       f  1 _ v s   (  u 1  ,  u 2  ) +  g  1 _ v s   (  u 1  ,  u 2  ) j        f  2 _ v s   (  u 1  ,  u 2  ) +  g  2 _ v s   (  u 1  ,  u 2  ) j      ]   



(24)




where


     a  v s     =  ω 2   C p 2  [ −  ω 2   Z s   L p 2  +  ω 2   Z s   M 12 2  +  ω 2   R p  (  M 1 2  +  M 2 2  )      +  Z s   R p 2  ] + 2  ω 2   L p   C p  −  Z s       b  v s     =  ω 2   C p 2  [  ω 3   L p  (  M 1 2  +  M 2 2  ) − 2  ω 3   M 1   M  12    M 2  + 2 ω  Z s   L p   R p  ]      − ω  C p  [  ω 2  (  M 1 2  +  M 2 2  ) + 2  Z s   R p  ]      f  1 _ v s   (  u 1  ,  u 2  )   =  ω 2   C p 2  ( −  ω 2   M 1   M 2   u 2  +  ω 2   M 2 2   u 1  +  Z s   R p   u 1  )      g  1 _ v s   (  u 1  ,  u 2  )   = ω  Z s   C p  (  ω 2   C p   L p   u 1  +  ω 2   C p   M  12    u 2  −  u 1  )      f  2 _ v s   (  u 1  ,  u 2  )   =  ω 2   C p 2  ( −  ω 2   M 1   M 2   u 1  +  ω 2   M 1 2   u 2  +  Z s   R p   u 2  )      g  2 _ v s   (  u 1  ,  u 2  )   = ω  Z s   C p  (  ω 2   C p   L p   u 2  +  ω 2   C p   M  12    u 1  −  u 2  )    



(25)







Therefore,


   [       Z  p 1          Z  p 2        ]  = (  a  v s   +  b  v s   j )  [       u 1     0     0     u 2       ]   [        [  f  1 _ v s   (  u 1  ,  u 2  ) +  g  1 _ v s   (  u 1  ,  u 2  ) j ]   − 1           [  f  2 _ v s   (  u 1  ,  u 2  ) +  g  2 _ v s   (  u 1  ,  u 2  ) j ]   − 1        ]   



(26)







Similarly, a current-type system with parallel-series (PS) topology can be expressed as


   [        i ˙   p 1           i ˙   p 2        ]  =   (  a  c s   +  b  c s   j )   − 1    [       f  1 _ c s   (  u 1  ,  u 2  ) +  g  1 _ c s   (  u 1  ,  u 2  ) j        f  2 _ c s   (  u 1  ,  u 2  ) +  g  2 _ c s   (  u 1  ,  u 2  ) j      ]   



(27)




where


     a  c s     =  ω 2  [  R p  (  M 1 2  +  M 2 2  ) +  Z s  (  M  12  2  −  L p 2  ) ] +  Z s   R p 2       b  c s     =  ω 3  (  L p   M 1 2  +  L p   M 2 2  − 2  M 1   M  12    M 2  ) + 2 ω  Z s   L p   R p       f  1 _ c s   (  u 1  ,  u 2  )   =  ω 2  (  M 2 2   u 1  −  M 1   M 2   u 2  )   + Z  s   R p   u 1       g  1 _ c s   (  u 1  ,  u 2  )   = ω  Z s  (  L p   u 1  −  M  12    u 2  )      f  2 _ c s   (  u 1  ,  u 2  )   =  ω 2  (  M 1 2   u 2  −  M 1   M 2   u 1  )   + Z  s   R p   u 2       g  2 _ c s   (  u 1  ,  u 2  )   = ω  Z s  (  L p   u 2  −  M  12    u 1  )    



(28)







As shown in Figure 5, the frequency drift phenomenon is observed from the perspective of each excitation unit. For different input source types of MEU-WPT systems with different input voltages and coupling coefficients, the frequency characteristic curves of each excitation unit are as follows. Among them, Figure 5a–c shows the current source-type MEU-WPT system, and Figure 5d–f shows the voltage source-type MEU-WPT system. The horizontal frequency range is 20 kHz~200 kHz, and the vertical axis represents the impedance angle of the resonant network of each excitation unit. The system harmonic frequency is 80 kHz.



From Figure 5a–c, it can be seen that the coil current phase of the current source-type MEU-WPT system itself has a 90-degree difference relationship with the voltage. Due to the large equivalent impedance, it can be seen that the impedance angle of the system in the entire frequency band is almost maintained at 72 degrees or above. Under the influence of different voltage configurations and mutual inductance changes, the impedance angles of each excitation unit vary to some extent, but the difference between the resonant currents of the excitation units is relatively small, maintained within 10 degrees. Moreover, when the input voltage of the current source-type MEU-WPT is the same, the influence between the excitation units is very small, but there is still a slight phase bias.



From Figure 5d–f, it can be seen that the input voltage and resonant current phases of a typical voltage source-type MEU-WPT system should be consistent (with an impedance angle of 0). One of the excitation units in the system has a zero-phase angle at the operating frequency point of 80 kHz, but under the influence of input voltage and mutual inductance, the impedance angle even exceeds 180 degrees, and a reverse situation occurs (as shown in Figure 5f in the high-frequency band, negative values occur when the phase exceeds 180), making it impossible for both excitation units to work at a zero-phase angle frequency simultaneously, unless the voltage ratio satisfies a certain mutual inductance relationship equation (as shown in Figure 5d). As shown in the figure, the voltage source-type MEU-WPT cannot use the frequency tracking method of each excitation unit to achieve the maximum power point of the system, because the excitation units do not have a common zero-phase angle frequency. To maximize the output power of the voltage source-type MEU-WPT, the allocation method of the primary power will be discussed in the next section. In contrast, the current MEU-WPT prototype system has better robustness, especially when the input voltage amplitude is consistent, but there are still some phase biases that need to be compensated.



Figure 6 shows the maximum power frequency characteristics of MEU-WPT systems with different input sources observed from the perspective of system operating frequency. Among them, Figure 6a–c shows the current source-type MEU-WPT system, and Figure 6d–f shows the voltage source-type MEU-WPT system.



From Figure 6a–c, it can be seen that the current source-type MEU-WPT system has a unique maximum power operating frequency point of 80 kHz, which is consistent with the design harmonic frequency. However, under the influence of input voltage and mutual inductance changes, there will be some slight frequency drift. For the voltage source-type MEU-WPT system, as shown in Figure 6d–f, there is a significant drift at the frequency point of the maximum power of the entire system when the input voltage and coupling coefficient of the system change. As shown in Figure 6d, when the input voltage is u1 = 60, u2 = 30, and the coupling coefficients k1 = 0.15 and k2 = 0.1, the optimal operating frequency of the system is about 600 kHz. When the coupling coefficients k1 = 0.15 and k2 = 0.15, the optimal power frequency of the system is about 50 kHz, and when the coupling coefficients k1 = 0.2 and k2 = 0.15, the optimal power frequency of the system is about 46 kHz. Similarly, under other input conditions, the optimal power frequency of the system also changes accordingly. For voltage source-type MEU-WPT systems, the maximum power frequency of the system is inconsistent with the operating frequency and the zero-phase frequency of each excitation unit. Although this frequency can achieve maximum power output, impedance changes may bring greater reactive power to the system.



In summary, when selecting a coil matrix, it is best to choose a current source compensation network or a resonant tank with strong impedance robustness as the topology structure to ensure the frequency stability of multiple coils under working conditions, which means it is better to use LCC or parallel resonance topology or to use a current controller to ensure consistent excitation currents.




5. Experimental Results


The prototype is built. The photo of the MEU-WPT experimental device is shown in Figure 7. Set the system operating frequency f = 100 kHz. The inner diameter of the transmitting coil is 2.15 cm, and the outer diameter is 5.65 cm. The inner diameter of the receiving coil is 5.15 cm, and the outer diameter is 8.4 cm. The DC power supply is 42 V. According to Table 1, the other parameters are given in Table 2.



When dr = 0 cm, that is, the distance between the four transmitting coils is zero, the output voltage of the system changes as follows with x.



When x = 0 cm, the load voltage is 45.6 V. The waveform before optimization of the drive signal U1, inverter output voltage U2, and transmitting coil current, as well as the secondary coil current and load voltage, are shown in Figure 8.



The misalignment testing is shown in Figure 9. When x = 1 cm, the load voltage is 43.3 V, and the secondary coil current and load voltage are shown in Figure 9a. When x = 2 cm, the load voltage is 39.8 V, and the secondary coil current and load voltage are shown in Figure 8b. When x = 3 cm, the load voltage is 35.9 V. The secondary coil current and load voltage are shown in Figure 9c. When x = 4 cm, the load voltage is 30.3 V. The secondary coil current and load voltage are shown in Figure 9d. When x = 5 cm, the load voltage is 28 V. The secondary coil current and load voltage are shown in Figure 9e. When x = 6 cm, the load voltage is 26 V. The secondary coil current and load voltage are shown in Figure 9f. When x = 7 cm, the load voltage is 24.6 V. The secondary coil current and load voltage are shown in Figure 9g.



After the optimal design, when the coil spacing is 1.3 cm, the output voltage of the system varies with X as follows. When x = 0 cm, the load voltage is 41.7 V, and the secondary coil current and load voltage are shown in Figure 10a. When x = 1 cm, the load voltage is 40.6 V. The secondary coil current and load voltage are shown in Figure 10b. When x = 2 cm, the load voltage is 38.6 V. The secondary coil current and load voltage are shown in Figure 10c. When x = 3 cm, the load voltage is 36 V. The secondary coil current and load voltage are shown in Figure 10d. When x = 4 cm, the load voltage is 32.7 V. The secondary coil current and load voltage are shown in Figure 10e. When x = 5 cm, the load voltage is 30.9 V. The secondary coil current and load voltage are shown in Figure 10f. When x = 6 cm, the load voltage is 29.9 V. The secondary coil current and load voltage are shown in Figure 10g. When x = 7 cm, the load voltage is 26.8 V. The secondary coil current and load voltage are shown in Figure 10h. When x = 7.5 cm, the load voltage is 26 V. The secondary coil current and load voltage are shown in Figure 10i.



It can be seen from Figure 11 that when the load resistance is 26 Ω, with the increase in the offset distance, the mutual inductance of the coil will be affected, and the output voltage will finally be affected. When x = 0 cm, the load voltage when the coil spacing is 0 cm is higher than the load voltage when the coil spacing is 1 cm. However, when the output voltage is 26 V, the corresponding receiving coil moving range is from −6 cm to 6 cm. When the coil spacing is 1 cm, the moving range of the receiving coil with the output voltage of 26 V is from −7.5 cm to 7.5 cm, and the offset range is extended by 3 cm. In both cases, there is little fluctuation in the overall efficiency of the system. It can be seen that when the output voltage is stable above 26 V, the offset range of the receiving coil corresponding to the coil spacing of 1 cm is larger, and the misalignment tolerance characteristic of the system is improved to a certain extent.



The comparison is shown in Figure 11.




6. Conclusions


This paper analyzes the charging area division and optimization of the MEU-WPT system using matrix coils. Firstly, the circuit architecture of the MEU-WPT system is analyzed. Moreover, based on electromagnetic theory and the Neumann equation, the mutual inductance changes in the system under a given coupling mechanism are studied. On the basis of establishing a spatial coordinate system, combined with the output characteristic formula derived from the circuit model, the distribution of output power in space is described. At the same time, indicators are provided for the charging area of the system, and they are used to divide the effective charging area of the MEU-WPT system, which can help to calculate the charging area. Then, the projection area of the charging area is extended as the optimization objective, and the expression and constraint conditions for the charging area are obtained. Furthermore, in order to reduce the interference of adjacent coils in the working mode of the matrix coupling mechanism, a comparative analysis was conducted on the frequency stability of each unit with different resonant topologies, and recommendations for circuit selection are provided. Finally, experimental verification was conducted using the analysis method of the previous charging area, and the design method proposed in this paper improved the effective charging area by 15% compared to traditional design methods.
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Figure 1. Structure of traditional WPT and proposed system. (a) Proposed system with matrix coil. (b) Traditional system. 
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Figure 2. Different layouts of multi-excitation coil matrix: (a) with 3 primary coils; (b) with 4 primary coils. 
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Figure 3. Coordinate establishment of carrying filament. 
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Figure 4. Flow chart of the design method. 
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Figure 5. Frequency drifting analysis of single excitation unit. (a) The impedance angle results with the current source type when u1 = 45, u2 = 45, k1 = 0.15, k2 = 0.15. (b) The impedance angle results with the current source type when u1 = 60, u2 = 30, k1 = 0.15, k2 = 0.15. (c) The impedance angle results with the current source type when u1 = 45, u2 = 45, k1 = 0.2, k2 = 0.15. (d) The impedance angle results with the voltage source type when u1 = 45, u2 = 45, k1 = 0.15, k2 = 0.15. (e) The impedance angle results with the voltage source type when u1 = 60, u2 = 30, k1 = 0.15, k2 = 0.15. (f) The impedance angle results with the voltage source type when u1 = 45, u2 = 45, k1 = 0.2, k2 = 0.15. 






Figure 5. Frequency drifting analysis of single excitation unit. (a) The impedance angle results with the current source type when u1 = 45, u2 = 45, k1 = 0.15, k2 = 0.15. (b) The impedance angle results with the current source type when u1 = 60, u2 = 30, k1 = 0.15, k2 = 0.15. (c) The impedance angle results with the current source type when u1 = 45, u2 = 45, k1 = 0.2, k2 = 0.15. (d) The impedance angle results with the voltage source type when u1 = 45, u2 = 45, k1 = 0.15, k2 = 0.15. (e) The impedance angle results with the voltage source type when u1 = 60, u2 = 30, k1 = 0.15, k2 = 0.15. (f) The impedance angle results with the voltage source type when u1 = 45, u2 = 45, k1 = 0.2, k2 = 0.15.
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Figure 6. Maximum power frequency analysis of the whole MEU-WPT system. (a) The output power results with the current source type when u1 = 60, u2 = 30. (b) The output power results with the current source type when u1 = 45, u2 = 45. (c) The output power results with the current source type when u1 = 30, u2 = 60. (d) The output power results with the voltage source type when u1 = 60, u2 = 30. (e) The output power results with the voltage source type when u1 = 45, u2 = 45. (f) The output power results with the voltage source type when u1 = 30, u2 = 60. 






Figure 6. Maximum power frequency analysis of the whole MEU-WPT system. (a) The output power results with the current source type when u1 = 60, u2 = 30. (b) The output power results with the current source type when u1 = 45, u2 = 45. (c) The output power results with the current source type when u1 = 30, u2 = 60. (d) The output power results with the voltage source type when u1 = 60, u2 = 30. (e) The output power results with the voltage source type when u1 = 45, u2 = 45. (f) The output power results with the voltage source type when u1 = 30, u2 = 60.
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Figure 7. Experimental set-up. 
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Figure 8. Experimental waveform of four-excitation-coil WPT system before optimization: (a) waveform of the primary side; (b) waveform of the secondary side. 
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Figure 9. Experimental waveform of misalignment testing before optimal design: (a) x = 1 cm; (b) x = 2 cm; (c) x = 3 cm; (d) x = 4 cm; (e) x = 5 cm; (f) x = 6 cm; (g) x = 7 cm. 
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Figure 10. Experimental waveform of misalignment testing after optimal design: (a) x = 0 cm; (b) x = 1 cm; (c) x = 2 cm; (d) x = 3 cm; (e) x = 4 cm; (f) x = 5 cm; (g) x = 6 cm; (h) x = 7 cm; (i) x = 7.5 cm. 
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Figure 11. Charging area comparison: (a) comparison of output voltage; (b) comparison of efficiency. 
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	Parameters
	Values
	Parameters
	Values





	Lp1Lp2
	110 μH
	Ls
	210 μH



	Rp1/Rp2
	0.1 Ω
	Rs
	0.2 Ω



	Cp1/Cp2
	0.52 μF
	Cs
	0.3 μF



	Ldc (in parallel-series topology case)
	1 mH
	RL
	30 Ω



	M12
	1 μH
	
	










 





Table 2. Main parameters of the system.
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Case

	
Parameters

	
Values

	
Parameters

	
Values






	
Four excitation coils-WPT system

	
Lp1/Lp2/Lp3/Lp4

	
20 μH

	
Ls

	
120 μH




	
Rp

	
0.05 Ω

	
Rs

	
0.12 Ω




	
Cp1/Cp2

	
0.126 μF

	
Cs

	
0.021 μF




	
RL

	
26 Ω

	
z

	
7 cm
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