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Abstract

:

To meet the demand for constant current and constant voltage charging of batteries and to increase the system output power, the LCC-LCL/S-type self-switching wireless power transfer system is proposed. The system does not require communication between the primary and secondary circuits, and its output mode is controlled by simply changing the status of two switches on the secondary side. Notably, the system satisfies the zero phase angle characteristic before and after mode switching. The parameter design method is proposed based on the circuit topology and the maximum safe current constraint. To make the output voltage fluctuation as small as possible, the optimum load switching point for the system has been designed, and its optimality has been validated by simulation. Furthermore, the switching control strategy is proposed, considering the effects of the system no-load and load short-circuit in real situations. Finally, an experimental platform was built to achieve the high efficiency output of the system with the maximum output voltage of 46.21 V, the maximum output power of 180 W, and the maximum efficiency of 93.4%, which verified the applicability of the proposed method.
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1. Introduction


Wireless power transfer (WPT), a contactless power transmission technology, is free from traditional physical media constraints. It uses electromagnetic waves as the energy carrier and transmits power from the transmitting end to the receiving end to supply energy to the load [1], avoiding the safety issues caused by insulation damage, line aging, and tip discharging in traditional power transmission [2]. As a result, it has a wide range of applications, including electric vehicles [1,3,4,5], autonomous underwater vehicles [6,7], medical devices [8,9], smart positioning [10,11,12], and industry [13].



Lithium batteries have emerged as the preferred power source for modern electric equipment due to their excellent energy efficiency [14], and the safety of the charging process is critical. To reduce the safety issues associated with repeated plugging and unplugging, researchers are currently focusing on WPT technology for lithium battery charging [15]. The charging stages of lithium batteries mainly consist of constant current (CC) and constant voltage (CV) [16]. As the charging progresses, its resistance gradually increases due to alterations in the electrolyte concentration. Combined with the charging characteristics of lithium batteries, the design objective of the wireless charging system for lithium batteries is to achieve CC and CV output and switching and to ensure that voltage and current fluctuations are minimized at the moment of switching [17].



Presently, researchers are putting forth control strategies capable of achieving transitions between CC and CV in WPT systems. The three most common control methods are the introduction of power converters, system frequency control, and switching tube phase control. Refs. [18,19,20,21] added AC-AC or DC-DC converters for constant output. The system can collect real-time voltage and current data from the receiving end and uses them as feedback signals to control the converter for stable CC and CV output. Although the method has the advantages of system stability and fast response, the introduction of the converter increases the size and design cost of the receiver side. Refs. [22,23,24] realized the switching of the charging state by adjusting the frequency according to the characteristic of resonant circuits across various operating frequency points. However, frequency hopping control may cause frequency splitting, which influences the system operation stability. Ref. [25] used the method of phase shift control. At a constant frequency, the phase of the inverter switching tube is controlled based on feedback from sampled values. The scheme involves communication, and the switching strategy is complex.



To make up for the shortcomings of the control strategy, researchers have started to investigate how to optimize the compensation topology. Ref. [26] proposed a modelling method on the basis of the high-order resonance network. The hybrid topology with LCC and LCV modes was presented. Ref. [27] compounded the LCL-S-type topology with the bilateral LCL-P-type topology and realized the mode switching by changing the compensation capacitor, but the system did not satisfy the zero phase angle (ZPA) characteristic. Ref. [28] proposed either SS and PS compensation or SP and PP compensation with three switches to convert output modes. However, there will be a voltage spike across the switch, even damaging the switch, when it is closed with residual energy in the inductor. Ref. [29] proposed a reconfigurable wireless power transfer system with 3-D misalignment tolerance. However, the system had many coils and compensation components and a large device size, which increased the design and application costs. Ref. [30] split the intermediate coil into two coils and overlapped them with the receiving coil to create a compact structure. Although the charging mode can be switched during the charging process, the number of components and switches significantly increased the cost and the space requirements. Ref. [31] configured four relays to achieve the charging mode transition by controlling the pertinent pair of relays. However, the number of relays involved in the system is high, resulting in switching losses.



In summary, the current methods of CC/CV charging based on wireless power transfer technology can be roughly divided into two categories: one focuses on optimizing the control strategy; the other focuses on optimizing the topology. Compared with the latter, the former often involves bilateral communication and is limited by the application space and cost. Therefore, to reduce the control complexity and the system size as much as possible, based on the study of the output characteristics of the second-order and high-order compensation networks, this paper innovatively proposes an LCC-LCL/S compensation topology. It consists of the LCC-LCL-type network and the LCC-S-type network, which can be reconfigured by controlling the switches to achieve the switching of charging modes. The design schemes of system parameters and the optimal switching point are proposed based on theoretical derivation. The switching flow of the switches is given according to the analysis of the no-load and short-circuit conditions of the system, which lays the theoretical foundation for realizing efficient and stable operation.



The rest of the paper is divided into five sections. The first section analyses and verifies the output constant characteristic and the ZPA characteristic of the single topology; the second section proposes the parameter design method; the third section designs the optimal load switching point and proposes the switching control strategy; the fourth section carries out the simulation and experiment to prove the correctness of the proposed method. The last section is the conclusion of the paper.




2. System Topology Analysis


The self-switching of CC and CV characteristics cannot be finished by using a single compensation topology, which cannot meet the charging requirements of lithium batteries. Therefore, to better match the charging characteristics of lithium batteries, this paper combines the second-order S-type network with CV output characteristics and the third-order LCL-type network with CC output characteristics and proposes an output mode self-switching WPT system on the basis of the LCC-LCL/S compensation network. The system circuit is shown in Figure 1.



   U  d c     is the DC power supply voltage; the input side circuit adopts a high-frequency full-bridge inverter circuit driven by MOSFETs;    S 1  ,  S 2    and    S 3  ,  S 4    form the bridge arms, respectively;    L  P 1   ,  C  P 1   ,  C  P 2     constitute the primary end LCC-type compensation network;    L 1  ,  L 2    are primary and secondary coils self-inductance, respectively;    R i    is the internal resistance of    L  P 1    ;    R 1  ,  R 2    are the internal resistance of coils, respectively;  M  represents coupled mutual inductance;    L 2  ,  C  S 1   ,  L  S 1     form a secondary LCL-type compensation network,    L 2  ,  C  S 1     form a secondary S-type compensation network, and the compensation network is switched by controlling    K 1  ,  K 2   ; an uncontrolled rectifier circuit driven by the diode is adopted,   V  D 1  , V  D 2    and   V  D 3  , V  D 4    form the bridge arms, respectively;  C  is the filter capacitor;    R  e q     is the equivalent resistance of the rectifier circuit, the filter circuit, and the load;    R L    is the resistance of the load;    U   R L    ,  I   R L      are the load voltage and current.



As mentioned in Ref. [32], as long as the port impedance of the loop is purely resistive, the current stress in the loop can be reduced. In this case, the system is in resonance, and its transmission efficiency is significantly improved. To increase the system’s output efficiency, it is necessary to investigate the resonance frequency in CC/CV mode. The output characteristics of the LCC-LCL-type and LCC-S-type circuit topologies and the system resonant frequency are analyzed in the following two subsections to prove the correctness of the mentioned compensation topology. Let the system operating frequency be  ω .



2.1. LCC-LCL Topology Analysis


When the switch    K 1    is closed and the switch    K 2    is in contact with point two, the system is in CC output mode. Figure 2 shows the system equivalent mutual inductance circuit, where,     U ˙   a c     and     I ˙   a c     represent the input alternating voltage and current.    L  P 1   ,  C  P 1   ,  C  P 2     and    L  S 1   ,  C  S 1   ,  L 2    constitute the primary and secondary resonant networks, respectively.    R  e q     is the equivalent resistance, and     U ˙  o  ,   I ˙  o    represent its voltage and current, respectively.     I ˙  1  ,   I ˙  2    represent the current of coils, respectively.     U ˙   a c   ,   I ˙   a c   ,   I ˙  1  ,     I ˙  2  ,   U ˙  o    and     I ˙  o    indicate the phasors of corresponding variables, respectively. Furthermore,    U  a c   ,  I  a c   ,  I 1  ,  I 2  ,  U o    and    I o    are defined as the corresponding root-mean-square (rms) values, respectively.



Let the resonant frequency of the LCC-LCL-type topology be    ω  C C    . Without considering mutual inductance M, the impedance    Z  C C − 1     of the input side circuit satisfies the following equation:


   Z  C C − 1   =    Z   C  P 1      (   Z   C  P 2     +  Z   L 1    +  R 1   )     Z   C  P 1     +  Z   C  P 2     +  Z   L 1    +  R 1    +  Z   L  P 1     +  R i   



(1)




where    Z   L  P 1     ,  Z   C  P 1     ,  Z   L 1    ,  Z   C  P 2       are the impedance of each compensation component.



Let the imaginary part of the    Z  C C − 1     be zero; at this time, the primary compensation circuit is in resonance, and its resonant frequency    ω  C C     satisfies the following equations:


   {     Z   L  P 1     +  Z   C  P 1     = j  ω  C C    L  P 1   +  1  j  ω  C C    C  P 1     = 0      Z   L 1    −  Z   L  P 1     +  Z   C  P 2     = j  ω  C C    (   L 1  −  L  P 1    )  +  1  j  ω  C C    C  P 2     = 0      



(2)







Without considering mutual inductance M, the impedance    Z  C C − 2     of the output side circuit satisfies the following equation:


   Z  C C − 2   =  Z   L 2    +  R 2  +    Z   C  S 1      (   Z   L  S 1     +  R  e q    )     Z   L  S 1     +  Z   C  S 1     +  R  e q      



(3)




where    Z   L 2    ,  Z   C  S 1     ,  Z   L  S 1       are the impedance of each compensation component.



Let the imaginary part of the    Z  C C − 2     be zero. The secondary compensation circuit is in resonance, and its resonant frequency    ω  C C     satisfies the following equations:


   {     Z   L 2    +  Z   C  S 1     = j  ω  C C    L 2  +  1  j  ω  C C    C  S 1     = 0      Z   L  S 1     +  Z   C  S 1     = j  ω  C C    L  S 1   +  1  j  ω  C C    C  S 1     = 0      



(4)







To maximize efficiency, the system operating frequency should be equal to the resonant frequency, i.e.,   ω =  ω  C C    . The secondary impedance in CC mode satisfies the following equation:


   Z  C C − 2   =      (  ω  L  S 1    )   2     R  e q     +  R 2   



(5)







The impedance    Z  C C − f     from the secondary side equivalent to the primary side is


   Z  C C − f   =      (  ω M  )   2     Z  C C − 2     =    ω 2   M 2   R  e q      ω 2    L  S 1   2  +  R 2   R  e q      



(6)







To achieve full resonance of the circuit, the mutual inductance  M  is adjusted to meet the maximum power transfer theorem after the resonance has been realized in the circuit itself. Let the real part of the primary impedance be equal to the real part of the equivalent impedance from the secondary to the primary. The optimum mutual inductance resistance    M  o p t     satisfies the following equation:


   M  o p t   =      (  1 +  ω 2    C  P 1   2   R 1   R i   )   (   ω 2    L  S 1   2  +  R 2   R  e q    )     ω 4    C  P 1   2   R  e q    R 1       



(7)







The primary input equivalent impedance    Z  C C − I N     satisfies the following equation:


     Z  C C − I N     =  Z   L  P 1     +  R i  +  Z   C  P 1     / /  (   Z   C  P 2     +  Z   L 1    +  R 1  +  Z  C C − f    )        =     (   L 1   C  P 2    ω 2  − 1  )  A +  R i   ω 2   C  P 1    C  P 2    (   ω 2   M 2   R  e q   +  R 1  A  )     ω 2   C  P 1    C  P 2    (   ω 2   M 2   R  e q   +  R 1  A  )       



(8)




where   A =  ω 2    L  S 1   2  +  R 2   R  e q    .



Based on Kirchhoff’s law analysis, the following equations are obtained to solve for the magnitude of the system output values:


   {    − j ω M   I ˙   C C − 1   +  (        j ω  L 2  +  1  j ω  C  S 1     +  R 2   )    I ˙   C C − 2   −  1  j ω  C  S 1       I ˙   C C − o   = 0              (      j ω  L  P 1   +  1  j ω  C  P 1           +  R i   )    I ˙   a c   −  1  j ω  C  P 1       I ˙   C C − 1   =   U ˙   a c       −  1  j ω  C  S 1       I ˙   C C − 2   + ( j ω  L  S 1   +  1  j ω  C  S 1     +  R  e q   )   I ˙   C C − o   = 0     j ω M   I ˙   C C − 2   +  (   1  j ω  C  P 2     + j ω  L 2  +  R 1   )    I ˙   C C − 1   =  (    I ˙   a c   −   I ˙   C C − 1    )   1  j ω  C  P 1          



(9)







According to the relationship between the components of the system under resonance conditions, the primary coil current     I ˙   C C − 1     and the output current     I ˙   C C − o     meet the following equation, respectively:


    I ˙   C C − 1   =   j ω  C  P 1     U ˙   a c   C   B  R i  − C    



(10)






    I ˙   C C − o   =   j  ω 3  M  C  P 1    C  S 1     U ˙   a c     B  R i  − C    



(11)




where    {    B = −  ω 4    (   C  P 1    C  S 1    )  2   R 1   R 2   R  e q   −   (  ω  C  P 1    )  2   R 1      C =   (  ω  C  S 1    )  2   R 2   R  e q   + 1      .



Based on Equation (8), the input and output power for the WPT system in the CC state satisfy the following equation, respectively:


   P  C C − I N   =      |    U ˙   a c    |   2     Z  C C − I N     =       U  a c   2   ω 2   C  P 1    C  P 2    (   ω 2   M 2   R  e q   +  R 1  A  )   ˙     (   L 1   C  P 2    ω 2  − 1  )  A +  R i   ω 2   C  P 1    C  P 2    (   ω 2   M 2   R  e q   +  R 1  A  )     



(12)






   P  C C − O U T   =    |    I ˙   C C − o    |   2   R  e q   = −    ω 6   M 2    C  P 1   2    C  S 1   2    U  a c   2       (  B  R i  − C  )   2     R  e q    



(13)







The system output efficiency in the CC mode satisfies the following equation:


   η  C C   =    P  C C − O U T      P  C C − O U T     = −    ω 6   M 2    C  P 1   2    C  S 1   2    U  a c   2   R  e q        (  B  R i  − C  )   2     (       (   L 1   C  P 2    ω 2  − 1  )  A  ˙      U  a c   2   ω 2   C  P 1    C  P 2    (   ω 2   M 2   R  e q   +  R 1  A  )    +    R i      U  a c   2     )   



(14)







The internal resistance of the Litz wire coil is usually on the order of milliohms [33], which is at least two or more orders of magnitude different from the load resistance, so the internal resistance of the coil can be ignored. The compensation inductance    L  P 1     satisfies the equation    R i  ≪ ω  L  P 1    , so its parasitic internal resistance    R i    is also negligible. The system output current     I ˙   C C − o     satisfies the equation:


    I ˙   C C − o   = − j  ω 3   C  P 1    C  S 1   M   U ˙   a c   =   M   U ˙   a c     j ω  L  P 1    L  S 1      



(15)







From the above equation, we can see that when the system satisfies the equation   ω =  ω  C C    , in the case of the voltage     U ˙   a c    , compensating inductance    L  P 1     and    L  S 1    , mutual inductance  M  are constant, the LCC-LCL-type circuit topology can realize CC output, and the magnitude of the output current remains constant regardless of the load resistance. In addition, the system output current will reach its maximum value when the mutual inductance satisfies the equation   M =  M  o p t    .




2.2. LCC-S Topology Analysis


When the switch    K 1    is opened, and the switch    K 2    is in contact with point one, the system is in CV output mode. Figure 3 shows the system equivalent mutual inductance circuit, where,    L  P 1   ,  C  P 1   ,  C  P 2     and    L 2  ,  C  S 1     constitute the primary and secondary resonant networks, respectively. Let the resonant frequency of the LCC-S-type topology resonant frequency be    ω  C V    .



In both charging modes, the primary side topology is the LCC type, and its resonant frequency    ω  C V     in the CV output state satisfies the following equation:


   ω  C V   =  1     L  P 1    C  P 1       =  1     (   L 1  −  L  P 1    )   C  P 2        



(16)







Without considering the effect of mutual inductance, the secondary impedance    Z  C V − 2     satisfies the following equation:


   Z  C V − 2   =  Z   L 2    +  Z   C  S 1     +  R  e q   +  R 2   



(17)







Let the imaginary part of the    Z  C V − 2     be zero. The secondary compensation circuit is in resonance, and its resonant frequency    ω  C V     satisfies the following equation:


   Z   L 2    +  Z   C  S 1     = j  ω  C V    L 2  +  1  j  ω  C V    C  S 1     = 0  



(18)







To maximize efficiency, the system operating frequency should be equal to the resonant frequency, i.e.,   ω =  ω  C V    , so the secondary impedance in CV mode satisfies the following equation:


   Z  C V − 2   =  R  e q   +  R 2   



(19)







The impedance    Z  C V − f     from the secondary circuit equivalent to the primary circuit satisfies the following equation:


   Z  C V − f   =      (  ω M  )   2     Z  C V − 2     =    ω 2   M 2     R 2  +  R  e q      



(20)







The primary input impedance    Z  C V − I N     satisfies the following equation:


     Z  C V − I N     =  Z   L  P 1     +  R i  +  Z   C  P 1     / /  (   Z   C  P 2     +  Z   L 1    +  Z  C V − f   +  R 1   )       =    (   L 1   C  P 2    ω 2  − 1  )   (   R  e q   +  R 2   )  +  R i  D  D     



(21)




where    D =   C  P 1    C  P 2    ω 2   (   ω 2   M 2  +  R 1   R  e q   +  R 1   R 2   )   .



Based on Kirchhoff’s law analysis, the following equations are obtained to solve for the magnitude of the system output values:


   {     (    I ˙   a c   −   I ˙   C V − 1    )   1  j ω  C  P 1     =   I ˙   C V − 1    (  j ω  L 1  +  1  j ω  C  P 2     +  R 1   )  + j ω M   I ˙   C V − 2        (   R i  + j ω  L  P 1   +  1  j ω  C  P 1      )    I ˙   a c   −  1  j ω  C  P 1       I ˙   C V − 1   =   U ˙   a c       − j ω M   I ˙   C V − 1   +  (  j ω  L 2  +  1  j ω  C  S 1     +  R 2  +  R  e q    )    I ˙   C V − 2   = 0      



(22)







Under resonance conditions, the primary coil current     I ˙   C V − 1     and the system output current     I ˙   C V − o     satisfy the following equation:


    I ˙   C V − 1   =   j ω  C  P 1     U ˙   a c    E   



(23)






    I ˙   C V − o   =   I ˙   C V − 2   =   −  ω 2  M  C  P 1     U ˙   a c     E  (   R 2  +  R  e q    )     



(24)




where    E =  −  ω 2    C  P 1   2   R 1   R i  +    ω 4   M 2    C  P 1   2   R i     R 2  +  R  e q     − 1  .



Based on Equation (21), the input and output power for the WPT system in the CV state satisfy the following equation:


   P  C V − I N   =      |    U ˙   a c    |   2     Z  C V − I N     =     U  a c   2  D    (   L 1   C  P 2    ω 2  − 1  )   (   R  e q   +  R 2   )  +  R i  D    



(25)






   P  C V − O U T   =    |    I ˙   C V − o    |   2   R  e q   =    ω 4   M 2    C  P 1   2    U  a c   2     E 2     (   R 2  +  R  e q    )   2     R  e q    



(26)







The system output efficiency in the CV mode satisfies the following equation:


   η  C V   =    P  C V − O U T      P  C V − I N     =    ω 4   M 2    C  P 1   2    U  a c   2   R  e q    (   (   L 1   C  P 2    ω 2  − 1  )   (   R  e q   +  R 2   )  +  R i  D  )     E 2     (   R 2  +  R  e q    )   2    U  a c   2  D    



(27)







Similarly, without considering the internal resistance    R 2    and    R i   , the system output voltage     U ˙   C V − o     satisfies the equation:


    U ˙   C V − o   =  ω 2   C  P 1     U ˙   a c   M =   M   U ˙   a c      L  P 1      



(28)







From the above equation, it is clear that when the topologies satisfy the equation   ω =  ω  C V    , in the case of the voltage     U ˙   a c    , the primary compensation inductance    L  P 1     and mutual inductance  M  are constant, the LCC-S circuit can realize CV output, and the magnitude of the output voltage remains constant regardless of the load resistance.



From Equations (8) and (21), it can be seen that the imaginary part of the input side impedance of the LCC-LCL-type and LCC-S-type compensation networks are both equal to zero, the input impedance is purely resistive, and the system resonant frequency is equal to the system operating frequency, i.e.,   ω =  ω  C C   =  ω  C V    . The system satisfies the ZPA characteristic during the whole charging process, which is conducive to improving the charging efficiency. Therefore, it is reasonable to compound the two topologies and switch the charging state by switching the topology.





3. System Parameters Design


To maximize the power output of the WPT system, reasonable system parameters need to be designed. Firstly, the conversion relationship between the input and output voltages of the inverter circuit should be derived.



Based on the design principle of the inverter circuit, according to the fundamental harmonic approximation (FHA), the input direct current voltage    U  d c     and the output alternating current voltage    U  a c     of the single-phase inverter circuit satisfy the following equation:


     U  a c      U  d c     =   2  2   π   



(29)







Based on the working principle of the rectifier circuit, the output direct current voltage    U   R L      and the input alternating current voltage    U o    meet the following equation:


     U o     U   R L      =   2  2   π   



(30)







The output current    I   R L      and input current    I o    satisfy the following equation:


   I   R L    =   2  2   π   I o   



(31)







According to Equations (30) and (31), the conversion relationship between the equivalent resistance and load resistance satisfy the following equation:


   R L  =    π 2   8   R  e q    



(32)







Therefore, to guarantee the security of the charging process, the maximum output voltage    U   R L  − max     and current    I   R L  − max     of the system should be specified according to the actual lithium battery parameters. In the following section, the system parameters are optimized in terms of the coupling mechanism and compensation components.



3.1. Design of Coupling Mechanism Parameter


The secondary coupling coil is designed according to the output characteristics of the system in the CC charging stage, and the inductance of the secondary coupling coil is calculated using Equations (11), (30), and (31).    L 2    satisfies the following equation:


   L 2  =    U   R L  − max     ω  I   R L  − max      



(33)







Firstly, the appropriate size and spacing of the two coils are designed according to the actual charging space requirements, the coupling coil model is built, and the magnetic field environment is set in COMSOL Multiphysics 6.0 finite element simulation software. Then, set a value of    N 1    and perform a parametric sweep on    N 2    so that its inductance value satisfies Equation (33). After limiting the range of    N 2   , perform a parametric sweep on the turns of both coils. Two simulation experiments need to be performed to solve the self-inductance and mutual inductance, and the mean value of mutual inductance is taken for the calculation of coupling coefficient  K . The number of primary turns corresponding to the maximum value of the coupling coefficient is selected as the optimal parameter of the system. The operation flow of COMSOL Multiphysics software is shown in Figure 4.



During the whole charging process, both primary and secondary coil currents should be less than the maximum current they can withstand, denoted by     I ˙   1 − max     and     I ˙   2 − max    . Their values need to be set in conjunction with the characteristics and parameters of the coils. In the following, the above condition is used as a constraint on the coil design for the self-inductance of the primary and secondary sides.



When the system is in the CC charging state, according to Equations (9) and (11), the following equation can be solved to obtain the current of the secondary coupling coil:


    I ˙  2  =   −  ω 4    C  S 1   2  M  C  P 1    R  e q     U ˙   a c     B  R i  − C    



(34)







The system output current should also be less than the maximum current that the coil can withstand. According to Equation (24), the secondary coil current during charging needs to satisfy the following set of equations:


   {      −  ω 4    C  S 1   2  M  C  P 1    R  e q     U ˙   a c     B  R i  − C   ≤   I ˙   2 − max         −  ω 2  M  C  P 1     U ˙   a c     E  (   R 2  +  R  e q    )    ≤   I ˙   2 − max        



(35)







Neglecting    R 2    and    R i   , the    L 2    satisfies the following:


   L 2  ≥    U o   C  S 1    R  e q       I ˙   2 − max      



(36)







According to Equations (10) and (23), it can be seen that the primary coil current is unchanged before and after mode switching when    R i    is neglected, and combined with the full resonance condition, the current of the primary coil     I ˙  1    can be expressed as


    I ˙  1  =    C  P 1     U ˙   a c        C  P 2    (   L 1  −  L  P 1    )       



(37)







The primary side coil self-inductance    L 1    needs to satisfy the following equation:


   L 1  ≥     C  P 1   2    U  a c   2  +   I 2   1 − max    C  P 2    L  P 1       I 2   1 − max    C  P 2      



(38)







Equations (36) and (38) serve as constraints to ensure the safety of the system’s primary side and secondary side circuits, and if the design does not satisfy the equations, the system parameters need to be redesigned.




3.2. Design of Compensation Components Parameter


To satisfy the varying voltage level demands of different loads, the compensation inductance    L  P 1     is determined according to the output voltage equation of the CV stage. According to Equation (28), the system output voltage gain G satisfies this equation:


  G =    U o     U  a c     =  M   L  P 1      



(39)







If the required output voltage is greater than the input voltage,    L  P 1   < M   can be set; conversely, if the required output voltage is lower than the input voltage,    L  P 1   > M   can be set.



Since the primary compensation network realizes resonance, the series compensation capacitance    C  P 2     can be expressed as the following equation:


   C  P 2   =  1   ω 2   (   L 1  −  L  P 1    )     



(40)







As    C  P 2     is positive, the compensation inductance needs to satisfy    L  P 1   <  L 1   . In summary, the constraints on the primary compensation inductance    L  P 1     are


   {    M <  L  P 1   <  L 1  ,  U  a c   >  U o       L  P 1   < M ,  U  a c   <  U o       



(41)







With the primary side compensating inductance determined, the maximum input voltage on the DC side of the inverter circuit is solved based on Equations (28)–(30) as


   U  d c − max   =    π 2   L  P 1    U   R L  − max     8 M    



(42)







According to Equations (2), (4), and (18), when the system satisfies the full resonance condition, each compensation parameter can be expressed as


   {       C  P 1   =  1   ω 2   L  P 1            C  S 1   =  1   ω 2   L 2           L  S 1   =  1   ω 2   C  S 1            



(43)







On the basis of the above analysis, the parameter design flow of the system is proposed, as shown in Figure 5.





4. Mode Switching Point Design


4.1. Analysis of the Load Switching Points


At the moment of lithium battery charging mode switching, the system output voltage may jump, i.e., the voltage rises or falls sharply in a short period of time. The reason for this is that the voltage of the same load is different in two different topologies. To minimize the effect of switching on the system voltage and power output stability, the voltage should be consistent before and after the switching point.



According to the CC mode output current Equation (15), combined with the equivalent resistance current and load current conversion relationship shown in Equation (31), the voltage of the load can be solved to meet the following equation in the CC mode:


   U   R L  − C C   =  I   R L  − C C    R L  =   2  2  M  U  a c     π ω  L  P 1    L  S 1      R L   



(44)







According to the CV mode output voltage Equation (28), combined with the equivalent resistance voltage and load voltage conversion relationship described in Equation (30), the voltage of load in the CV mode can be solved to satisfy the following equation:


   U   R L  − C V   =    2  π M  U  a c     4  L  P 1      



(45)







When the equation    U   R L  − C C   =  U   R L  − C V     holds, the optimal switching resistance    R  b e s t    , which ensures that the voltage does not jump at the switching point, satisfies the following equation:


   R  b e s t   =    π 2  ω  L  S 1    8   



(46)







From the above equation, when the load target maximum voltage is 45 V, the optimal load switching point is    R  b e s t   = 11.1   Ω   corresponding to the equivalent resistance    R  e q   = 9   Ω  . The system parameters are detailed in Table 1.



In the following, the optimality of the load switching point obtained from Equation (46) is verified from the perspectives of the system output power and output efficiency.




4.2. Optimality Verification of the Switching Point


According to Equations (13) and (26), the curves of the variation of output power with the magnitude of load resistance for both topologies are presented in Figure 6.



From Figure 6, it is clear that the output power of two topologies changes with the load in the opposite trend, the power of the LCC-LCL type decreases progressively as the resistance value increases, with the rate of decrease eventually leveling off towards zero; while the power of the LCC-S type increases steadily with the load, maintaining an approximately constant rate of increase. At the optimal load switching point, two topologies’ output power is the same, which suggests that the fluctuations in the load voltage and current at the optimal load switching point are minimal, thereby ensuring the safety of both the system and the load.



According to Equations (14) and (27), the curves of output efficiency with the load size for both topologies are plotted, as shown in Figure 7. At the optimal load switching point, the output efficiency of the two topologies is approximately equal and above 90%, indicating that the system maintains a high level of efficiency throughout the entire charge process, and the fluctuation of the power before and after the switching is small.



Based on the load switching point output power and efficiency analysis above, it can be seen that the topology switching of the system at this point minimizes the output fluctuation of the voltage and current. Further, to verify the optimality of the system output when the value of the load resistance is    R  b e s t    , a simulation platform is built. The load resistance is set to be   5   Ω  ,   11.1   Ω  , and    20    Ω  , respectively. The simulation time is specified as 0.04 s and the topology switching at 0.02 s. The waveforms of load current and voltage before and after switching for different resistance conditions are shown in Figure 8.



Comparing and analyzing Figure 8, it is clear that when the load resistance value is the same as the optimal switching point resistance, the load voltage and current fluctuations are small and can reach a constant value in a short time, realizing the smooth switching of the output mode and verifying the optimality of the designed load switching point.




4.3. Design of Switching Control Strategy


Based on the above analysis and verification of the optimal switching point, it can be seen that controlling the switching state at this point can achieve smooth switching of the output mode. The CC and CV mode switching control diagram is shown in Figure 9.



In this paper, voltage and current sampling circuits are set up on the secondary side to collect the voltage and current values of the load, respectively. The TMS320F28335 digital signal processor is used to process the collected data and to obtain the corresponding load resistance value. Lithium battery charging is a slow process; its sampling frequency requirements are not high, so the initial sampling frequency is set to once every 5 min. To accurately find the optimal switching resistance value, when the voltage reaches 90% of the preset voltage, the data acquisition and processing frequency are increased, and the sampling frequency is set to once every 1 min. Record N load resistance values to calculate the average value, when Equation (47) holds, the DSP will control the switch    K 1  ,  K 2    switching to achieve the switching from CC to CV mode. If the formula is not satisfied, continue to repeat the above steps.


   |      ∑  i = 1  N    R  L i     / N −  R  b e s t      R  b e s t      |  ≤ 5 %  



(47)







Moreover, during the actual running of the mentioned system, the special working condition of system no-load and load short-circuit may occur. To guarantee the security of WPT system operations, the following section analyzes the stability of the system under the two special working conditions and proposes the switching control strategy.



4.3.1. Analysis of System No-Load Condition


First, the influence of an open load on the WPT system during the CC output stage is analyzed, and its equivalent circuit is shown in Figure 10.



When the system is in resonance, the secondary impedance in CC mode satisfies     Z ′   C C − 2   =  R 2   . The impedance     Z ′   C C − f     from the secondary circuit equivalent to the primary side is


    Z ′   C C − f   =      (  ω M  )   2      Z ′   C C − 2     =      (  ω M  )   2     R 2     



(48)







The primary input side input impedance is


    Z ′   C C − I N   =    R 2   (   L 1   C  P 2    ω 2  − 1  )  +  R i   C  P 1    C  P 2    ω 2   (   ω 2   M 2  +  R 1   R 2   )     C  P 1    C  P 2    ω 2   (   ω 2   M 2  +  R 1   R 2   )     



(49)







For the constant current output and open load condition, the input current on the primary side is


    I ′   C C − a c   =    U  a c    C  P 1    C  P 2    ω 2   (   ω 2   M 2  +  R 1   R 2   )     R 2   (   L 1   C  P 2    ω 2  − 1  )  +  R i   C  P 1    C  P 2    ω 2   (   ω 2   M 2  +  R 1   R 2   )     



(50)







The current of the two coils meet the following equations, respectively:


     I ˙  ′   C C − 1   =   j ω  C  P 1     U ˙   a c    E   



(51)






     I ˙  ′   C C − 2   =    ω 2   C  P 1     U ˙   a c   M   E  R 2     



(52)







Since the parasitic internal resistance of the inductor is much smaller compared to its own impedance, it can be ignored. According to Equations (50)–(52), when the load is open-circuited, the current on the primary coil remains essentially unchanged, but the primary input current and the current on the secondary coil tend to infinity. To avoid system damage, it is necessary to terminate the power supply immediately.



Next, the influence of the load-open circuit on the system during the CV output stage is analyzed, and its equivalent circuit in this case is shown in Figure 11.



From the above figure, it can be seen that the system contains only the primary side circuit, which is equivalent to the fault case where the secondary side is missing. The secondary side impedance is infinity, and the impedance equivalent to the primary side from the secondary side is zero. The impedance of primary side input is calculated as


    Z ′   C V − I N   =    Z   C  P 1      (   Z   C  P 2     +  Z   L 1     )  +  R 1   R i     R 1     



(53)







The primary coil current is


     I ˙  ′   C V − 1   =   j ω  C  P 1     U ˙   a c    E   



(54)







Similarly, the inductive parasitic internal resistance is negligible. From Equation (53), the primary input impedance tends to infinity. When the load is open-circuit in the CV charging stage, the input circuit current is close to zero. From Equation (54), the primary coil current is only linked to the input voltage and switching the system frequency but is not affected by the change in the input current of the system. Therefore, when the load-open circuit condition occurs in the CV charging stage of the system, the possibility of system damage is very small.




4.3.2. Analysis of Load Short-Circuit Condition


When a short-circuit fault occurs on the secondary side of the system due to a burned rectifier bridge or thermal abuse of the battery, the safe operation of the system may be threatened. In the following, the magnitude of the primary and secondary side coils and the inverter output currents are analyzed when the load is short-circuited in CC and CV output modes, respectively. Figure 12 and Figure 13 show the equivalent circuit diagram of the system for a short-circuit fault in two modes.



From Figure 12, the equations    R  e q   = 0   Ω   and    Z   L  S 1     +  Z   C  S 1     = 0   Ω   hold under resonant conditions, so the denominator of the impedance is equal to zero. The secondary impedance tends to infinity, so the current of the secondary coil is approximated to zero. The impedance from the secondary circuit equivalent to the primary side is zero. It is similar to the case of the system with no load in CV mode. From Figure 13, the equations    R  e q   = 0   Ω   and    Z   L 2    +  Z   C  S 1     = 0   Ω   hold, so the secondary equivalent impedance is equal to    R 2   . It is similar to the case of the system with no load in CC mode.



Based on the above analysis, it can be seen that when the system is unloaded in CC mode or when the charging load is short-circuited in CV mode, both the secondary coil current and the inverter output current will increase substantially at the instant of switching, which may cause circuit faults, leading to system damage. When a disconnection or short-circuit fault occurs, if the secondary coil current is higher than the maximum current    I  2 − max     can withstand, the coil temperature may rise in a short period of time, or even damage the circuit due to overheating. So, it is considered that the system is in an unstable operating state at this time, and it is necessary to terminate wireless charging immediately. A switch control strategy for short-circuit and open-load faults is shown in Figure 14.






5. System Simulation and Experiment Verification


To demonstrate the effectiveness of topology based on LCC-LCL/S and the parameter design method, a system simulation model is built using Simulink, a visual simulation tool in MATLAB R2021a. Two pulse generators are used to supply the MOSFETs with pulses at the frequency of 85 kHz, where the MOSFET    S 1    and    S 4   ,    S 2    and    S 3    are in phase, and the phase difference between    S 1    and    S 2    is 180 degrees. The step signal is used to switch the ideal switching state in the simulation process, which can realize the switching of the topology or simulate the open-circuit and short-circuit conditions of the load. The system parameters are shown in Table 1.



5.1. Results Analysis of Simulation


To verify the conclusion that this WPT system can switch the output mode from CC to CV when charging, the circuit model is built in Simulink for simulation experiments. Set the system working time as 0.06 s. The initial resistance value of the load is set as   20   Ω  , and 0–0.03 s is the CC charging state. Switch the load every 0.01 s. The load resistance value is   20   Ω  ,   40   Ω  ,   30   Ω   in turn. Switching topology at 0.03 s, the system enters the CV charging stage. Switch the load every 0.01 s. The load resistance is   30   Ω  ,   40   Ω  ,   20   Ω   in turn. The variations of current and voltage at the inverter’s output under varying load conditions are shown in Figure 15 and Figure 16.



From Figure 15 and Figure 16, when the resistance of the load changes in the range of   20   Ω   to    40    Ω  , the current of the load remains essentially unchanged in the CC stage, with the maximum fluctuation within 0.2 A; in the CV stage, the load voltage remains essentially unchanged, with the maximum fluctuation within 2.5 V. Therefore, it can be demonstrated that topology can achieve CC and CV output.



Next, the primary coil current, secondary coil current, and system output current are simulated when the load is disconnected in the CC mode. The simulation time is specified as 0.2 s, and the load is disconnected at 0.1 s. The waveform of the current change before and after the load disconnection in the CC stage is presented in Figure 17.



Figure 17 shows the current waveform with the load disconnected in the CC charging mode. Among them, the transmitter coil current remains essentially unchanged before and after the load is opened, while the full-bridge inverter circuit output current and receiver coil current show an obvious increasing trend at 0.1 s, which confirms the validity of the theoretical derivation in Section 4.3.




5.2. Results Analysis of the Experiment


To prove the feasibility of the charging system for charging batteries in real situations, an experimental platform was built based on the system circuit presented in Figure 1, which is shown in Figure 18. The experiment parameters are shown in Table 1.



The system input side adopts a high-power adjustable DC-regulated power supply; the system selects an STM32F407 microcontroller as the main controller of the primary side to realize the control of the inverter circuit; it adopts a high-frequency full-bridge inverter circuit composed of 60R060P7 low-resistance field-effect transistors; it selects the IR2110S with a small volume and a high degree of integration as the driver chip of the inverter circuit; the secondary main controller is a TMS320F28335 DSP processor; it is used to collect and process the data of the load voltage and current in real-time; an E5PH6012L fast recovery diode is used to form the rectifier circuit; a Chroma 11050-5M is used to measure two coils’ self-inductance and mutual inductance; the Tektronix MSO 2024B oscilloscope was used to record the experimental waveforms.



To investigate whether the system can achieve constant output under real charging conditions, the load current and voltage values were recorded during the period when load resistance increased from    1    Ω   to    20    Ω  . The voltage and current curves of the load during charging are shown in Figure 19.



From Figure 19, throughout the charging process, when the load grows from    1    Ω   to   11.1   Ω  , the load voltage gradually rises, and the load current remains essentially unchanged, with the current fluctuating within 0.2 A. After switching topology, as the resistance of the load increases, the voltage of the load remains essentially unchanged and the current of the load gradually decreases, with the voltage fluctuating within 3 V. The system achieves a maximum output voltage of 46.21 V and a maximum output power of 180 W.



To verify that the system satisfies ZPA characteristics, the inverter output voltage and current are analyzed for the single topology under different resistance conditions, respectively. Figure 20 and Figure 21 show the output voltage and current waveforms of the inverter when the secondary side is LCL-type and S-type topology, respectively.



From Figure 20 and Figure 21, it is clear that the current and voltage remain in the same phase with different values of load resistance, which satisfies the ZPA characteristic.



Figure 22 shows the waveforms of the load voltage and current before and after switching. Analyzing the waveforms, it is clear that when the load resistance meets the equation    R L  = 11.1   Ω  , the load voltage increases, and the voltage fluctuation is within 0.2 V; the current of the load increases slightly, and the current fluctuation is within 0.02 A. After the switching is completed, the voltage and current of the load are restored to constant, and the magnitude of the values is basically the same as before switching, realizing the stable switching of the charging mode.



To verify the conclusion that the system output efficiency at the optimal load switching point before and after switching remains basically unchanged and in a high-efficiency state, the system output efficiency is analyzed when    R L    increases from   5   Ω   to   40   Ω   during the charging process. Figure 23 shows the variation of the system output efficiency in the whole charging process.



From Figure 23, it is clear that the system output efficiency in the CC output state improves as the resistance is increased, reaching a maximum of 91.6%. In contrast, the efficiency in the CV output state falls as the resistance increases, with a peak efficiency of 93.4%. The efficiency fluctuation at the switching point is 1.8%, and the system whole output efficiency is above 83.5%, which verifies the validity of the theoretical derivation in Section 4.2.



To further illustrate the superiority of the mentioned topology and methodology, the conclusions of this study compared to earlier studies are shown in Table 2.



By comparison, the advantages of the system in this study are listed below:




	
Compared with Refs. [29,34,37], this system uses two coils to achieve wireless energy transmission, with fewer coils and a smaller overall system size, which is more suitable for space-constrained application scenarios.



	
Compared with Refs. [35,36], a novel hybrid topology is designed to realize the constant output and switch charging state of the system, using fewer compensation components and two switches, and the proposed system parameters design methodology is used to achieve the efficient output of the system under ZPA conditions.










6. Conclusions


To ensure the stability and high efficiency of wireless charging for batteries, this paper proposes a novel hybrid compensation topology based on LCC-LCL/S. Smooth switching of the CC and CV charging states is achieved by controlling the switches to change the secondary side compensation network, which significantly reduces the control complexity. Considering the maximum safe current constraints of the system, the parameter design method under resonance conditions is proposed to effectively avoid potential safety risks. The system is analyzed from the perspective of the mode switching point and special working conditions like no-load and short-circuit, and the switching control strategy is given. The results from the simulation and experiment indicate that the proposed parameter design method and the optimal load point design are feasible; the battery voltage fluctuation at the mode switching point can be realized within 0.2 V, and the current fluctuation within 0.02 A, which ensures the safe and stable running of the WPT system. Throughout the whole charging process, the system achieves high output efficiency, and the maximum output efficiency can reach 93.4%, which has good prospects for practical engineering applications.
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Figure 1. LCC-LCL/S-type CC and CV self-switching circuit. 
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Figure 2. The LCC-LCL equivalent mutual inductance circuit. 
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Figure 3. The LCC-S equivalent mutual inductance circuit. 
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Figure 4. The operation flow of COMSOL Multiphysics software. 
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Figure 5. The system parameters design flowchart. 
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Figure 6. The system output power curve. 
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Figure 7. System output efficiency curve. 
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Figure 8. The waveforms of load current and voltage before and after switching for different resistance values. 
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Figure 9. The CC and CV mode switching control diagram. 
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Figure 10. The load-open equivalent circuit in the constant current mode. 
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Figure 11. The load-open equivalent circuit in the constant voltage mode. 
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Figure 12. The equivalent circuit of the system for a short-circuit fault in CC mode. 
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Figure 13. The equivalent circuit of the system for a short-circuit fault in CV mode. 
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Figure 14. Switch control strategy for short-circuit and open-load faults. 
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Figure 15. Output voltage waveforms of inverters with variable loads. 
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Figure 16. Output current waveforms of inverters with variable loads. 
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Figure 17. Waveforms of current before and after load disconnection in the CC state. 
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Figure 18. The experiment platform. 






Figure 18. The experiment platform.



[image: Electronics 13 01729 g018]







[image: Electronics 13 01729 g019] 





Figure 19. The load voltage and current variation curves during charging. 
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Figure 20. The LCC-LCL topology output waveforms of inverter with different load. 
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Figure 21. The LCC-S topology output waveforms of inverter with different load. 
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Figure 22. Load voltage and current waveforms before and after switching. 
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Figure 23. The system output efficiency curve of the whole charging process. 
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Table 1. System parameters.
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	Symbol
	Variable
	Value





	    U  d c     
	DC input
	   100    V    



	  f  
	Operating frequency
	   85    kHz    



	    L 1    
	Coil-1 self-inductance
	   18  . 9   μ H    



	    L 2    
	Coil-2 self-inductance
	   16.8    μ H    



	    L  P 1     
	Primary side inductance
	   11.9    μ H    



	    C  P 1     
	Primary side parallel capacitance
	   294.2    nF    



	    C  P 2     
	Primary side series capacitance
	   498.1    nF    



	    C  S 1     
	Secondary side capacitance
	   208.1    nF    



	    L  S 1     
	Secondary side inductance
	   16.8    μ H    



	  C  
	Filter capacitance
	   300    μ F    



	  M  
	Mutual inductance
	   5.36    μ H    










 





Table 2. Comparison of this scheme with similar schemes that have been proposed.
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	Ref. [29]
	Ref. [34]
	Ref. [35]
	Ref. [36]
	Ref. [37]
	Proposed





	Topology
	Four-coil
	Three-coil
	S/LCC-S
	LCL-LCL/S
	Four-coil
	LCC-LCL/S



	Coils
	4
	3
	2
	2
	4
	2



	Switches
	2
	1
	2
	2
	2
	2



	Location of switches
	Secondary side
	Primary side
	Primary side
	Secondary side
	Primary side
	Secondary side



	Primary side compensation components
	4
	2
	4
	2
	3
	2



	Secondary side compensation components
	8
	1
	1
	2
	1
	2



	Efficiency
	93.9%
	94.4%
	92.58%
	84%
	91.014%
	93.4%
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