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Abstract

:

Wireless charging system for electric vehicles is a hot research issue in the world today. Since the existing research on wireless charging is mostly forward-looking aimed at low-power appliances like household appliances, while electric vehicles need a high-power, high-efficiency, and strong coupling wireless charging system. In this paper, we have specifically designed a 6.6 KW wireless charging system for electric vehicles and have proposed a control strategy suitable for electric vehicles according to its power charging characteristics and existing common wired charging protocol. Firstly, the influence of the equivalent load and frequency bifurcation on a wireless charging system is analyzed in this paper. Secondly, an adaptive load control strategy matching the characteristics of the battery, and the charging pile is put forward to meet the constant current and constant voltage charging requirements to improve the system efficiency. In addition, the frequency adjustment control strategy is designed to realize the real-time dynamic optimization of the entire system. It utilizes the improved methods of rapid judgment, variable step length matching and frequency splitting recognition, which are not adopted in early related researches. Finally, the results of 6.6 kW test show that the control strategy works perfectly since system response time can be reduced to less than 1 s, and the overall efficiency of the wireless charging system and the grid power supply module can reach up to 91%.
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1. Introduction


In recent years, in order to reduce the dependence on fossil fuels and greenhouse gas emissions, electric vehicles have attracted great attention and support both from government and public. However, the short driving range and tedious charging methods are one of the reasons for the slow popularity of electric vehicles. Thus, wireless charging technology has great potential for electric vehicles application due to its convenient operation. Moreover, since there is no direct electrical contact between power supply side and load side, the wireless charging technology is safer, robust, and effective compared with conventional conductive power charging technology, which means that it can greatly improve people’s daily charging experience and widely replace the traditional wired charging technology in harsh conditions.



Electric vehicles need a high-power [1], high-efficiency wireless charging technology that can quickly adapt the charging conditions [2]. Numerous researches on coil structures, electromagnetic fields, compensation circuits [3], and control strategies of wireless charging system have been down previously. Usually, the wireless charging system works in the critical coupling state to obtain a high efficiency. But when the transmission distance or load changes, the working state of the system may change from the critical coupling state to the over-coupling state, namely frequency bifurcation, which will result in the change of system resonant frequency. To solve this problem, the asymmetrical resonant coil structure [4] is proposed by Harbin Institute of Technology in 2015 to avoid the system operating in the over-coupling region, and the frequency bifurcation can be effectively avoided. However, no general algorithm is studied in this research. In the literature [5,6,7,8], mechanical devices are adopted to change the relative position of the coils to achieve impedance matching, which increases the complexity and energy consumption of the system. Besides the equivalent impendence matching, the system can be dynamically tuned through frequency adjustment strategy to avoid frequency bifurcation and improve system efficiency [9,10]. In literature [11,12], a frequency tracking method is proposed by Kyung Hee University and MIT to improve the efficiency of the system at odd and even frequencies. However, this method suffers a low system efficiency at the original resonant frequency and is not suitable for the system working in a narrow bandwidth situation. To deal with this problem, Korea University and Jundi-Shapur University of Technology provided a method to adjust the coupling coefficient between coils in literature [13], which can improve the efficiency at the original resonance frequency point, but the distance between the coils needs to be mechanically adjusted which is quite difficult in practical implementation. Literature [14] combines the method of frequency tracking and impedance matching to improve the robustness of the wireless energy transmission system, but the power level of its application only stays at W level which means it cannot meet the requirements of high power applications.



There are also some new circuit topologies to improve the performance of wireless charging system. In literature [15,16,17,18], the phase-controlled inductors or capacitor circuits is adopted by Chongqing University, Southwest Jiaotong University, and Southeast University to realize the resonance of both the transmitter circuit and receiver circuit to acquire the maximum efficiency transmission of the system. However, the phase relationship between the transmitter current and the voltage needs to be measured in advance. Thus, the floating-frequency tuning control method is utilized in [19] to achieve wireless charging system resonance and improve the system’s active power transmission. In literature [20,21], a π-type CLC (capacitor/Inductor/capacitor) compensation network and a LCC (inductor/capacitor/capacitor) compensation network are added to the compensation circuits on primary side respectively to reduce the sensitivity of the system to the variation of load parameters and make the system have strong frequency stabilization characteristics. However, this structure increases the circuit complexity and the system dimension greatly, which makes system analysis and control much more difficult.



In order to overcome the limitations of the above methods, this paper proposes a wireless charging control strategy suitable for electric vehicles based on the power charging characteristics of the electric vehicle, which is proved to be effective through the tests. This paper firstly analyzes the influence of equivalent load and frequency bifurcation and then proposes the frequency adjustment control method. Secondly, a load adaptive control strategy that matches the characteristics of electric vehicle batteries and charging piles is put forward to satisfy the constant current and constant voltage charging requirements, and the simulation analysis is down based on the vehicle charging protocol in MATLAB. Finally, the rationality of the model and the control strategy is verified through experiments, and some conclusions are summarized.



The remainder of this paper is organized as follows: Section 2 presents the frequency adjustment control method; Section 3 presents a load adaptive and frequency control strategy; Section 4 verifies the theoretical analysis through experiments results; and finally, Section 5 gives some concluding of this paper.




2. Effect of Load and Frequency on System Efficiency


2.1. Effect of Equivalent Load on System Efficiency


Because of the loose coupling and the high magnetic flux leakage between power side coil and load side coil, the power factor of basic induction is low. This drawback makes basic inductive coupling of wireless charging system not optional for electric vehicle application. In order to solve this problem, the resonant compensation method is introduced, which adds compensation capacitances to compensate the leakage flux [22,23,24,25,26,27]. In this paper, we use the two-side series resonant compensation topology, which is applicable to electric vehicle inductive coupled wireless charging system. The circuit model of the inductive coupled wireless charging system with two series compensation is shown in Figure 1.



The high-frequency inverter AC power supply RMS voltage is    U p   ,    R L    is pure impedance load,    L p    and    L s    are self-inductance of the power supply side coil and the load side coil, respectively, and M is mutual inductance. The two coils have internal impedance, and    R p    is the sum of the impedance of the power supply side coil and the primary side cable,    R s    is the sum of the load side coil impedance and the load side cable impedance.    C p    and    C s    are the power supply side and the load side resonant compensation capacitance, respectively. The current of the primary side and the secondary side are    I p    and    I s    respectively.



Based on the equivalent circuit theory and Kirchhoff’s law of voltage, we can get the following Equation (1):


       [       Z p      j ω M       j ω M      Z s  +  R L       ]   [       I p         I s       ]  =  [       U p       0     ]        Z p , s = R p , s + j ω L p , s −  1  j ω C p , s        



(1)




where  ω  is the angular frequency of the circuit and Z represents the total impedance of the circuit. Subscripts p and s mean the primary side and secondary side, respectively. When the capacitor resonates with self-inductance of the coil in the same circuit, the total impedance is:


  Z p , s = R p , s + j ω L p , s −  1  j ω C p , s   = R p , s .  



(2)







It can be written in another form:


  j ω L p , s −  1  j ω C p , s   = 0 .  



(3)







Thus, the resonant frequency can be obtained as:


  ω 0 _ p , s =  1    L p , s C p , s     , f 0 _ p , s =  1  2 π   L p , s C p , s     .  



(4)







The equivalent circuit transmission efficiency   η E C   is obtained by Equation (5):


  η E C =    I L 2   R L     U p   I p    .  



(5)







   R L    is the load resistance and    I L    is the current passing through the load. Combine Equations (1) and (5), equivalent circuit transmission efficiency can be written as:


  η E C =      (  ω M  )   2   R L     R P     (   R s  +  R L   )   2  +    (  ω M  )   2   (   R s  +  R L   )     



(6)




where   ω = 2 π f  ,  f  is the operating frequency.



It can be seen in Equation (6) that the system efficiency is positively correlated with the operating frequency f, the mutual inductance M between the primary and secondary windings of the wireless charging system. Load impedance    R L    also affects results.



In the following, we will use the control variable method to analyze the relationship between the efficiency of the system and load impedance, and give the relative parameter in Table 1.



System efficiency versus load impedance curve is shown in Figure 2.



It can be seen from Figure 2 that the system efficiency is closely related to the value of load impedance [28,29]. As the load impedance increases, the efficiency of the system increases rapidly and then decreases slowly, which means there is an optimal value of load impedance, that is called matching impedance, with which the system can achieve the highest efficiency.




2.2. System Stability Analysis


If the load of the system changes, it may cause the frequency bifurcation phenomenon, which will result in multiple resonance points and decrease the stability of system output power [30,31,32,33]. Thus, it is necessary to study the relationship between the equivalent load and the frequency bifurcation boundary condition to guarantee the stability of the system.



The reflected impedance of the secondary side to the primary side    Z r    is:


  Re  Z r  =    ω 4   C s    2   M 2  R     (  ω 2   C s   L s  − 1 )  2  +  ω 2   C s    2   R 2     



(7)






  Im  Z r  = − j    ω 4   C s   M 2  (  ω 2   C s   L s  − 1 )     (  ω 2   C s   L s  − 1 )  2  +  ω 2   C s    2   R 2    .  



(8)







The symbol Re means the real part while Im represents the imaginary part. Primary side impedance    Z t    is:


   Z t  =  1  j ω  C p    + j ω  L p  +  Z r  .  



(9)







Normalize the primary input impedance:


   Z n  =    Z t    Re  Z  r 0     =     Re Z  t    Re  Z  r 0     + j   Im  Z t    Re  Z  r 0     = Re  Z n  + Im  Z n   



(10)




where   Re  Z  r 0   =    ω 0    2   M 2   R    is the real part of the reflected impedance when the secondary side is resonant. Next, the imaginary part of the primary input impedance is normalized:


  Im  Z n  = −  1  ω  C p  ( Re  Z  r 0   )   +    ω 0   L p    Re  Z  r 0     +   Im  Z  r 0     Re  Z  r 0     = −    ω 0   L p  R   ω  M 2   ω 0    +   ω  L p  R    ω 0    2   M 2    −    ω 3   C s   M 2  (  ω 2   C s   L s  − 1 ) R   [   (  ω 2   C s   L s  )  2  − 1 +  ω 2   C s    2   R 2  ]  ω 0    2   M 2    .  



(11)







Normalization factor satisfies   μ =  ω   ω 0     , the primary side quality factor is    Q p  =    L p  R    ω 0   M 2     , the secondary side quality factor is    Q s  =    ω 0   L s   R   , substitute them into Equation (11), obtaining that:


  Im  Z n  = −    Q p   μ  + μ  Q p  −    μ 3  (  μ 2  − 1 )  Q s      (  μ 2  − 1 )  2   Q s    2  +  μ 2    =   (  μ 2  − 1 ) [   (  Q s    2   Q p  −  Q s  )  4   μ 4  + (  Q p  − 2  Q p   Q s    2  )  μ 2  +  Q s    2   Q p  ]   μ   (  μ 2  − 1 )  2   Q s    2  +  μ 3    .  



(12)







Let


  P (  Q p  ,  Q s  , μ ) = (  Q s    2   Q p  −  Q s  )  μ 4  + (  Q p  − 2  Q p   Q s    2  )  μ 2  +  Q s    2   Q p  .  



(13)







To ensure   μ = 1   is the only solution of   Im  Z n  = 0  ,   P (  Q p  ,  Q s  , μ )   must be greater than zero, so its discriminant is less than zero, that is:


   Q p  >   4  Q s    2    4  Q s    2  − 1   .  



(14)







When the system satisfies the Equation (14), frequency bifurcation can be avoided. Moreover, the quality factor of the secondary border of the frequency bifurcation critical point is obtained as follows:


   Q  s b s   =     1 −   1 −  c 2      2  c 2       



(15)




where the  c  is the coupling coefficient and   c =  M     L s   L p       .



Based on the above discussion, it can be obtained that when    Q s  <  Q  s b s    , frequency bifurcation will not occur; when    Q s  >  Q  s b s    , frequency bifurcation will occur. Boundary load at frequency bifurcation is further obtained:


   R  b s   =  ω 0   L s      2  c 2    1 +   1 −  c 2        .  



(16)







When   R <  R  b s     frequency bifurcation will occur.



When   R >  R  b s     frequency bifurcation will not occur.



Figure 3 describes the relationship among the different equivalent R values, the impedance angle and the frequency. It can be seen from the Figure 3 that with the equivalent load surpasses    R  b s    , more than one points where the impedance angle of the system input is equal to zero appear which means the occurrence of frequency bifurcation phenomenon.




2.3. Resonant Frequency Identification Based on RMS Current of Inverter


The distance between the transmitter and receiver coil will change all the time in practical use of the wireless power transfer system, which will cause the change of system transmitter and receiver coil self-inductance when magnetic core is involved in the structure, and thus result in the drift of the system resonant frequency and detuned state of whole system. To address this problem, the system needs to be dynamically tuned in real time to improve transmission efficiency [34].



In the wireless charging system, the DC input power is inverted by the high-frequency inverter into plural power.    U 1    represents DC input voltage while    I 1    represents DC input current. The DC input power can be expressed as:


   P 1  =  U 1   I 1  .  



(17)







Plural power by the high-frequency inverter is:


   S p  =  U P   I P  cos θ + j  U P   I P  sin θ  



(18)




where    I P    is the RMS current of primary coil,  θ  is phase difference between the high-frequency inverter output voltage and the primary coil current. When the power consumption of the high-frequency inverter is not considered, the average output power of the DC power supply is equal to the active power output by the high-frequency inverter, which is:


   P 1  = Re (  S P  ) =  U P   I P  cos θ .  



(19)







When the wireless charging system is resonant, the high frequency inverter circuit has the least energy requirement for the DC power supply. When only considering the RMS output of the high-frequency inverter device, the relationship between the output voltage    U P    of the high-frequency inverter device and the output voltage    U 1    of the DC power supply can be obtained as follows:


   U P  =   2  2   π   U 1  .  



(20)







From Equations (17)–(20), it can be derived that the relationship between the primary coil current RMS    I P    and DC input current    I 1    is:


  N =    I P     I 1    =  π  2  2  cos θ    



(21)




where N is the current ratio. When  θ  = 0, the current primary coil current and the DC output current ratio N is the least, and the inverter output voltage and the transmitter circuit current are in the same phase which means the wireless charging system at this time in a state of resonance. The relationship of current ratio N and the trend of the system operating frequency f is shown in Figure 4,    f 0    is the system resonant frequency, the corresponding current ratio    N 0    is the lowest ratio.


  k =   δ N   δ f    



(22)







Through the value of k, we can determine the direction interval of the system frequency adjustment to approach the resonance state.





3. Load Adaptive and Frequency Control Strategy


A load adaptive circuit is designed for the purpose of controlling the equivalent impedance to keep the wireless charging system in the optimal impedance matching state. According to the actual situation of the wireless charging frequency bifurcation’s characteristic [18,20], the equivalent impedance should be kept above the critical value of the frequency bifurcation to avoid it. Moreover, a frequency tracking and regulation method is adopted to make the ratio of the primary coil current and the output current of the direct-current source smallest, which promises the wireless charging system a resonant state. Therefore, combining the load adaptive and frequency adjustment methods in the control strategy, a suitable wireless charging control strategy is put forward to keep the system tuning under all conditions to achieve high efficiency.



3.1. Hardware of Wireless Charging System Load Adaptive Control


As shown in Figure 5, a wireless charging system includes a wireless charging device, an adjustable DC input device, a controllable DC buck circuit, and a controller. The value of the duty ratios of signal B and signal A of the DC input device are changed by the real-time DC buck circuit using the different characteristics of the voltage and current ratio (that is the equivalent impedance) of the front and rear ends of the DC buck circuit, so that the equivalent impedance,    R L   , of the energy transfer device is kept constant to make the wireless charging device working in the most efficient state.



At the same time, the power of the system changes in real time during wireless charging process. By adjusting the DC input device duty cycle signal A, the input voltage,    U 1   , can be changed, and output voltage of the wireless charging device are changed indirectly to achieve real-time changes in charging power.



During the wireless charging process, the output voltage,    U 2   , of the device is proportional to the input voltage,    U 1   , of the DC input device, their relationship is    U 2  = m  U 1   , where the value of m is determined by the internal structure of the wireless charging device. The output voltage    U 2    is then supplied to the DC buck circuit.




3.2. Load Adaptive Control Method for Wireless Charging System


The ideal DC buck circuit has equal power at both ends, and its output efficiency    η 2    is less than 1 when taking the internal loss in the practical situation into consideration. Output voltage,    U 0   , and output current,    I 0   , are determined by load, which can be extracted from sampling circuit. Thus, it can be obtained:


   η 2   U 2   I 2  =  U 0   I 0  .  



(23)







The equivalent impedance,    R L   , is determined by the input current and input voltage of the DC input device:


   R L  =    U 2     I 2     



(24)






   U 2  = m  U 1  .  



(25)







Relationships between equivalent impedance    R L    and input voltage and output power can be obtained from Equation (26):


   R L  =    η 2   m 2   U 1    2     U 0   I 0     



(26)







Therefore, in order to control the wireless charging device output equivalent load    R L  =  R b   , DC input voltage should be increased when the output power becomes larger. But the DC input device has an input voltage range, that is, there is an upper limit of the input voltage    U  1 max     beyond which improvement in the output power by means of increasing the input voltage is not allowed. In this situation, the output power can be improved only by adjusting the DC buck circuit to change the duty cycle signal B and reduce the equivalent load    R L    to the limit value    R L  =  R  b s    . The whole control method is shown in Figure 6 and the maximum output power is:


   P  0 max   =  U  0 max    I  0 max   =    η 2   m 2   U  1 max     2     R  b s     .  



(27)







If there is a lower limit of the input voltage, a lower output power can be obtained by adjusting the DC buck circuit to change the duty cycle signal B and increase the equivalent load.



In addition, if the design of charging device is unreasonable, and    R L  >  R  b s    , the duty cycle signal, B, has to be changed by adjusting the DC buck circuit, to make the system work at the state of    R L  =  R  b s    .




3.3. Frequency Adjustment Method Based on Inverter Current RMS Value


According to the analysis of the previous section, the characteristic of the wireless charging system resonance is that the ratio of the primary coil current,    I  P    , and the DC source output current,    I  1    , is the least. Based on this feature, the frequency tracking adjustment method is adopted to make the wireless charging system working at a resonant state. Wireless charging system frequency tracking structure is shown in Figure 7. In the experiment, the    I  P     and    I  1     are obtained through the hall current sensor to calculate N further in the controller. When the initial setting of the working frequency is    f  1    , the high-frequency inverter controller calculates the corresponding value of N by firstly adjusting   δ f  . The controller can calculate N after changing the frequency and calculate the value of k relatively. If k > 0, the system frequency is higher than the resonant frequency,   δ f   needs decreasing; if k < 0, the system frequency is lower than the resonance frequency, the system will continue to increase   δ f  . In addition, by judging the magnitude of k value, the current frequency can be judged how far away from the resonance frequency, and the   δ f   step length is set as the ratio relation with k:


   δ f  = a k … ( a < 0 ) .  











Based on the above steps, dynamic frequency adjustment can be achieved. When the value of k in the system is close to the zero-value range    {  δ 1 , δ 2  }   , the system will decrease   δ f   to the minimum unit step to realize the fine-tune until the output N reaches the minimum (or k ≈ 0), which means the system reaches the resonant state. Specific implementations are shown in Figure 8.



When the frequency bifurcation occurs, the system does not work in the best condition. At this time, based on the existing frequency f, set the operating frequency   f 1 = f − δ f  ,   f 2 = f + δ f  , through the data returned by the current sensor to calculate the value of N and k to observe the trend. k1 and k2 can be calculated through Equation (22), When k1 > 0 and k2 < 0, the system is detuned at the original operating frequency and the system is judged to have frequency bifurcation at this moment. On the basis of this judgment, firstly, the high-frequency inverter controller increases the inverter’s operating frequency on the basis of f by rated adjustment amount, and then determines the value of k by the    I p    detected by the current detection circuit. When k enters the rated range    {  δ 1 , δ 2  }   , the system starts fine-tuning to make the derivative of k stable within the specified range. If the low-frequency control is utilized, f is reduced by rated adjustment. Through    I p    detected by the current detection circuit, when the k is in the rated range    {  δ 1 , δ 2  }   , the system starts fine-tuning, and it can achieve relative high efficiency at both frequencies. Specific implementations are shown in Figure 9.




3.4. Load Adaptive and Frequency Adjustment Control Strategy Simulation


Figure 10 shows the circuit simulation diagram of the wireless charging system with a load adaptive control and frequency adjustment, respectively, of which the load is a battery with constant current and constant voltage control. A BOOST circuit is used as a current input device with adjustable output voltage, which is controlled by the duty cycle signal to supply the DC voltage required by the inverter circuit. The main circuit is described in the Section 2. And a BUCK circuit is used in the back-end as the buck circuit with controllable input signal, the circuit state can also be adjusted by the duty cycle signal. In a similar manner, Figure 11 shows the simulation circuit with a frequency adjustment control, which regulates the system working state by governing frequency instead of duty cycle signal. In addition, the controller is represented by an encapsulation with logic components inside. Figure 12 and Figure 13 are the internal logic components layout of the controllers, which shows the control flow of load adaptive matching control strategy and frequency adjustment, respectively.





4. Results of the Experiment


Figure 14 shows the power and efficiency experimental waveform of battery load constant current simulation, channel 1 is the power waveform, on which the higher one is the input power and the lower one is the output power. Channel 2 is the efficiency waveform. It can be seen that the circuit is still able to adapt to the change of power in the case of constant current charging of the battery, and can achieve constant current operation and keep the working efficiency optimal.



According to the theoretical calculation and simulation data, the load adaptive control system test platform of the conductive wireless charging system is constructed. The platform is shown in Figure 15.



Based on the platform, when the load of wireless charging system changes, the relationship between the workload and the system output is given as follows. When the load adaptive function is not used, the relationship between the system efficiency and load equivalent impedance is shown in Table 2. It is found that equivalent load has a direct effect on the efficiency of the system especially when the load impedance is less than 8 Ω, under this situation the frequency bifurcation occurs which reduces the efficiency greatly. Therefore, it is necessary to use load adaptive control method to improve the system efficiency and avoid the effect of the frequency bifurcation on the system efficiency when the equivalent load    R L  >  R  b s    .



Switch on the load adaptive adjustment mode, adjust the load and test input and output current and voltage values, as shown in Figure 16. Experiment results show that system can achieve a good output under different load conditions, and the system efficiency is above 92%. The pictures of measuring process in shown in Figure 16.



The test to check system performance with different coil distance is then carried out. DC power supply uses 100 V voltage output mode. At the beginning of the experiment, as shown in Figure 17, the wireless charging system is set to be resonant at a pitch of 10 cm and DC output current is 4.83 A.



Later, the coil distance is adjusted to 12 cm, as shown in Figure 18, the wireless charging system is not resonant at this time and the current primary coil current and DC input current ratio N is 1.61.



After dynamic tuning, the primary winding current and the DC input current ratio N achieves minimum value 1.1125, which means there is no phase difference between the high frequency inverter controller output square wave voltage and the sending coil current as shown in Figure 19. Wireless charging efficiency increases from 90.02% to 92.55%, which indicates the control strategy is effective.



The distance between the coils are increased from 10 cm to 12 cm gradually. The system efficiency is 92.88% at 10 cm, and it starts to decrease when the distance reaches 11 cm which is restored to 92.55% within 1 s automatically. Later, from 12 cm to 15 cm, the system works properly as expected, detailed testing data are listed in Table 3.



Lastly, as shown in Figure 20, high-power test and loading test are carried out. The efficiency of the overall system including the wireless charging system and the grid power supply module in the test under 6.6 kW high power condition is more than 91%, which can be even higher if the grid power supply module is not taken into consideration. In the loading test, the entire system worked normally and reached the expected level on the vehicle.




5. Conclusions


Based on the specific situation of electric vehicles, this paper establishes a wireless charging control strategy model suitable for vehicle battery system. A load-adaptive wireless charging method is designed according to the battery charging model and the relationship between the equivalent impedance and the system efficiency and the relationship between the equivalent impedance and the critical point of frequency bifurcation. Moreover, a method that determine the resonance state through the high-frequency inverter RMS current to is proposed based on the relationship between the system resonance and the primary coil RMS current, which has a faster response, wider scope of application and better environment adaptability than the previous researches. Afterwards, the model is established in MATLAB and verified by experiments. Conclusions are listed as below:




	(1)

	
Considering the best equivalent load impedance and the boundary conditions of wireless charging frequency bifurcation, a control method is proposed to maintain a high system efficiency in real time. According to the constant current and constant voltage charging characteristics of power supply, wireless charging system and battery, a load adaptive wireless charging method suitable for vehicle battery is designed.




	(2)

	
Based on the method of judging the resonance state of the system based on the high-frequency inverter RMS current in primary side, a rapid judgment and variable step length control method is proposed which can reduce the response time to less than 1 s. In addition, the control strategy under the frequency bifurcation caused by the close distance of the coil is put forward, of which the versatility is verified through experiments.




	(3)

	
The control strategy model containing vehicle charging strategy, control method and mathematics model combines the load adaptive and frequency adjustment. The simulation results of the established model show that the strategy works perfectly and meets the design requirements.




	(4)

	
The system model can be verified through independently designed wireless charging system to be effective under different load conditions and different distances. Finally, through high power test and loading test, the results show that the overall efficiency in 6.6 kW test can exceed 91%, which means that the designed wireless charging system control strategy achieves the desired purpose.
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Figure 1. The circuit model of the inductive coupled wireless charging system with two series compensation. 
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Figure 2. System efficiency versus load impedance curve. 
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Figure 3. System impedance phase vs. equivalent load. 
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Figure 4. Relationship between the current ratio N and the trend of system operating frequency f: (a) frequency adjust without frequency bifurcation and (b) frequency adjust with frequency bifurcation. 
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Figure 5. Hardware schematic diagram of load adaptive control strategy. 
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Figure 6. Control model of load adaptive control strategy. 
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Figure 7. Resonant frequency adjustment structure diagram based on inverter current RMS. 
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Figure 8. Resonant frequency control flow chart based on inverter current RMS. 
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Figure 9. Resonance frequency adjustment control flow chart considering the frequency bifurcation. 






Figure 9. Resonance frequency adjustment control flow chart considering the frequency bifurcation.



[image: Energies 11 01222 g009]







[image: Energies 11 01222 g010 550] 





Figure 10. Simulation circuit of load adaptive control strategy. 
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Figure 11. Simulation circuit of frequency adjustment method. 
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Figure 12. Controller arrangement plan of load adaptive control strategy. 
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Figure 13. Controller arrangement plan of load adjustment method. 
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Figure 14. Power and efficiency waveform of constant current simulation of battery load. 






Figure 14. Power and efficiency waveform of constant current simulation of battery load.



[image: Energies 11 01222 g014]







[image: Energies 11 01222 g015 550] 





Figure 15. Platform of wireless power transfer system with load adaptive control. 
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Figure 16. Picture of measuring data of wireless power transfer system with load adaptive control. (a) Input voltage; (b) input current; and (c) output voltage and current displayed on programmable load. 
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Figure 17. Sample value before and after the high-frequency inverter device under 10 cm distance. (a) High-frequency inverter output voltage and primary coil current under 10 cm distance and (b) DC power output current under 10 cm distance. 
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Figure 18. Sample value before and after the high-frequency inverter device under 12 cm distance without frequency adjustment. (a) High-frequency inverter device output voltage and primary coil current under 12 cm distance without frequency adjustment and (b) DC power output current under 12 cm distance without frequency adjustment. 






Figure 18. Sample value before and after the high-frequency inverter device under 12 cm distance without frequency adjustment. (a) High-frequency inverter device output voltage and primary coil current under 12 cm distance without frequency adjustment and (b) DC power output current under 12 cm distance without frequency adjustment.



[image: Energies 11 01222 g018]







[image: Energies 11 01222 g019 550] 





Figure 19. Sample value before and after the high-frequency inverter device under 12 cm distance with frequency adjustment. (a) high-frequency inverter device output voltage and primary coil current under 12 cm distance with frequency adjustment and (b) DC power output current under 12 cm distance with frequency adjustment. 
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Figure 20. High-power test and loading test of wireless charging system. (a) High-power test environment; (b) test results; and (c) loading test process. 
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Table 1. Parameter table of system efficiency and load impedance analysis.
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	Parameter
	Rp,s (Ω)
	M (μH)
	F (kHz)





	Value
	0.5
	67
	85
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Table 2. Load influence on system efficiency without load adaptive control.
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Load/Ω

	
Primary Side

	
Power/W

	
Secondary Side

	
Power/W

	
Efficiency




	
Voltage/V

	
Current/A

	
Voltage /V

	
Current/A






	
6

	
100

	
8.29

	
829

	
62.9

	
10.06

	
632.774

	
76.33%




	
8

	
100

	
8.34

	
834

	
74.3

	
9.47

	
703.621

	
84.37%




	
9.6

	
100

	
8.07

	
807

	
81

	
8.6

	
696.6

	
86.32%




	
12

	
100

	
7.45

	
745

	
89

	
7.42

	
660.38

	
88.64%




	
24

	
100

	
4.78

	
478

	
103.4

	
4.3

	
444.62

	
93.02%
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Table 3. Frequency adjustment test results from 10 cm to 15 cm.
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	Distance (cm)
	Frequency (kHz)
	Input Voltage (V)
	Input Current (A)
	Inverter RMS Current (A)
	N
	Output Voltage (V)
	Output Current (A)
	Efficiency (%)
	Note





	10
	86.35579
	100.00
	4.83
	5.37
	1.1118
	94.00
	4.74
	92.28%
	reference



	11
	86.35579
	100.00
	2.25
	4.20
	1.8667
	64.60
	3.13
	89.91%
	before



	11
	83.61204
	100.00
	4.75
	5.28
	1.1116
	94.30
	4.64
	92.15%
	after



	12
	83.61204
	100.00
	1.84
	4.00
	2.1739
	58.50
	2.85
	90.61%
	before



	12
	80.90615
	100.00
	4.80
	5.34
	1.1125
	95.10
	4.67
	92.55%
	after



	13
	80.90615
	100.00
	4.80
	5.50
	1.1458
	94.80
	4.63
	91.47%
	before



	13
	80.12821
	100.00
	4.73
	5.26
	1.1121
	94.30
	4.64
	92.54%
	after



	14
	80.12821
	100.00
	4.44
	5.70
	1.2838
	91.50
	4.48
	92.36%
	before



	14
	78.98894
	100.00
	4.86
	5.40
	1.1111
	95.90
	4.69
	92.58%
	after



	15
	78.98894
	100.00
	5.00
	5.80
	1.1600
	96.70
	4.70
	90.93%
	before



	15
	78.86435
	100.00
	5.05
	5.70
	1.1287
	97.10
	4.78
	91.94%
	after











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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