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Abstract

:

We propose the conditions for maximum overall efficiency at the constraint of satisfying asymmetric load power requirements for each receiver, for multiple-receivers wireless power transfer. Previously, the limitation of multiple-receiver analysis was that only the efficiency was maximized, whereas the requirements of load power were neglected. In many cases, conventional efficiency maximization assigns insufficient power to receivers far from the transmitter, while supplying excessive power to receivers near the transmitter. To resolve this limitation, we maximize the efficiency at the constraints of specified load power for each receiver. The proposed closed-form equation provides an optimum TX coil current amplitude, and the optimum load resistances of each receiver, to achieve the maximum efficiency at the load power regulation.
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1. Introduction


A multiple-receivers wireless power transfer system is promising because only one transmitter (TX) can be shared for multiple devices. Figure 1a illustrates such a scenario. Many prior papers have discussed the optimization with multiple receivers (RXs). Most of them pay attention to efficiency maximization [1,2,3,4,5]. Specifically, in [3,4,5], the load resistances of each RX was optimized to maximize overall system efficiency. Unfortunately, this enforces the power delivered to each RX to be proportional to the square of the coupling coefficients, i.e., P1:P2 = M12:M22, if the two RXs are identical. However, the amounts of power delivered to each RX must be the same with demanded power, which are determined by runtime power requirements such as battery charging status. Therefore, the efficiency should be maximized at a condition where an exact amount of power demanded by each RX is being delivered. In [6], these goals are addressed by exciting two different frequencies simultaneously. The two receivers were tuned at distinct frequencies, and the transmitter resonant frequency is adjusted in between the two distinct receiver frequencies. The authors of [7] focus on the power distribution to multiple receivers. They used n distinct frequencies for n receivers, and each receiver is tuned at different frequencies (100 kHz, 200 kHz, and 300 kHz) from each other in order to isolate the effect from another frequency channel. Because the power level at each frequency was adjusted, each receiver can achieve power regulation using a single TX. The authors of [8,9] designed a multiple receiver system at the viewpoint of coil geometry and magnetic field distribution. An analytic optimum RX load condition was not discussed. The authors of [10] propose a self-oscillating inverter for multiple receivers. This was to track the zero-voltage switching point of the TX inverter and to maintain a constant output power. In [11], the cross-coupling issue between multiple receivers is discussed. They discussed that the coupling between receivers causes additional reactance on receiver coils, while the resistance is unaffected. The effect of cross coupling can be compensated by adjusting the inductance or capacitance of the coil. A capacitance-adjusting circuit was demonstrated in [11] to compensate the additional reactance.



The authors of [12] propose an iterative algorithm that maximizes efficiency at the constraint of target delivered power for each RX. However, the algorithm requires ANSYS Maxwell simulation per each iteration trial. Hence, it was time-consuming and practical deployment was not possible.



Although many prior papers dealt with efficiency and power, none of them maximizes efficiency at the constraint of power regulation for each receiver. Previously, the maximum efficiency and the maximum power transfer were considered as separated targets because, in general, they cannot be achieved simultaneously. For example, refs. [3,4] derived one condition for the maximum efficiency, and the other condition for maximum load power. One of the key points of [3,4] was that the two conditions are distinct from each other. In other words, if the system was designed to achieve maximum efficiency conditions, then the power delivered to each receiver was enforced to undesired levels. More specifically, the maximum efficiency condition obtained in [3,4] is    R  L 1 , o p t   =  R  R X , 1   θ   and    R  L 2 , o p t   =  R  R X , 2   θ   where  θ  was a common factor for both receivers, and RRX,1 and RRX,2 were the parasitic resistance of RX,1 and RX,2, respectively. In other words, the maximum efficiency was obtained when RL1:RL2 = RRX,1:RRX,2. Unfortunately, at this condition, the ratio of power delivered to each receiver was    P 1  :  P 2  =    M 1 2     R  R X , 1     :    M 2 2     R  R X , 2      . In other words, the power delivered to each receiver was enforced to be proportional to the square of coupling over parasitic resistance. This is problematic because the received power cannot be regulated among different receivers. In real-world applications, each receiver has a unique power demand, and this is not to be prescribed by coupling or parasitic resistances. For example, the battery charging power should be determined based on the battery capacity and the State of Charge. Therefore, the previous maximum efficiency condition is hard to be applied practically. Usually, the condition for maximum efficiency must be enforced once the different load powers are defined.



Another paper [13] maximizes the summation of power delivered to each receiver. The authors of [13] propose a multi-TX and multi-RX and this is applied to a capacitive wireless power system. The efficiency was not considered in [13]. Moreover, simply maximizing the summation of the power for each receiver is not the main issue in a practical scenario. Instead, each receiver should receive only a specified power depending on its runtime power demand status. For example, for a near-fully-charged battery, its charging power should be reduced to avoid damage of the battery and a possible battery explosion.



In summary, delivering an exact necessary power for each receiver is a precondition, and efficiency maximization should be sought with this precondition.



We propose an explicit closed-form equation to maximize efficiency at the constraint of delivering the exact amount of power demanded by each RX. The equation gives an optimum amplitude of TX coil current, |ITX|, and load resistances of each RX to satisfy both the efficiency and the power requirements. The proposed closed-form equation can easily be embedded in a low-cost microcontroller that are widely used in practical deployment.




2. Theoretical Derivations


2.1. Load Resistance Required for Power Demand Specification


The load resistance required to receive the exact amount of power is derived as a function of TX coil current. In order for the kth RX to receive the demanded power Pk, the relationship is:


   P k  =    |    I    R X  ,     k   |   2   R  L , k   =    |    j ω  M k    I    T X       R  R X , k   +  R  L , k      |   2   R  L , k    



(1)




where RL,k is the load impedance of kth RX, Mk is the coupling between TX and kth RX, and RRX,k is parasitic resistance, respectively. The IRX,k is expressed as     I    R X , k    =   j ω  M k    I    T X     /  (  R  R X , k   +  R  L , k   )    . The RL,k which satisfies (1) is:


     R  L , k     =       |    I    T X     |  2   ω 2   M k 2     P k    − 2  R  R X , k   +      (     |    I    T X     |  2   ω 2   M k 2     P k    − 2  R  R X , k   )   2  −    (  2  R  R X , k    )   2     2          ≈     |    I    T X     |  2   ω 2   M k 2     P k    − 2  R  R X , k      



(2)




where the approximation in (2) is valid when      (      |    I    T X     |  2   ω 2   M k 2     P k    − 2  R  R X , k    )   2  > >   ( 2  R  R X , K   )  2    is satisfied, which is true because a typical wireless charging system is designed with a small value of parasitic resistance RRX,k for a high efficiency. It is observed that the RL,k that is required to receive the exact amount of specified power Pk depends on the rms amplitude of TX coil current.



Even if the end-user DC load resistance RLDC,k cannot be changed, the RLeq,k can be runtime adjusted by controlling the duty cycle of the DC–DC converter [14,16,17,18,19]. For a buck–boost converter, the transformation of    R  L e q , k   =    (  (   1 − D )  / D   )   2   R  L D C , k     holds where D is the duty cycle of the DC–DC converter [14]. Moreover, the RL,k = 8/π2∗RLeq,k relationship is valid for a full-bridge rectifier. As a result, the effective load resistance presented to the RX coil, RL,k, can be runtime transformed from a given RLDC,k.



Changing the |ITX| changes VL,k and Vrec,k. Now, the DC–DC converter has its own voltage regulation loop internally—its output voltage, VLDC,k, is regulated according to the end-user load voltage demand (commonly fixed voltages such as 24 V, 48 V, etc.). Therefore, changing the |ITX| also changes the duty cycle of the DC–DC converter. This transforms the given RLDC,k into an effective RL,k seen by the RX coil. The end-user load VLDC,k and RLDC,k remain constant regardless of the system control such as |ITX| and duty cycle. The actual resistance that the RX coil sees is RL,k, not RLDC,k.




2.2. TX Coil Current to Maximize Efficiency with Specified Power Constraints


Overall power efficiency with n receivers is expressed as:


  η =     ∑  k = 1  n    P k         |    I    T X     |   2   R  T X   +   ∑  k = 1  n    P k    +   ∑  k = 1  n    P k     (     R  R X , k    /   R  L , k      )     



(3)







Conventional approaches of maximizing efficiency in [4,5] were to substitute (1) into (3), thereby canceling the |ITX| quantity both in the numerator and denominator of (3). This reduced to an equation that was expressed solely as a function of coupling and resistances. However, the resultant condition caused excessive power for strongly-coupled RX while power shortage for weakly-coupled RX. Thus, the RX could not achieve power regulation. To resolve the drawback, this paper substitutes (2) into (3), yielding


  η ≈     ∑  k = 1  n    P k         |    I    T X     |   2   R  T X   +   ∑  k = 1  n    P k    +   ∑  k = 1  n      P k   R  R X , k         |    I    T X     |  2   ω 2     M k   2     P k    − 2  R  R X , k          



(4)




where the approximation is due to the approximation in (2). The (4) is the efficiency with the constraint of delivered power Pk for the kth receiver. Using Taylor series expansion, (4) is modified as:


  η ≈     ∑  k = 1  n    P k         |    I    T X     |   2   R  TX   +   ∑  k = 1  n    P k    +   ∑  k = 1  n      P k   R  R X , k        |    I    T X     |   2       (  ω  M k   )   2     P k       (  1 +   2  P k   R  R X , k        |    I    T X     |   2     (  ω  M k   )   2     )       



(5)







Rearranging the denominator of (5) with respect to |ITX| yields,


    η   ≈     ∑  k = 1  n    P k         |    I    T X     |   2   R  TX   +   ∑  k = 1  n    P k    +  1     |    I    T X     |   2      ∑  k = 1  n      P k    2   R  R X , k        (  ω  M k   )   2      +  1     |    I    T X     |   4      ∑  k = 1  n      P k    3   R  R X , k     2       (  ω  M k   )   4                =     ∑  k = 1  n    P k         |    I    T X     |   2   R  TX   +   ∑  k = 1  n    P k    +  1     |    I    T X     |   2    A +  1     |    I    T X     |   4    B      



(6)




where A =     ∑  k = 1  n      P k    2   R  R X , k        (  ω  M k   )   2        and B =     ∑  k = 1  n      P k    3   R 2     R X , k        (  ω  M k   )   4       . The Pk, RTX, A, and B are regarded as constant with respect to |ITX|. The maximum efficiency can be obtained by differentiating the denominator of (6) with respect to |ITX| and setting the result to zero. The optimum |ITX| that maximizes (6) is


     |    I    T X , o p t     |   2  =  A   3 3    σ + 9 B  R  TX  2   3    +     σ + 9 B  R  TX  2   3     3  2 / 3    R  TX      



(7)




where   σ =  3    27  B 2   R  TX  4  −  A 3   R  TX  3     . While the optimum TX current is specified as (7), the optimum load resistances that maximize efficiency and satisfy the demanded power constraint are


   R  L , k , o p t   =       |    I    T X , o p t     |  2   ω 2   M k 2     P k    − 2  R  R X , k   +      (      |    I    T X , o p t     |  2   ω 2   M k 2     P k    − 2  R  R X , k    )   2  −    (  2  R  R X , k    )   2     2   



(8)







The (7) and (8) are the proposed conditions for maximum overall efficiency while satisfying the load power requirement. The derivations for the (7) and (8) have used (1) and (2), which is the condition to satisfy the demanded power for each individual receiver.



The (8) can be achieved by setting |ITX,opt|. As discussed in Section 2.1 and Figure 1b, the |ITX,opt| sets Vrec,k, which in turn sets the duty cycle and finally the RL,k,opt. In this way, the RL,k (the resistance seen by RX coil) can have a different value from the end-user load resistance RLDC,k, and this can maximize the efficiency at the constraint of load power satisfaction.



The proposed theory is valid for any load voltages and currents because it is a function of the multiplication of voltage and current on the load, as seen in (7) and (8). This is another advantage of the proposed theory compared to conventional efficiency maximization conditions.



In conventional conditions, an optimum condition was specified as    R  L 1 , o p t   =  R  R X , 1   θ   and    R  L 2 , o p t   =  R  R X , 2   θ   where  θ  was a shared parameter for both RXs, which requires that the load resistance of RX,1 must have a fixed relationship with the load of RX,2. In other words, the freedom of choosing the load current for each RX is lost. Figure 2 illustrates this point. Take a scenario where RRX,1 = RRX,2 and M1 = M2 but the required load power of P1 > P2 as an example. The conventional condition gives RL1,opt = RL2,opt for maximum efficiency. However, because the voltage induced at each load VL,k is also identical to each other (due to M1 = M2), the load current IL for both RXs also becomes identical, which does not satisfy the P1 > P2 requirement. To satisfy P1 > P2 at the identical load voltages, the load current of RX1 should be increased, which necessitates the reduction of RL1, which in turn violates the RL1,opt = RL2,opt condition given by [3,4].



However, in the proposed theory, the (7) and (8) are derived such that they always satisfy the load power requirement Pk for each receiver. For the same scenario of RRX,1 = RRX,2 and M1 = M2 but the required load power of P1 > P2 as the example above, the proposed (7) and (8) give RL1,opt < RL2,opt for maximum efficiency. This allows a higher load current on RX,1 and can satisfy the P1 > P2 even if the induced load voltages are identical for both RXs. The (7) and (8) are a function of Pk, which is the multiplication of load voltage and current, not a function of individual load voltage or current. Therefore, the (7) and (8) are usable for any load voltage and current.





3. Results


The target application is the simultaneous charging of two AGVs using one TX coil, as seen in Figure 3. This saves the number of transmitter hardware. The two RXs are on opposite sides to each other, while the TX is inserted in between the two RXs. In this experiment setup, the coupling between receivers is negligible because the two receivers are located on opposite sides of the TX to each other. As discussed in [11], if some coupling between receivers exists, its effect would be eliminated by adjusting the variable capacitor of the LC tank. The conditions for load resistance are not affected if the resonant capacitor is properly adjusted.



Each receiver contains a typical passive AC/DC rectifier and a buck–boost converter. The AC/DC rectifier is not involved in the maximum efficiency control or in the power regulation control. The passive rectifier just relays the input impedance of the DC–DC converter, RLeq,k, into the RX coil with a multiplication of 8/π2 scaling factor that inevitably happens during the AC/DC rectification. Changing the |ITX| also changes the duty cycle of the DC–DC converter because its VLDC,k should be fixed. This transforms the RLDC,k into RLeq,k. The RLeq,k is presented to the RX coil with the multiplication of 8/π2. Details are discussed in Figure 1b and Section 2. The output voltage of the DC–DC converter for RX#1 and RX#2 is 48 V and 25 V, respectively, whereas the load power for RX#1 and RX#2 have a different setting for each curve of Figure 4 by varying the load current.



Table 1 provides component parameters. Specifically, the two RXs have different distances from a TX, which usually happens in a practical scenario. In this paper, the P1:P2 = M12:M22 restriction is not necessary to maximize the efficiency. For example, Figure 4a red trace illustrates P1 = 100 W and P2 = 125 W while M1:M2 = 4.2:2.8 μH. An LCC resonant inverter generates an 85 kHz ITX current that can be controlled by DC voltage adjustment. The LRX-CRX of each receiver is tuned at 85 kHz. The output of the receiver is fed to a DC electronics load. The litz wire is a 0.06 mm/1000 strand. The ferrite material at the receiver is PM12 from Toda Isu.



Figure 4a shows efficiency vs. |ITX| with different load power settings for a given coupling. The measured efficiencies are indeed maximized at the calculated |ITX,opt|, which are obtained by (7). Figure 4b shows efficiencies for variations of coupling. The theoretical optimum |ITX,opt| coincides with the measurement for each coupling condition. Figure 4c shows that the measured RL,1,opt = 10.5 Ω and the calculated RL,1,opt = 9.4 Ω agree well each other. The measured and the calculated RL,2,opt are both 2.8 Ω.




4. Conclusions


The work resolves the limitation of conventional optimization where the ratio of received power between each RX was proportional to the square of mutual inductance, i.e., P1:P2 = M12: M22 if two RXs were identical. This limitation was not acceptable because practical receivers demand power based on its battery-charging status, not based on mutual inductance with TX.



Therefore, this paper derives closed-form equations for optimum TX current and RX load resistance. The aim is to maximize efficiency at the constraint of specified load power for each receiver at any mutual inductances. The proposed (7) and (8) agree well with measurement.
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Figure 1. Wireless charging of multiple automatic guided vehicle (AGV), simultaneously. (a) Top view. One TX coil is in between two RXs and charges the two RXs simultaneously. (b) Equivalent circuit. The RLDC,k is the end-user DC load. The RLeq,k is the effective resistance transformed from RLDC,k. The RL,k = 8/π2∗RLeq,k is the resistance that the RX coil actually sees [14,15]. The AC/DC rectifier is not related to control. 






Figure 1. Wireless charging of multiple automatic guided vehicle (AGV), simultaneously. (a) Top view. One TX coil is in between two RXs and charges the two RXs simultaneously. (b) Equivalent circuit. The RLDC,k is the end-user DC load. The RLeq,k is the effective resistance transformed from RLDC,k. The RL,k = 8/π2∗RLeq,k is the resistance that the RX coil actually sees [14,15]. The AC/DC rectifier is not related to control.



[image: Energies 15 03840 g001]







[image: Energies 15 03840 g002a 550][image: Energies 15 03840 g002b 550] 





Figure 2. Comparison between conventional condition and proposed condition for maximum efficiency with target power constraints. The proposed method has freedom to choose load current to satisfy the asymmetric power requirement for each receiver. (a) Example scenario. (b) Resultant load current ratio with respect to the required power ratio. 
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Figure 3. Experiment setup. The two RXs have different coupling from each other. The power requirement for each RX is asymmetric and is not restricted by coupling, unlike previous work. 
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Figure 4. |ITX| sweeps while load power is regulated to required level. Theory agrees well with measurement. (a) The calculated optimum |ITX,opt| of (7) coincide with the measured |ITX| across different load powers. For constant M1 = 4.23 μH and M2 = 2.87 μH. (b) The calculated optimum |ITX,opt| of (7) coincide with the measured |ITX|. High coupling: M1 = 4.23 μH and M2 = 2.87 μH. Low coupling: M1 = 1.86 μH and M2 = 2.42 μH. P1 = 100 W and P2 = 63 W. (c) Load resistance for P1 = 100 W and P2 = 150 W. The theoretic RL,k,opt using (8) agree well with measurement. 
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Table 1. System parameters.
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LTX

	
30.4 μH




	
RTX

CTX

	
62.8 mΩ

154 nF




	
Frequency

	
85 kHz




	
RX #1

	
RX #2




	
LRX1

	
35.4 μH

	
LRX2

	
38.96 μH




	
CRX1

	
98.7 nF

	
CRX2

	
89.6 nF




	
RRX1

	
0.29 Ω

	
RRX2

	
0.15 Ω




	
M1

	
4.2 μH/1.8 μH

	
M2

	
2.8 μH/2.4 μH
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