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Abstract:

 This paper aims to study a 3 kW wireless power transfer system for electric vehicles. First, the LCL-LCL topology and LC-LC series topology are analyzed, and their transfer efficiencies under the same transfer power are compared. The LC-LC series topology is validated to be more efficient than the LCL-LCL topology and thus is more suitable for the system design. Then a novel q-Zsource-based online power regulation method which employs a unique impedance network (two pairs of inductors and capacitors) to couple the cascaded H Bridge to the power source is proposed. By controlling the shoot-through state of the H Bridge, the charging current can be adjusted, and hence, transfer power. Finally, a prototype is implemented, which can transfer 3 kW wirelessly with ~95% efficiency over a 20 cm transfer distance.
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1. Introduction

Research on wireless power transfer began soon thereafter the famous Tesla coils were invented by Nikola Tesla in 1889 [1,2], and many good results have been achieved [3,4,5,6]. In 2007, researchers at MIT proposed strongly coupled magnetic resonances (SCMR), by which they were able to transfer 60 watts wirelessly with ~40% efficiency over distances in excess of 2 m [7]. Various research hot spots, including system architectures, optimization design, frequency splitting, impedance matching and special applications, have been investigated [8,9,10,11,12,13,14]. Wireless power transfer is very suitable for charging electric vehicles [15,16,17], as it can avoid the troublesome plug-in process, provide an inherent electrical isolation and adapt to harsh environments. However, SCMR is not appropriate for automotive applications, as its operating frequency is very high, which goes beyond the limitation of SAE J2954 (work in progress). As another kind of wireless power transfer techniques, inductive power transfer (IPT) has developed for more than twenty years [5], and it mainly focuses on the high power level applications, where the issues of concern normally include power conversion and control [18,19], magnetic structure design [20], control algorithm and strategy [21,22] as well as circuit topology [23]. Basically, both SCMR and IPT conforms to Faraday’s and Ampere’s laws, and their differences primarily include the design approaches, system architectures, parameter selection and transfer characteristics [6,24].

This paper aims to study a 3 kW vehicle-mounted wireless power transfer system, on which two key parts, the resonant topology analysis and comparison, and the online power regulation, are elaborated. Many resonant topologies are available for wireless power transfer system, but the most basic ones are only series-series, series-parallel, parallel-series and parallel-parallel [23], and the others are all derived from these ones. A wireless power transfer system for electric vehicles requires a resonant topology that should have a unity-power-factor and a current source characteristic [18], no matter whether the distance or angle between the chassis and the ground changes or not. In this paper the characteristics of the LC-LC series and LCL-LCL topologies are analyzed first, and we prove that they both have the required unity-power-factor and current source characteristics. Then the transfer efficiencies of the LC-LC series and LCL-LCL topologies are compared under the same transfer power conditions, and the comparison results validate that the LC-LC series topology is more suitable for the system design due to its higher transfer efficiency. In practice, the distance or angle between vehicle chassis and ground often changes [25], as drivers cannot park their cars at the same location every time, and naturally, online power regulation is indispensable in the battery charging process. Traditional power regulation methods include cascade DC/DC, dead time modulation and phase shifting control [26]. However, the cascade DC/DC may increase the number of devices, decrease the power density and lower the transfer efficiency, while dead time modulation may distort the output waves produced by the H Bridge, and the phase shifting control cannot boost the transfer power, so a novel q-Zsource-based power regulation method is proposed in this paper, which employs two pairs of inductors and capacitors as a unique boost network. The power regulation is realized by controlling the shoot-through state of the H Bridge, and there are no extra power switch devices. By combining the phase shifting control and shoot-through state control, the square-wave voltage produced by the H Bridge can be adjusted arbitrarily, and hence, the transfer power.



2. Comparative Analysis of Resonant Topologies


2.1. LC-LC Series Topology

Wireless power transfer systems normally consist of a power source, a H Bridge, a resonant topology, a rectifier as well as a load. With the classical frequency-domain analysis, we can easily get the amplitude-frequency characteristics of resonant topologies, which are steep spikes, and the maximal point just emerges at the resonant frequency. For example, the LC-LC series topology has a four order transfer function, and the LCL-LCL topology has a six order transfer function. These two resonant topologies only allow the fundamental components of the square-wave voltages produced by the H Bridge to pass through, thus the resonant topology input can be substituted by a quasi-sine voltage source. As the power batteries have strong voltage source characteristics, the rectifier and battery pack can be also simplified into a quasi-sine voltage source, the amplitude of which depends on the battery pack voltage multiplied by 4/π. The simplified LC-LC topology [27,28] is shown in Figure 1.

Figure 1. LC-LC series topology.
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In Figure 1, LS and LD represent the magnetic coils, CS and CD represent the resonant capacitors, RS and RD represent the parasitic resistances, and M is the mutual inductance between LS and LD. When the system works in the resonant state, one has:
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(1)




where iS and iD are the resonant currents in the primary and secondary coils, and ωr is the system resonant frequency. By solving Equation (1), we have:
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(2)




Equation (2) shows that the charging current iD depends on ωr, M, RS, RD, VS and VB. Normally, VB may change while charging, as it increases with the state of charge (SOC) of the battery. Because ωr = 2πfr is up to 100 kHz, M is from 20 μH to 100 μH, RS is in the milliohm level, and VS is usually larger than VB, we have:



[image: there is no content]



(3)




By substituting Equation (3) into Equation (2), we can find that iD remains unchanged during the whole charging process, which realizes a constant-current charging function. As the product of RS and RD is smaller than either of them, Equation (2) is further simplified into:
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(4)




It is worth mentioning that the current source characteristic of LC-LC series topology is tenable only when the charging objects are batteries or some other capacitive load. Based on Equation (2), the transfer power can be expressed as:
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(5)






2.2. LCL-LCL Topology

Similarly, the simplified LCL-LCL topology [18,29,30,31] is shown in Figure 2.

Figure 2. LCL-LCL topology.
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In this figure, L1 and L4 are the matching inductors of LS and LD, R1 and R4 are their parasitic resistances. For high power applications, LS and LD are normally bulky, which make L1 and L4 bulky, and this is not beneficial for the objectives of miniaturization and lightness. Thus the compensating capacitors CS1 and CD1 are introduced to decrease L1 and L4. Still, they should satisfy the following equations:
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(6)
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(7)




Actually, LCL is a transformation of the LC parallel topology [18]. It is well-known that the reflected impedance of the LC parallel topology contains an imaginary part [23], especially when the mutual inductance and the load change online, which makes the tuning process very cumbersome. The additional inductor of the LCL topology can just eliminate this imaginary part whether the mutual inductance and the load change or not. Using a method similar to that in Section 2.1, we can conclude that the LCL-LCL topology also has constant-current charging characteristics. The parasitic resistances are usually small due to the use of Litz wires, thus neglecting the parasitic resistances will not affect the system efficiency sharply, and in practice that loss is very small compared with the loss caused by the H Bridge and rectifier, so we can get the simplified calculation formulas of the LCL-LCL topology as follows:
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(8)




The transfer power can be written as:
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(9)




Equation (9) shows that the charging power can be adjusted by VS. Unlike Equation (5), there are two additional power regulation freedoms L1 and L4.



2.3. Comparison between the LC-LC Series Topology and LCL-LCL Topology

The LC-LC series topology and LCL-LCL topology are widely used in practice, as both can realize the constant-current charging characteristics, the unity-power-factor characteristics and even bidirectional power transfer characteristics. Their transfer power characteristics are however different, for instance, the transfer power of the LC-LC series topology increases with the increasing transfer distances according to Equation (5), and the transfer power of the LCL-LCL topology decreases with the increasing transfer distance according to Equation (9). However, their transfer efficiency characteristics have not been compared before, thus this section aims to compare them to provide some suggestions for practical engineering design. The charging power and magnetic coils of the two topologies must be identical, as only then can the efficiency comparison be meaningful. The charging power of the LC-LC series topology equals to that of LCL-LCL topology, if their charging currents are designed to be the same, as they both have the constant-current characteristic. Based on Equations (4) and (8), we can write:



[image: there is no content]



(10)




From Equation (10), one has M2 = L1L4. This means that the charging power of the two topologies are the same if the product of two compensating inductors in the LCL-LCL topology equals the mutual inductance M. When the transfer distances are 10, 15, 20, 25 and 30 cm, the measured mutual inductances between two magnetic coils (LS and LD) are 107.155 μH, 66.66 μH, 42.538 μH, 28.125 μH, 18.888 μH, respectively. Normally, the distance between the chassis and ground is around 20 cm, thus the corresponding mutual inductance M is around 42.538 μH. Assuming that L1 equals L4, one has L1 = L4 = 42.538 μH. Because the magnetic coils of the LCL-LCL topology are the same as those of the LC-LC series topology, the electric parameters of the LC-LC series topology and LCL-LCL topology can be summarized as shown in Table 1.


Table 1. Detailed parameters of the LC-LC series topology and LCL-LCL topology.



	
LC-LC Series Topology

	
LCL-LCL Topology






	
Electric parameters

	
Value

	
Electric parameters

	
Value




	
Primary inductor LS

	
290.18 μH

	
Compensating inductor L1

	
43.2 μH




	
Parasitic resistance RS

	
193 mΩ

	
Parasitic resistance R1

	
53 mΩ




	
Primary capacitor CS

	
34.83 nF

	
Primary resonant capacitor CS

	
234.75 nF




	
Secondary inductor LD

	
329.4 μH

	
Primary inductor LS

	
290.18 μH




	
Parasitic resistance RD

	
213 mΩ

	
Parasitic resistance RS

	
193 mΩ




	
Secondary capacitor CD

	
30.89 nF

	
Compensating capacitor CS1

	
40.68 nF




	

	

	
Secondary inductor LD

	
329.4 μH




	

	

	
Parasitic resistance RD

	
213 mΩ




	

	

	
Compensating capacitor CD1

	
35.07 nF




	

	

	
Compensating inductor L4

	
42.5 μH




	

	

	
Parasitic resistance R4

	
42.5 mΩ




	

	

	
Secondary resonant capacitor CD

	
238.63 nF











The detailed efficiency expressions of LC-LC topology and LCL-LCL topology are given by references [27,30,31,32], and can be also deduced using Maple. Then we substitute the data of Table 1 into the power and efficiency expressions of the LC-LC series and LCL-LCL topologies, and their resulting transfer characteristics are as shown in Figure 3.

Figure 3. Theoretical transfer power (a) and efficiencies (b) of the LC-LC series and LCL-LCL topologies.
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Figure 3a shows that the charging power of these two topologies are the same, despite the different battery voltages, and Figure 3b shows that the efficiency of the LC-LC series topology is higher than that of the LCL-LCL topology. Note that the theoretical results ignore the losses caused by the H Bridge and rectifier, so the efficiency losses are mainly due to the parasitic resistances of the inductors and capacitors. The parasitic resistances of compensating capacitors are usually ignored, for they are far smaller than those of magnetic coils. Compared with the LC-LC series topology, the LCL-LCL topology has another two compensating inductors, the parasitic resistances of which further cause a drop in the transfer efficiency. In order to verify the correctness of theoretical calculations, the experiments are performed, and the results are shown in Figure 4.

Figure 4. Experimental transfer power (a) and efficiencies (b) of the LC-LC series and LCL-LCL topologies.
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The results in Figure 4a show a good agreement with those in Figure 3a. However, the experimental transfer efficiencies decline sharply compared with those in Figure 3b, which is mainly because the H Bridge and rectifier introduce additional losses. Still, it is obvious that the efficiency of the LC-LC series topology is superior to that of the LCL-LCL topology, so this paper adopts the LC-LC series topology as the power transfer carrier.




3. Online Power Regulation


3.1. Principles of q-Zsource

Z-source is a unique impedance network with two pairs of inductors and capacitors connected in an X shape [33] as shown in Figure 5a, and it was initially used for stabilizing the widely changing voltage produced by fuel cell stacks. Compared with the Z-source, the q-Zsource shown in Figure 5b has better performance [34]. The most obvious two virtues are as follows: first, there is an input inductor L1, which enables the input current to be continuous and thus limits the transient peak loss. Second, the withstand voltage for C1 is lowered, for C1 always combines with power source to charge or discharge L1. This allows the volume and weight of C1 to be reduced, and improves system power density.

Figure 5. Topologies of Z-source (a) and q-Zsource (b).
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This paper introduces the q-Zsource, not for stabilizing the output, but to produce a changeable output voltage, which can adjust the charging current, and hence, the charging power. The overall system schematic is depicted in Figure 6.

Figure 6. Overall schematic of the wireless power transfer system.
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It clearly shows that the whole system consists of the power source, the q-Zsource, the H Bridge, the primary and secondary resonators, the rectifier, the filter and the battery pack. Unlike other system structures, the q-Zsource between the power source and H Bridge is first employed to boost the wireless charging power. By controlling the shoot-through state of the H Bridge, the input voltage to the H Bridge can be boosted through the q-Zsource, so the transmitter current can be adjusted, and hence, the charging current and power for the battery pack. Compared with some typical primary unit current control methods [35], the proposed method has two major merits: first, the digital control of the q-Zsource can be integrated into the primary microprocessor, and there are no active power switches in the proposed method, which can lower the system cost. Secondly, all the current or power regulation devices are included in the primary unit, and this design is beneficial to the vehicle miniaturization and lightness, as the secondary unit can be small and light. There is an additional MOSFET, S5, connected in parallel with D1 in Figure 6, and it is used to avoid discontinuous operation conditions when the load is light. To further demonstrate it, assume that there is a light load and the q-Zsource only consists of D1. The diode D1 will turn off when the current flowing through it decreases to zero, thus the connection between the q-Zsource and power source is disconnected, and the relationship between them will not be tenable. This abnormal state makes the output voltage of q-Zsource change freely, and further induces a decline of the system transfer characteristics. This unwanted phenomenon will disappear if S5 is turned on or off actively. S5 can be also removed if the system always works at the rated state. The q-Zsource has two typical operating states, and the equivalent circuits are depicted in Figure 7.

Figure 7. Equivalent circuits of q-Zsource in shoot-through state (a) and non-shoot-through state (b).
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The operating mode of the q-Zsource is controlled by the cascade H Bridge. When the H Bridge works in the traditional phase shifting state, no voltage boosting phenomenon happens, but when the system charging power needs to be increased, making either of the bridge arms to be shoot-through, the voltage boosting phenomenon happens. The output of the q-Zsource is shorted by the H Bridge in the shoot-through state, and L2 is charged by C2, L1 is charged by C1 and VS, whereas the H Bridge becomes an equivalent current source in the non-shoot-through state as shown in Figure 7b, C2 and L2 provide the output voltage together, C1, L1 and VS provide the output voltage together. This also explains why the withstand voltage across C1 reduces. By controlling the ratio between shoot-through time and non-shoot-through time, the output voltage of the q-Zsource can be adjusted. From Figure 7a, we have:
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(11)




Similarly, from Figure 7b, we have:
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(12)




Normally, L1 equals L2, and the currents flowing through them are the same, thus one has:
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(13)




Since the volt-seconds of the inductor should be identical in the steady state, we can get:
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(14)




TS represents the shoot-through time and TN represents the non-shoot-through time, the sum of those is the whole cycle time T. Then substituting Equations (11)–(13) into Equation (14), we have:
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(15)




D = TS/T is the duty cycle, BF is the boost factor produced by the shoot-through state, and it is always greater than or equal to 1. Additionally, we can also obtain the voltages across the capacitor C1 and C2:
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(16)
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(17)






3.2. Control Method

Unlike the traditional buck or boost converter, the duty cycle D of the q-Zsource cannot reach 50% according to Equation (15). The voltage gain curve of the q-Zsource is shown in Figure 8, and it clearly shows that there are two operating regions.

Figure 8. Voltage gain of the q-Zsource.
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When D is greater than 0.5, the q-Zsource enters the negative gain region, and produces a negative output voltage, which is hardly used in practice. When D is less than 0.5, it produces a positive output voltage, thus we should limit the duty cycle D to below 0.5. All the traditional control strategies [26] can be used to control the q-Zsource and their theoretical input-output relationships still hold, the only difference is that the shoot-through time is added. The traditional phase shifting control is widely used to produce the square-wave voltages and realize the soft-switching conditions. However, it will not be discussed in this paper, as this control method has already been explained before [36]. It is worth mentioning that the q-Zsource has no effect on the output waves of the H Bridge in this mode, and only acts as a kind of filter.

When the charging power needs to be boosted, the H Bridge enters the new operating mode shown in Figure 9, which supplies the shoot-through state for the q-Zsource to boost the output voltage. Unlike the traditional phase shifting control, an additional shoot-through time Tshoot-through is added into the control sequences, The dead time Tdead, shifting time Tshifting and shoot-through time Tshoot-through influence the output waves together. The shoot-through state in Figure 9 is realized by turning on S3 and S4 simultaneously, or it can be also realized by simultaneously turning on S1 and S2, which depends on the practical situations. The interval between t0 and t7 is the whole control cycle, as it is symmetrical, only the operating mode among t0~t3 needs to be demonstrated. S1 is turned off at t0, while IH is still positive, thus it is forced to flow through the free-wheeling diode of S2. Before IH changes, S2 should be turned on at t1, which can realize its soft switching. These two steps are similar to the control of a phase-shift-full-bridge, but not exactly the same, as the cascade loads are different. Before S3 is turned off, S4 is turned on at t2, and this state is forbidden in the traditional control. However, precisely because of that, the shoot-through state is provided, which allows the q-Zsource to boost voltage, and different boost factors can be achieved by adjusting the interval between t2 and t3. It is noticeable here that the equivalent switching frequency viewed from the q-Zsource is two times the operating frequency of the H Bridge, which greatly reduces the volume and weight of the inductors and capacitors existed in q-Zsource. In addition, the lagging leg (S3, S4) is turned off with soft switching, but turned on with hard switching, which lowers the efficiency and needs to be further studied.

Figure 9. q-Zsource based voltage boost control sequences.
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The transmitter and receiver in Figure 6 are high order resonant filters, which only allow the power signals at resonant frequency to pass through. Thus we should evaluate the fundamental components of the waves produced by the H Bridge. The FFT series of square waves depicted in Figure 10 is given as:

Figure 10. Typical square wave produced by the H Bridge.
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(18)




where A, n, Tnon-effective and T represent the amplitude of the square wave, harmonic order, non-effective time and cycle time, respectively, and ωr = 2π/T is the system angular frequency. According to Equation (15), A is actually determined by BF, and Tnon-effective is determined by Tdead, Tshifting and Tshoot-through. Thus the output voltage produced by the H Bridge can be regulated by controlling these parameters appropriately, whereas the voltage stress across the power switches needs to be considered before designing the BF parameter.
The degree of approximation between the square wave shown in Figure 10 and a quasi-sinusoidal wave can be quantified by THD, and the lower the THD, the less the harmonic loss. The THD of the square wave consisted of different non-effective times can be calculated according to Equation (19), where Vn represents the different harmonic amplitudes:
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(19)






The corresponding THD calculation results at different frequencies are shown in Figure 11, which clearly indicates that the lowest THD happens around 2 μs~3 μs non-effective times at 50 kHz and 1 μs~2 μs non-effective times at 80 kHz, rather than 0 μs non-effective time. The optimal non-effective time is where THD has the smallest decrease with the increasing frequencies. Because we adopt 80 kHz as the system operating frequency, the non-effective time should be designed around 1 μs~2 μs to reduce THD as well as harmonic loss.

Figure 11. THDs of square waves with different non-effective times at 50 kHz (a) and 80 kHz (b).
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4. Experiments

A prototype was implemented to validate our research results, as shown in Figure 12, and the magnetic coils are designed based on the nested three-layer optimization method, which will be discussed in our other papers. The prototype is fabricated according to the schematic shown in Figure 6, where the power source adopts a 62100H-600 high-voltage DC power supply (Chroma, Taoyuan, Taiwan), the H Bridge employs four SPW47N60C3 MOSFETs (Infineon, Neubiberg, Germany), the resonant capacitors adopt B32672L thin-film series (TDK-EPCOS, Tokyo, Japan) ,the rectifier consists of four IDW30E65D1 fast recovery diodes (Infineon, Neubiberg, Germany) and the battery pack consists of 24 lead-acid battery units.

Figure 12. Prototype of wireless power transfer system. (a) 300V lead-acid battery pack. (b) Transmitter and receiver of wireless power transfer system. The magnetic coil is placed on the top of a perspex plate and fixed by eight perspex bars.
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Figure 13 shows the transfer characteristics of the wireless power transfer system at 20 cm transfer distance, and it is worth mentioning that the q-Zsource does not work, and is only present as a filter. In Figure 13a, the transfer power increases with rising input voltages or battery pack voltages. In practice, the power factor correction (PFC) with 400 V output voltage is employed to enhance AC power quality, and the 300 V battery pack is widely used for many production-ready vehicles, like Toyota Prius, Chevrolet Volt, Mitsubishi i-MiEV as well as Nissan Leaf, thus we define this situation as the system rated operating state. In the rated state, the charging power is 3220 W as shown in Figure 13a, which is a little bigger than 3 kW, since the battery pack voltage increases from 300 V to 309.7 V when the charging current (RMS value is 10.4 A as shown in Figure 14) flows through the battery resistance, causing an extra voltage drop. Figure 13b shows that the transfer efficiencies are nearly unchanged despite the increasing input voltages or battery pack voltages, and the rated efficiency where the input voltage equals 400 V and the battery pack voltage equals 300 V is around 95%.

Figure 13. Wireless transfer power (a) and efficiency (b) at different input voltages and battery pack voltages at 20 cm transfer distance.
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Figure 14. Purple curve: the charging current for the battery pack; cyan curve: the output voltage produced by the H Bridge; green curve: the voltage across the resonant capacitor in the transmitter. They are measured when the system works in the rated state (Vin = 400 V, VB = 309.7 V, Pcharging = 3220 W, Dtransfer = 20 cm).
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Figure 14 shows some critical waveforms of the wireless power transfer system, where the cyan curve shows the output voltage produced by the H Bridge, the green curve shows the voltage across the resonant capacitor in the transmitter and the purple curve shows the charging current for the battery pack. Because the reduction scale of high voltage probe is 200, the measured voltages need to be multiplied by 200. The amplitude of the square-wave voltage produced by the H Bridge is 400 V. The RMS value of the charging current is 10.4 A, and there are some ripple waves, the amplitude of which depends on the filter capacitors. The bigger the filter capacitors, the smaller the ripple waves.



The following experimental results are measured when the q-Zsource works, and two different shoot-through times are shown to clearly demonstrate the q-Zsource principle. Figure 15 indicates that different shoot-through times determine different boost factors. Although the input voltages (green curve) of both Figure 15a and Figure 15b are identical (200 V), their output voltages (cyan curve) are different. When the shoot-through time is 1 μs, the boost factor is around 1.5, thus the output voltage is around 300 V, and the charging current is 8.26 A. When the shoot-through time is 1.5 μs, the boost factor is around 2, thus the output voltage is around 400 V, and the charging current is 10.2 A. Summarily, the charging currents can be adjusted by controlling the shoot-through times.

Figure 15. Purple curve: the charging currents for the battery pack; green curve: the input voltage of the q-Zsource; cyan curve: the output voltage produced by the H Bridge measured (a) at the 1 μs shoot-through time; and (b) at the 1.5 μs shoot-through time.
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In Figure 16a,b the q-Zsource input voltages (green curve) are the same, but their output voltages (cyan curve) are different due to the different boost factors. Unlike the square-wave voltages produced by the H Bridge, the q-Zsource output voltages are pulsatile and always positive. In the shoot-through state, where the q-Zsource output voltage equals zero, the q-Zsource input current (purple curve) increases with a positive slope. However, it decreases with a negative slope when the q-Zsource enters into the non-shoot-through state.

Figure 16. Purple curve: the input current of q-Zsource, green curve shows the input voltage of q-Zsource, cyan curve shows the output voltage of q-Zsource measured (a) at the 1 μs shoot-through time; and (b) at the 1.5 μs shoot-through time.
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Figure 17 shows the output currents (purple curve) and voltages (cyan curve) produced by the H Bridge, which validate that the system is basically in the resonant state. However, the quasi-resonant state is not beneficial for soft-switching, and hence, efficiency improvement. In practice, the current produced by the H Bridge should lag the voltage to a certain degree, thus an additional 1 nF capacitor is added into the transmitter capacitor array in this paper. The green curve represents the voltage across the q-Zsource capacitor (C2 in Figure 6), and it is smaller than the output voltage produced by the H Bridge, but it is bigger than the input voltage of the q-Zsource shown in Figure 16.

Figure 17. Purple curve: the currents produced by the H Bridge; cyan curve: the output voltages produced by the H Bridge; green curve: the capacitor voltages of the q-Zsource measured (a) at the 1 μs shoot-through time; and (b) at the 1.5 μs shoot-through time.
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Figure 18a indicates that the charging power or current can be adjusted by changing the shoot-through times. Take the 200 V input voltage as an example, the charging current is 5.26 A when there is no shoot-through time, and it is increased to 8.26 A with 1 μs shoot-through time, and it is further increased to 10.2 A when the shoot-through time is 1.5 μs. Because the boost factor is close to 2 at 1.5 μs shoot-through time, the input voltages above 200 V are not allowed, which may damage the resonate capacitors. In Figure 18b, the efficiencies decline with the increasing shoot-through times, for the shoot-through state makes the MOSFETs of latter bridge arm lost their soft-switching conditions. Additionally, the operating frequency (160 kHz) of q-Zsource doubles that (80 kHz) of wireless power transfer system, which further causes the decline in the transfer efficiency. This phenomenon can be suppressed by reducing the operating frequency of q-Zsouce. If it is decreased to 40 kHz, the loss can be theoretically reduced as much as four times. However, the reduction of the frequency requires bigger inductors and capacitors than before, thus the q-Zsource parameters need to be re-optimized, which is our future work.

Figure 18. Wireless transfer power (a) and efficiency (b) characteristics based on the q-Zsource voltage boosting method at 20 cm transfer distance.
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5. Conclusions

This paper studies a 3 kW vehicle-mounted wireless power transfer system. First, the efficiency of the LC-LC series topology is verified to be higher than that of the LCL-LCL topology when their transfer power are the same. Then a q-Zsource-based power regulation method is proposed to adjust the charging current online. At last, a 3 kW prototype with ~95% efficiency over a 20 cm transfer distance is implemented to validate our research results. Different shoot-through time durations determine different charging currents despite the same input voltage. When the input voltage is set to be 200 V, a 1 μs shoot-through time can boost the charging current from 5.26 A to 8.26 A, and a 1.5 μs shoot-through time can boost the charging current from 5.26 A to 10.2 A. We hope the work presented in this paper is beneficial to the development of wireless power transfer systems.
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