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Modular design helps to improve the reliability and power density of power electronic systems, so cascading of power electronics modules is an effective method to improve the overall stability of the system. The application of the wireless power transfer (WPT) system to electric buses faces the challenge of higher power requirement; modularization provides a solution to the design of the wireless charging system for electric buses. A modular wireless charging system for electric buses is proposed in this study; the system consists of five identical 6.6 kW wireless charging modules distributed relatively disperse on the chassis. Through the design of coil layout, different modules on the receiver side can be decoupled from each other, which facilitate independent control. Each module utilizes the bipolar-solenoid coupling structure, which proves to have a high misalignment tolerance. In order to reduce the electromagnetic radiation for passengers on the electric bus, shielding is added on the receiver side. Five independent modules work collaboratively to compose a 30 kW wireless charging system for electric buses. The DC-DC efficiency is 87.44% in an aligned position at 200 mm transmission distance. With closed-loop control, the proposed system has high misalignment tolerance in the horizontal X-Y plane. Compared with the open loop control scheme, the average efficiency of the proposed system increases by 22.1% within 300 mm misalignment.
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INTRODUCTION
Wireless power transfer enables energy transmission from the power source to the load without wires, featuring absolute electrical isolation between the load and the power supply, increased safety, and reliability (Raabe et al., 2007; Hasanzadeh and Vaez-Zadeh, 2015; Hui, 2016). Recently, wireless charging for electric vehicles is becoming a research hotspot in academia (Hasanzadeh and Vaez-Zadeh, 2013a; Lee et al., 2013; Shin, 2014; Choi et al., 2015; Li and Mi, 2015). For electric vehicles and other high power facilitates, loss reduction and efficiency improvement are particularly important. On the other hand, heat dissipation must be taken into consideration; otherwise, power electronic devices and capacitors can be damaged due to overheating (Hasanzadeh et al., 2012; Li et al., 2015; Zhang et al., 2018).
With the increasing demand for charging speed, people have started to pay attention to the wireless charging systems with high power and high efficiency (Hasanzadeh and Vaez-Zadeh, 2013b; Bosshard et al., 2016; Galigekere et al., 2018; Pries et al., 2020). The increase in power will inevitably lead to an increase in the volume of the entire power electronic device, while the space of the car chassis is always limited (He et al., 2019). The modular design of the wireless charging system is a promising method to increase the charging power in an orderly way (Lian et al., 2016). As the WPT system is essentially a high-frequency switching power system, the capacity of the switching power system can be expanded by paralleling sub-modules (Chen and Wang, 2014). This parallel architecture allows for even power distribution among the sub-modules, which helps to reduce the power capacity of each sub-module, and increase the reliability and stability of the system (Bottion and Barbi, 2015). On the other hand, although the sub-modules are connected to each other, each module can be controlled independently (Zhiyu Cao et al., 2010). Compared with the traditional method of purely increasing the capacity of a single power module, the modular design proves to be an effective way to reduce the switch stress and to enhance the robustness of the system.
One problem that incurred by paralleling sub-modules is the unequal current share of different sub-modules as the parameters of various electrical components can hardly be completely consistent (Liu et al., 2014; Wu et al., 2014). This problem becomes more severe if the sub-module has a negative temperature coefficient. As a larger current leads to lower resistance, without additional current-sharing strategies, the sub-system will finally become overload (Tiwari et al., 2015; Hu et al., 2016; Scheuermann, 2016). Typical current-sharing control strategies include the following: the output impedance method, master-slave setting method, average current automatic sharing method, thermal stress automatic current-sharing method, and maximum current automatic current-sharing method (Guerrero et al., 2017; Sadabadi, 2021). In terms of control signals, the control strategies can be further divided into analog and digital modes (Fang et al., 2014). The analog mode is simple and mature, but the bandwidth of the continuous signal is large, and the analog circuit has many discrete components, which makes the analog circuit easily affected by the external interference. The digital mode completes modulation of each single sub-module, which will not adversely affect the operation of other parallel sub-modules. Choosing a reliable and efficient communication method and formulating an appropriate communication protocol are key issues that need to be considered for digital current sharing (Luo and Huang, 2020).
In the wireless charging system, the charging efficiency and charging current depend on the equivalent impedance, which varies during the charging process of a battery. In practical scenarios, misalignment between the transmitter and receiver coils frequently happens in parking, which incurs the alteration of coupling coefficient and results in variation in the system output. A DC-DC converter can be added on the secondary side after the rectifier, in order to maintain the constant current output with load variations (Mcdonough, 2015; Li et al., 2017).
Charging efficiency is always the prior consideration for electric vehicles (Villa et al., 2012). Traditional wireless charging systems always employ a single coil connected with a single power source. However, when the primary and secondary coils are in misalignment, the mutual inductance will rapidly decrease, and the efficiency of the system will drop significantly. Therefore, the inductive coupled transformer and circuit topology needs to be optimized to improve the system efficiency in the occurrence of misalignment (Petersen and Fuchs, 2014; Cao et al., 2018; Tang et al., 2018). Considering the practical situation, misalignment of the coupled transformer in the driving direction of the car can be easily adjusted, but the adjustment of the transverse misalignment can hardly be compensated as the car cannot move directly in the lateral direction. Therefore, the reduction in efficiency caused by the transverse misalignment of the coupled transformer is inevitable. The design of the new coupling structure can effectively alleviate the problem of efficiency reduction caused by misalignment, e.g., utilizing dual-coil on the primary side in the WPT system (Kim et al., 2016).
In order to solve the aforementioned problems, this study proposes a modular wireless charging system for electric buses; the system consists of five identical 6.6 kW wireless charging modules distributed relatively disperse on the chassis. Each module utilizes the bipolar-solenoid structure of the inductively coupled transformer. For each module, two decoupled transmitter coils are applied on the transmitter side. Parameters of the coupling structure are optimized accordingly. In the occurrence of a misalignment, the inverter output voltage of the dual-power supply on the primary side is adjusted by phase-shifting and voltage regulation, so the output power of each primary circuit is adjusted accordingly, and the overall sub-module system efficiency is improved. Each module communicates with each other through the RS485 bus. The WPT module in the center is the master module, and the other WPT modules at the four corners are the slave modules. The slave module receives the command issued by the master module and regulates the primary and secondary controller to make the five modules work in the current-sharing mode in parallel.
SYSTEM STRUCTURE AND THEORETICAL ANALYSIS
System Structure
A conceptual model of modular wireless charging is shown in Figures 1. The system structure of the proposed WPT system is shown in Figures 2; wireless charging system consists of five identical 6.6 kW wireless charging sub-modules, which are distributed on the chassis. Through the design of the coil layout, the different modules of the transmitter can be decoupled from each other, which is convenient for independent control. Each module adopts a bipolar-solenoid coupling structure, and DC-DC converters are added on the secondary side after the rectifier bridge, the five independent modules output in parallel to form a 30-kW electric bus wireless charging power electronic hardware system. Through reasonable design of the distance and angle of adjacent coils, decoupling can be realized between receiving coils and between transmitting coils on the same side.
[image: Figure 1]FIGURE 1 | Modular high-power wireless charging system for electric vehicles.
[image: Figure 2]FIGURE 2 | Modular WPT system structure.
The system composition of each sub-module is shown in Figure 3. The sub-module WPT is mainly composed of four parts, i.e., the transmitting coil and the receiving coil, the reactive power compensation network of the transmitting coil and the receiving coil, and the power regulating circuit and the load. The DC-AC circuit on the primary side usually uses a voltage-type inverter (VSI), which can greatly reduce the cost of the inductor compared with the current-type inverter (CSI) (Anand et al., 2014). In this system, in order to realize the adjustable power output from the source, the inverter circuit of the dual-power supply on the primary side adopts the phase-shift voltage regulation method to detect and control the effective value of the inverter output square wave. Phase-shift control requires the system to work in the resonant state, and thus, the selection of the compensation network is of vital importance (Sallan et al., 2009). Among the four basic compensation networks, the SS type compensation network has little influence on the resonance state of the primary side (Zhang and Mi, 2016; Fu et al., 2019).
[image: Figure 3]FIGURE 3 | Circuit topology of the sub-module in the WPT system.
The change of the secondary side resistive load will not affect the resonance state of the primary side when the load impedance is purely resistive, and the change of mutual inductance caused by the misalignment of the coupling transformer will not affect the primary side system. In order to improve the efficiency of the system and prevent the backflow between the primary side circuits, the primary side of the coupling transformer adopts a bipolar structure coil, in which two coils can be independently decoupled and controlled (Budhia et al., 2010). The secondary side adopts a solenoid structure coil. In order to ensure the stability of the output current, a buck converter is added before the load. On this basis, a simple position detection device is added to the system to determine the misalignment distance of the coupling transformer, and then, the output voltage of the inverter is adjusted in the primary dual-channel power supply of each sub-module to improve the overall efficiency of the modular WPT system.
Theoretical Analysis
The sub-module equivalent circuit model of the modular WPT system is shown in Figure 4. The outputs of the two inverter modules on the primary side can be regarded as independent AC sources UIN1 and UIN2. M12 is the mutual inductance between the primary coils, and M13 and M23 are the mutual inductances between each sub-module primary coil and the secondary coil. USO is the output voltage across the equivalent load on the secondary side, UO is the input voltage of the buck converter, D is the duty cycle of the buck circuit, and L is the freewheeling inductance in the buck converter.
[image: Figure 4]FIGURE 4 | Equivalent circuit model of the proposed sub-system.
According to the output characteristics of the buck converter and the conservation law of energy,
[image: image]
The equivalent output resistance is 
[image: image]
Through the analysis of the H-bridge rectifier circuit, the following equations can be obtained:
[image: image]
[image: image]
According to Kirchhoff’s voltage law (KVL), the WPT system can be described by the following equations:
[image: image]
The primary side uses bipolar coils that are decoupled from each other, so the mutual inductance between the two primary coils is zero, that is, M12 = M21 When the system is at resonance,
[image: image]
The resonant currents can be deduced by the aforementioned equations:
[image: image]
Analysis of System Output Characteristics
Combined with (1), (3), and (6), the charging current of the load is determined as follows:
[image: image]
The change of the charging current with the mutual inductance M13 and M23 is shown in Figure 5. When the trends of M13 and M23 are complementary, the charging current changes with a small fluctuation. Therefore, the system topology of the sub-module bipolar-solenoid coupler structure has complementary output characteristics, which is more conducive to system output stability than the traditional single coil structure.
[image: Figure 5]FIGURE 5 | Variation of the charging current versus mutual inductance.
The system charging efficiency is
[image: image]
Combined with Eq. 7, the relationship between the efficiency and mutual inductance can be obtained.
[image: image]
As shown in Figure 6, when the transmitter and receiver of the sub-module coupling transformer move in opposite directions, the change trends of M13 and M23 are opposite. The mutual inductance between one primary coil and the secondary coil is large, while the other mutual inductance of the primary coil and the secondary coil is almost zero, and the efficiency of the entire system is about 50%. The reason is that the values of UIN1 and UIN2 are not adjusted according to the scene. When the transmitter and receiver are seriously misaligned, the mutual inductance of a transmitter coil and a receiver coil is very small, and the circuit connected to it is almost short-circuited, but the output power of the receiving side remains unchanged, so the overall efficiency of the system is only half of the rated state.
[image: Figure 6]FIGURE 6 | Variation of the efficiency versus mutual inductance.
According to the simulation of the characteristics of the coupled transformer, the mutual inductance M13 = 40uH and M23 = 1.5uH, when the transverse misalignment is 250 mm under extreme conditions, is selected for theoretical analysis.
As shown in Figure 7, when the output voltage UIN2 is greater than 100 V, the system efficiency is less than 60%. When UIN1 is greater than 280 V and UIN2 is less than 30 V, the system efficiency exceeds 70%. Therefore, when the coupling transformer is in misalignment, the primary coil with the smaller mutual inductance is selected, and the inverter output is reduced in order to reduce the primary loop current, thereby reducing the output power of the power supply on that side and improving the overall efficiency of the system.
[image: Figure 7]FIGURE 7 | Variation of the efficiency versus inverter output voltage.
DESIGN AND OPTIMIZATION OF THE LOOSELY COUPLED TRANSFORMER
Structure of the Loosely Coupled Transformer
The coupled transformer of the modular wireless charging system is composed of five identical sub-modules, as shown in Figure 8. They are in different positions on the same horizontal plane in space. Each sub-module adopts a bipolar-solenoid structure, and the primary transmitting side uses a mutually decoupled independent bipolar coil. The gray ferrite core acts as a magnetic conductor. The secondary side adopts solenoid coils wound around the ferrite cores on both sides and adopts the same strip-shaped cores arranged in the same direction as the primary side.
[image: Figure 8]FIGURE 8 | Proposed transformer structure of the modular WPT system.
As shown in Figure 9, the primary side of each sub-module adopts a bipolar structure coil. Concerning the design of two independent coils on the primary side, if there is mutual inductance between them, the change of current will affect the loop current of the primary-side double coil, which will change the AC measurement waveform, thereby reducing the system stability and transmission efficiency. When a current is passed into Winding1, the generated magnetic field can be divided into two parts: one part Φ1 penetrates into Winding2, and the other part Φ2 goes out of Winding2. By adjusting the size of the overlapping area between the two windings, the flux-out Φ2 and the flux-in Φ1 can be equal in size and opposite in direction. At this point, the magnetic field generated by Winding1 will not induce the induced current on Winding2, so the two coils are decoupled from each other. The decoupling design is shown in Figure 9; the primary side of each sub-module adopts a bipolar structure coil. When the positions of the two coils overlap, there is a position so that the inductive coupling coefficient between the two primary coils is close to zero. In this state, the current of coil change will not affect each other, thereby improving the system stability.
[image: Figure 9]FIGURE 9 | Decoupling design of primary two coils.
The specific dimensions of the coupled transformer under the decoupling condition of the primary coils are shown in Figure 10. The design and optimization of the single loosely coupled transformer have been discussed in previous research (He et al., 2020) and are shown in Figure 10. Under this dimension, the coupling coefficient is suitable when the vertical distance between the primary and secondary sides is 200 mm.
[image: Figure 10]FIGURE 10 | Dimension of each coupled transformer.
As shown in Figure 11, the position distribution of five WPT modules on the bus chassis. In order to improve the space utilization, the distance between the five modules should not be too far, but there is a magnetic field between the five modules’ mutual influence.
[image: Figure 11]FIGURE 11 | Design of coils’ layout under the vehicle.
After the actual simulation test, as shown in Figure 12 , when the WPT system of five modules presents an X-shaped diagonal distribution, the magnetic fields between the modules are decoupled from each other.
[image: Figure 12]FIGURE 12 | Magnetic field distribution of the modular WPT system (X-Y plane).
Misalignment Tolerance of the Proposed Transformer
According to the overall simulation of the coupled transformer of the five WPT systems, it can obtain the variation of the coupling coefficient between the primary coil and the secondary solenoid coil. When the secondary side moves in the X-axis direction and the Y-axis direction, the variation of the coupling coefficient is shown in Figure 13. It can be seen from the simulation results that the coupling coefficients of the two transmitting coils and receiving coils always change in a complementary trend during the entire lateral misalignment process.
[image: Figure 13]FIGURE 13 | Variation of k with misalignment in X and Y directions.
As shown in Figure 14, misalignment in the Z-axis happens when the number of passengers on board changes. Considering the actual situation about urban buses, the rated chassis height is determined to be 200 mm, and the normal range of chassis height is 190–200 mm. When the chassis height is reduced, the mutual inductance between the primary and secondary sides will increase, and the coupling coefficient will increase. According to the simulation result, as shown in Figure 14, the change of coupling coefficient is within 0.015, so the change of coupling coefficient in the Z-axis caused by the decrease in tire pressure is negligible compared to the change in the X-axis and the Y-axis.
[image: Figure 14]FIGURE 14 | Variation of k with misalignment in the Z direction.
CONTROL STRATEGIES FOR THE MODULAR WIRELESS POWER TRANSFER SYSTEM
Control Strategies on the Secondary Side
The design of the secondary side digital current sharing the control system is showning in Figures 15 mentioned to ensure the output stability of the charging system, a buckconverter is added before the load. A PI controller is u sed toadjust the duty cycle of the switch to achieve a constant current output. During start-up, in order to avoid the zero-reflected resistance caused by the open circuit of the secondary side, which will result in huge primary current and overheating of devices, the control unit on the secondary side should be turned on first, and then, the primary controller is turned on afterward. Each module communicates with each other through the RS485 bus. The buck controller of the WPT module in the center is the master module, and the other buck controller of the WPT module at the four corners is the slave module. When the start signal is detected, all the controllers enter the working state at the same time. The sampling circuit monitors the voltage and current of the DC-DC converter. After digital signal processing is performed through DSP, the master module sends the current value through the RS485 bus to the corresponding four slave modules. The slave module A∼D receives the current and voltage reference value given by the master and then controls the PWM signal of the primary and secondary DSP controllers by the PI regulator to make the outputs of five modules work in the current-sharing mode.
[image: Figure 15]FIGURE 15 | Design of the secondary side digital current sharing the control system.
Control Strategies on the Primary Side
The design of the primary side control system in misalignment is showning in Figures 16 mentioned the primary side mainly uses the phase-shift voltage regulation control method to adjust the output power of the system. The principle is to change the effective value of the input square wave voltage by adjusting the phase of the drive signal of the inverter, thereby changing the output AC voltage. The change of the coupling coefficient during the lateral offset can be divided into two position intervals (0, 200 mm) and (200 mm, 400 mm). Since the mutual inductance is proportional to the coupling coefficient, the change trend is the same, and the following formula can be obtained.
[image: image]
[image: Figure 16]FIGURE 16 | Design of the primary side control system in misalignment.
The power supply on the primary side is already started before the bus stops. First, the primary side inverter is set with the initial a1 and a2 angles, and the primary side dual channel currents Ip1 and Ip2 are detected. When the current value exceeds the normal value, it indicates that charging is completed, and then, the light load protection is activated. When the current is within the normal range, the position detection module is started; after collecting the position data, the optimal shift angle is selected corresponding to UIN1 and UIN2 through Formula (11), and the output voltage of the primary inverter is controlled to achieve the maximum efficiency. When it is detected that the secondary-side power loop is turned on and the current IRO>0, the secondary-side control power supply is started to control the output current, and the master module communicates with the slave modules with RS485 in order to realize current sharing in parallel. When the shifting angle a1 and a2 is greater than the threshold or the output voltage UO is greater than the maximum battery terminal voltage UBATMAX, it indicated the end of the battery charge, and the system enters the light load state.
EXPERIMENTAL RESULTS
In order to verify the modular WPT system and the aforementioned analysis, an experimental prototype of the modular WPT system with large misalignment tolerance is set up, as shown in Figure 17. As shown in Figure 17A, the platform of each sub-module is built and verified, and then, the five modules are installed on the vehicle.
[image: Figure 17]FIGURE 17 | Experimental prototype. (A) sub-module WPT; (B) modular WPT system.
The parameters of the modular WPT system are listed in Table 1. The system consists of five identical WPT modules. Each sub-module consists of bipolar-solenoid structure transformers, two high frequency inverters, primary and secondary series resonant network, and rectifiers. Through the configuration of the winding inductance and the capacitor, each sub-circuit works in a series resonance state.
TABLE 1 | Parameters of the modular WPT system.
[image: Table 1]Test waveforms of the modular WPT system in 30 kW are shown in Figure 18: the primary side 1) including the primary current ip, primary voltage up, primary gate voltage ug, and primary protection voltage uprotection (uprotection the voltage signal after the detected resonant current of the switches is rectified, and the signal is scaled down by the op amp circuit. By adding comparators and logic gates in the hardware circuit, we can control the drive signal directly to prevent over-current. Utilizing this method, we do not need to input the sampled value into the DSP for closed-loop processing, and instead, we directly used the hardware for closed-loop control, which results in less response time). The secondary side 2) including the secondary current is and secondary voltage us. It can be seen from Figure 18 that the modular wireless charging system has good stability and efficiency during the operation of 30 kW.
[image: Figure 18]FIGURE 18 | Test waveforms of system in 30 kW. (A) Primary side; (B) Secondary side.
The efficiency of the entire modular WPT system power transmission chain is shown in Figure 19. The designed control system can achieve 87.44% efficiency in the aligned position at 200 mm transmission distance. It can be seen that the output power of the five modules is the same. In order to verify the influence of the closed-loop strategy in this study on the overall efficiency of the system, experiments were carried out on the coupling transformers under the condition that misalignment happens in both X and Y axes.
[image: Figure 19]FIGURE 19 | System efficiency in the aligned position.
As shown in Figure 20, in the occurrence of X misalignment, the charging efficiency can be greatly improved if the control strategy is adopted. In the occurrence of Y misalignment, the charging efficiency of the closed-loop system is always slightly lower than that of the open-loop system because the primary and secondary side closed-loop control circuit will cause additional losses. In the scenario of providing wireless charging to electric buses, it is easy to adjust the misalignment in the direction of movement of the car (Y-axis), but the adjustment of the lateral misalignment (X-axis) is troublesome. Therefore, if such a modular WPT system is adopted, it will maintain high power output and system efficiency, meanwhile, providing stable output in the present misalignment.
[image: Figure 20]FIGURE 20 | Design of the modular WPT system.
CONCLUSION
This study proposes a modular WPT system which is able to maintain high power and high efficiency in misalignment. The system consists of five identical 6.6 kW wireless charging modules distributed relatively disperse on the chassis. First, the theoretical analysis is carried out for the circuit topology of the sub-module, and the output characteristics of the coupled transformer in misalignment are analyzed. Considering the features of the topology, primary and secondary control strategies are proposed which can realize output current sharing in parallel and effectively improve the system charging efficiency in transverse misalignment. The coupled transformer of the bipolar-solenoid structure is optimized and simulated. The designed control system can achieve 87.44% efficiency in an aligned position at 200 mm transmission distance. With closed-loop control, the proposed system has high misalignment tolerance in the horizontal X-Y plane. Compared with the open loop control scheme, the average efficiency of the proposed system increases by 22.1% within 300 mm misalignment.
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