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Abstract

:

In order to shorten the wireless charging time of electric vehicles (EVs) and achieve stable charging, an adaptive smart control method for EV wireless charging is proposed in the paper. The method dynamically tracks the rechargeable battery state during the whole charging process, realizes multi-stage charging of constant current (CC) or constant voltage (CV) by switching two kinds of compensation networks of bilateral L3C and L3C-C, and regulates the charging voltage and current to make it as close as possible to the battery charging characteristic curve. This method can be implemented because the voltage source connected to the coupler and the compensation networks of bilateral L3C and L3C-C have the CC and CV source characteristics, respectively. On the basis of the established adaptive smart control system of EV wireless charging, the experiments of wireless data transmission and adaptive smart charging were conducted. The results showed that the designed control system had a response time of less than 200 ms and strong anti-interference ability and it shortened the charging time by about 16% compared with the time using traditional charging methods, thereby achieving a fast, stable, safe, and complete wireless charging process.
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1. Introduction


Electric vehicles (EVs) have the advantages of green environmental protection and zero emissions, and they have become one of the main directions for the development of new energy vehicles [1,2,3]. EV wireless charging, compared with wired contact charging, eliminates the dependence on the wire and can solve the following problems in the wired charging [4,5]: (i) because the voltage or current of the battery pack is large, contact charging easily generates sparks when the plug is in contact, which may cause safety problems; (ii) contact charging may cause short circuiting or current leakage in weather such as rain or snow; (iii) it is difficult to achieve automatic charging due to manual operation of the charging; and (iv) the location of the charging system is not flexible enough. Therefore, wireless charging technology for EVs has become one of the focuses of relevant scientific researchers and industrial personnel in recent years.



The schematic diagram of the EV wireless charging system is shown in Figure 1. The EV terminal sends the real-time battery state information to the intelligent controller through wireless communication. The controller determines the compensation network topology and the charging voltage according to the state of the battery. The electromagnetic energy is wirelessly transferred from the transmitting coil to the receiving coil and charges the battery after rectification and filtering. Throughout the charging process, the charging control technology determines whether the charging is safe, fast, and stable. Therefore, for this paper, the authors studied the control method of EV wireless charging. The control system also used wireless communication due to the wireless energy transfer between the car and the power source.



Currently, the charging method of a battery can be generally divided into five kinds [6], namely, constant current (CC) charging, constant voltage (CV) charging, stage charging, pulse charging, and smart charging. Bao et al. in [7] developed CC and CV charge and discharge controllers. Marinescu et al. in [8] studied the stage charging method and concluded that the CV charging phase took a long time. Huang et al. in [9] used current and voltage as feedback to predict the battery’s state of health and state of charge (SoC), and adjusted the charging current and voltage accordingly. Cabrera et al. in [10] used the method of controlling the transmitting terminal’s voltage and current to achieve CV charging of the battery. Fisher et al. in [4] used a combined control method of DC bus voltage and phase shift. Yuan et al. in [11] used a current regulation method based on the battery SoC model. Based on the measurement parameters of grid, charger, and battery pack, Liao et al. in [12] fuzzy controlled the charging current to reduce the impact of EV wireless charging on the grid. Huang et al. in [13] studied the efficiency optimization of CV and CC charging. Yin et al. in [14] studied the relationship between charging and discharging of the lithium battery. Panchal et al. in [15,16] studied thermal problems of lithium-ion batteries at different discharge rates. Hannan in [17] and Tashakor et al. in [18] studied the battery charge equalization algorithm to solve the charge balance problem. Zhai et al. in [19] and Pellitteri et al. in [20] studied electromagnetic field problems during battery charging.



It can be seen from the above literature that when CC charging is used throughout the charging process, the charging period is long and the energy consumption is large. For CV charging, the charging voltage is constant during the charging cycle and the charging current is too large at the beginning of charging, which can easily damage the battery. For pulse charging, the battery generates a large amount of heat during charging and the temperature rise is obvious, which accelerates the aging of the battery. Stage charging, that is, using CC first and then CV charging when battery voltage reaches cutoff voltage, is currently adopted by most EVs for charging. The stage charging causes less damage to the battery, but the entire charging phase is based primarily on CV charging, and the charging period is still long. Smart charging is a relatively advanced charging method. It dynamically tracks the charging current or voltage of the battery during the entire charging process. In other words, smart charging adjusts the charging parameter according to the state of the battery, and the charging current or voltage is thus always maintained near the optimal charging current or voltage curve acceptable to the battery. However, the battery parameters are constantly changing during the actual charging process. Therefore, the optimal charging current and voltage acceptable to the battery are also changing, and there is charging instability caused by issues such as SoC estimation accuracy, power jump, and sudden power failure. The reliability of the charging system needs to be further resolved.



The authors, considering the problems of single CC or CV charging, unstable open-loop charging, no state feedback charging, and charging voltage deviation due to SoC evaluation error, propose in this paper an adaptive smart wireless charging control method which tracks the battery state and regulates the charging voltage and current in real time to make it as close as possible to the battery charging characteristic curve. The method also realizes multi-stage charging of CC or CV by switching two kinds of compensation networks of bilateral L3C and L3C-C (see Section 3.1 for details). This is in contrast to the existing studies describing charging control methods, where little attention has been paid to the control method of compensation network switching. This paper is organized as follows: in Section 2, the authors describe the composition of the wireless charging control system for EVs and the rechargeable battery characteristics. In Section 3, we examine the bilateral L3C and L3C-C compensation network and propose the control method and charging control process based on the study of battery characteristics and compensation networks. Experiments of wireless data transmission and charging control were conducted to verify the rapidity and stability of charging and are presented in Section 4. Finally, concluding remarks are given in Section 5.




2. EV Wireless Charging Control System


In this section, the built-in wireless charging control system is presented and the characteristics of the rechargeable battery are examined.



2.1. EV Wireless Charging Control System


The block diagram of the EV wireless charging control system is shown in Figure 2. It consists mainly of a controllable power supply with a high-power and high-frequency, an intelligent controller, a compensation network, an electromagnetic coupler, a battery, and data communication. The initial input to the system is the initial voltage of the power supply. The output is the battery charging voltage, and the feedbacks are the battery voltage and the charging voltage. After comparing the charging voltage and the battery voltage, the intelligent controller performs arithmetic processing and issues a command to the power source (the control target and the actuator of the control system) to control its output voltage. The battery acts as both a voltage output object and a device to feed back the voltage. Coupling interference includes disturbances such as foreign matter between couplers and positional offset.



After the wireless charging system is established, the compensation network topology is selected by the controller according to the battery state. Therefore, the output voltage of the power supply is the only way to determine the battery charging voltage, and the voltage amplitude of the power supply can be adjusted to control the charging voltage. The optimal charging current and voltage that the battery can withstand are constantly changing during charging. Therefore, it is necessary to determine the state of the battery based on the amount of feedback, thereby determining the optimal charging voltage at the next moment. The battery pack integrates the sensors that measure voltage, current, and temperature to determine the current battery status and uses the battery voltage as feedback.



The EV wireless communication unit is shown in Figure 3. The unit realizes information interaction in the charging system, which is divided into three modules, namely, data acquisition, wireless data transmission, and power control. The last module is the key to the control system that realizes the adaptive smart charging control.



The designed communication unit combines the technologies of positioning, controller area network (CAN), RS485 interface, and WiFi communication.

	
Data acquisition module. It includes the vehicle terminal, battery, and RS485 communication interface. It has the following functions: (i) collect and record battery state parameters in real time such as the terminal voltage and temperature of the single battery, the charge and discharge current, and the total voltage of the battery pack; (ii) estimate SoC of the power battery pack to keep the SoC value controlled at 30% to 70%; (iii) diagnose fault and alarm. When the battery power or energy is too low to charge or the battery pack temperature is too high, alarm and protect the battery.



	
Wireless data transmission module. It includes a WiFi module, a vehicle identification module, and a positioning system. It has the following functions: (i) EV identification. Identify vehicle information and connect to the monitoring system. The EV terminal is embedded with the identification device, and the vehicle identity and battery information can be automatically recognized. (ii) EV position information. This information is obtained by global positioning system (GPS) or other positioning technologies to determine the position and offset of the electromagnetic coupler. (iii) Wireless data transmission. The WiFi module is used to realize the wireless transmission of data, and the information interaction between battery and power.



	
Power control module. It includes an intelligent controller, a CAN interface and a high-frequency power supply. It has the following functions: (i) Communication. The CAN bus is used to communicate between the intelligent controller and the power supply. (ii) Data processing, with functions such as power supply over-limit alarm, fault statistics, charging data storage, and power battery data storage. (iii) Control. The intelligent controller adjusts the charging voltage according to the battery information and sends an instruction to the power supply.








The charging process of the adaptive smart control system is as follows. Step 1: the intelligent controller collects the battery information stored in the battery management system (BMS) through WiFi wireless communication to determine the current battery state. Step 2: the charging parameter of the power source is determined according to the battery state, the intelligent controller sends control commands to the power supply through the CAN bus to activate the power supply and controls the power output. Step 3: the energy is transferred to the battery through the electromagnetic coupler, rectification and filtering. During the entire charging process, the controller records the charging parameters, alarm signals, and protection signals in real time.




2.2. Rechargeable Battery Characteristics


The battery is the output object of the control system; therefore, it is necessary to study its characteristics. The charge–discharge characteristics of a lithium iron phosphate battery were studied using the current–voltage method. The charge or discharge rate of a battery is related to the actual battery capacity, and the C-rate is used for describing charge or discharge current. The C-rate is the ratio of the nominal rated battery capacity in one hour to the actual charge or discharge current. The measured charge characteristics of a single battery are shown in Figure 4a, and the measured discharge characteristics are shown in Figure 4b. It can be seen from Figure 4a that the voltage changed with SoC when the charging using standard current was performed on the battery with 0.2C/10A. At the initial stage of charging, the battery voltage rose rapidly and reached the cut-off voltage; in the middle stage, the battery voltage rose slowly; the termination voltage was reached very quickly and the steep rise was evident. It can be seen from Figure 4b that the battery discharge curve dropped rapidly in the initial and late stage, and then it declined steadily during the medium-term. For the testing, the maximum charge current was 0.5C/25A and the maximum discharge current was 1C/50A. The battery pack was made up of 94 single cells connected in series and its capacity was 50 Ah.



Currently, SoC predictions for charging are almost always based on battery voltage. The accuracy of the SoC depends on the accuracy of the estimated model. However, because a lithium battery exhibits high nonlinearity during charging, it increases the difficulty of estimation. A lithium battery has a little flat voltage curve, and small voltage changes will lead to a large prediction error. The battery aging and damage also increase the model estimation error. For these reasons, the method of adjusting the charging parameters according only to the SoC creates an error. Therefore, the intelligent controller presented in this paper uses the battery voltage obtained from BMS as feedback to adjust the charging voltage, and uses the SoC to check it in combination with the battery characteristic curve to determine whether the charging voltage is reasonable. This method does not adjust the charging parameters simply according to the SoC state, which greatly reduces the effects of voltage error and prediction models.





3. Charging Control Method


In order to ensure the stable and accurate output of the control system, a new charging control method and charging process are proposed in this section based on the output characteristics of the rechargeable battery.



3.1. Compensation Network Switching


The compensation network is one of the most important and difficult aspects in the design of an EV wireless charging system. To increase the transfer efficiency of a wireless power transfer system, different compensation topologies were implemented to tune the transmitting and receiving coils operating at a resonant state. In this paper, a compensation network independent of the coupling coefficient and the load condition is proposed. The focus is put on the CC and CV characteristics of the voltage source connected to the coupler and the compensation network.



On the basis of the battery characteristic curve, the adaptive smart charging method proposed in this paper combines the compensation network output characteristics and the stage charging method. The proposed switching circuit between the bilateral L3C and L3C-C compensation network is shown in Figure 5.



When the voltage of the battery is low, the switch is connected to the endpoint 1. At this point, the bilateral L3C compensation network with CC characteristics can charge the battery. The bilateral L3C compensation topology consists of one inductor and three capacitors at both the primary and secondary side. In fact, the topology has the same equivalent circuit with double-sided LCC [21]. However, it makes the system realize the resonance and zero voltage switching more easily. The CC characteristics can be obtained by the following analysis of (1). The wireless charging system is in a resonant state when the compensation network satisfies the following constraints:


{ω2Lf1_eqCT1=1ω2Lf2_eqCT2=1ω2(L1−1ω2C1)CT1=1ω2(L2−1ω2C2)CT2=1,



(1)




and the output current of the secondary compensation network is:


iLf2=kL1L2UABωLf1_eqLf2_eq.



(2)




where Lf1_eq=Lf1−1ω2Cf1, Lf2_eq=Lf2−1ω2Cf2. It can be seen from (1) that the compensation parameters are independent of the coupling coefficient and the load condition. Moreover, it can be seen from (2) that the current is not affected by the load and that it has the characteristics of a CC source.



When the battery reaches the cut-off voltage, the circuit switches to the endpoint 2. At this point, the L3C-C compensation network with CV source characteristics can charge the battery. The L3C-C compensation network has the same topology on the primary side with the bilateral L3C compensation network. The difference is that there is only one capacitor in series to compensate the receiving coil. The CV characteristics can be obtained by the following analysis. The wireless charging system is in a resonant state when the compensation network satisfies the constraints [22]:


{ω2Lf1_eqCT1=1ω2L2C2=1ω2(L1−1ω2C1)CT1=1.



(3)







The induced voltage of the secondary side is:


Uoc=−MLf1_eqUAB,



(4)




where Lf1_eq=Lf1−1ω2Cf1. It can be seen from (3) that the compensation parameters are independent of the coupling coefficient and the load condition. Moreover, it can be seen from (4) that the induced voltage can be completely applied to the rectifier bridge through the compensation of the secondary-side series capacitor. It has the characteristics of a CV source, regardless of the load condition.




3.2. Charging Current or Voltage Adjustment


After selecting the compensation network, the magnitude of the charging voltage can be adjusted to an appropriate range by adjusting the output of the power supply U according to the battery voltage V, that is:


U=Ui, V∈(Vj, Vj+1],



(5)




where U=Ui when V=Vj+1±ΔV after the battery voltage has been sampled multiple times in order to avoid frequent switching of the power supply voltage considering the power supply life, battery voltage rising speed, etc. Therefore, the voltage adjustment is performed using the stage method based on the battery characteristic curve. During the CC charging phase, the supply voltage remains nearly constant; during the CV charging phase, the voltage can be adjusted according to (5). The CV stage adjusts the power output according to the battery characteristic curve and the battery state, and it sets different output voltages under different battery voltages. If the power output value is not within the set range, the power supply operates to regulate the output voltage amplitude to a reasonable range.




3.3. Charging Control Process


In order to ensure the standardization and ordering of the entire charging process, the EV wireless charging control process realizes the smart control. The charging process mainly includes three phases: power-on, charging control, and system shutdown, which is shown in Figure 6.



	
The power-on phase. After the auxiliary power is turned on, the main power supply will be determined whether it can be powered on. Four power-on conditions must be met: the communication is not timed out, the battery is connected, the power supply is turned on for the first time, and the power supply outputs the charging voltage or current. After the power supply is turned on, the power supply low-voltage auxiliary DC module is powered on, and the rectification control module is started. If the communication does not time out, the real-time and rapidity of the information interaction is ensured. If the battery is connected, it enters a waiting state of charging and completes the communication with the power supply. When powering on for the first time, ensure that full charging is completed at one time. If there is a fault during charging, the whole system is powered off and overhauled. After removing the fault, the charging is re-started.



	
The charging control phase. Before the battery voltage reaches the cut-off voltage, the bilateral L3C compensation network is used for CC charge. When the battery voltage reaches the cut-off voltage, the L3C-C compensation network is used for CV charge. Then the charge voltage is set based on the battery voltage. Since the cut-off voltage can be reached rapidly, the CC charging is not segmented. It takes a relatively long time in CV mode, so the voltage segmentation is adopted according to the battery charge characteristic curve. Then the SoC check is performed to determine whether the battery state is normal and the charge voltage is reasonable. If the charge voltage is reasonable, the command is sent to control the power output. The sampling voltage may fluctuate at the critical point, with the result that the output voltage cannot be accurately controlled. Therefore, for a more precise and stable control, the number of samples is set to ensure that the voltage and current value obtained is stable rather than instantaneous.



	
The system shutdown phase. System shutdown is divided into normal and abnormal shutdown. If the battery is charged full and the voltage, current, SoC, and temperature are normal (i.e., no alarm information appears), the control system sends the normal shutdown command, the auxiliary power turns off and charging system powers off. Abnormal shutdown includes that voltage, current, or temperature is out of the normal range. Then the system sends the battery alarm information: an overvoltage alarm is generated when the single voltage exceeds 3.75 V and an undervoltage alarm is generated when the voltage is lower than 2.5 V; the upper limit of the temperature alarm is 60 °C and the lower limit is −10 °C Abnormal system shutdown also includes that the SoC estimation is wrong. After the judgement, the power is cut off immediately to protect the charging system.








4. Results and Discussion


In order to verify the real time, rapidity and stability of the control system, this section presents the EV wireless charging adaptive smart control system, which consists of a STM32 series single-chip microcomputer (STM32F103 and STM32F407), a WiFi module, a vehicle battery, a high-frequency power supply, and an electromagnetic coupler. The experiments included wireless data transmission experiments and adaptive smart charging control experiments.



4.1. Charging Control System Platform


The experimental platform of the charging control system shown in Figure 7 was built. The vehicle terminal collected battery information and transmitted it to the intelligent controller via WiFi wireless communication. The intelligent controller controlled the power supply and regulated the charging voltage according to the battery state. The power was wirelessly transferred to the battery through the electromagnetic coupler, and the battery was charged after rectification and filtering. Throughout the adaptive smart charging, the power supply output voltage is measured and compared with the set voltage, then the output voltage is determined to be controllable and recorded.




4.2. Wireless Data Transmission Experiments


In this section, the data collection experiment and the wireless data transmission experiment are described. First, the vehicle terminal was connected to the corresponding communication interface of the battery through the serial port, and the serial communication program was prepared according to the BMS data protocol, so that the battery state parameters could be collected. Then, the vehicle terminal transmitted the battery information to the intelligent controller through the WiFi wireless communication, and the intelligent controller parsed the received battery information according to the communication protocol and sent a control command to the power supply for charging control. The experimental platform of wireless data transmission is shown in Figure 8, where the vehicle terminal uses STM32F103 (STMicroelectronics, Geneva, Switzerland) and the intelligent controller uses STM32F407 (STMicroelectronics, Geneva, Switzerland).



It can be seen from Figure 8 that STM32F103 of the single-chip microcomputer displayed the collected battery information on the LCD and sent it to the power supply microcontroller unit (MCU) through WiFi. The power supply MCU STM32F407 received the battery information and analyzed it according to the BMS communication protocol to obtain the battery state. Data such as voltage, current, temperature, and SoC were displayed on the LCD. The STM32F407 adjusted the charging parameters based on battery voltage, current, and SoC, and sent commands to the power supply for charge control.



In order to ensure the reliability and real-time performance of the wireless charging smart control system, the response time of the system was tested. A voltage probe of oscilloscope was connected to the battery terminal fault test pin, and another voltage probe was connected to the power output terminal. The battery BMS was powered on, the two MCUs were powered on, and the power was turned on. The authors then pressed the battery terminal MCU button to simulate the fault, which sent the command and powered off the protection, and the oscilloscope recorded the response time. The test results are shown in Figure 9. The time interval from the occurrence of the simulated fault to the power-off was 82.4 ms, and the real-time performance was high.




4.3. Adaptive Charge Control Experimental Results


The charging control experiment results are shown in Figure 7. The power supply output voltage was 350 V and the battery voltage was 313.4 V. The charging voltage corresponded to the battery voltage in the current state, that is, the charging voltage and the battery voltage met the control expression in Section 3.2. The program could control the output voltage of the power supply with high control precision.



The battery voltage variation with time during charging is shown in Figure 10. It can be seen from Figure 10 that the initial stage charging curve was substantially the same. After reaching the cut-off voltage, the adaptive smart control charging mode rose faster than the CV charging mode and reached the charging termination voltage in advance. The experiments showed that the time using the charging method proposed in this paper was about 16% shorter than the CV charging time under the same environmental conditions. The wireless power transfer efficiency reached 92%.



On the basis of the EV adaptive smart charging system, the wireless data transmission experiment was carried out. The feasibility, stability, and real-time performance of the wireless data transmission were tested. The experiment proved that the battery information could be transmitted to the power supply quickly and stably. The power-on protection could be turned off within 200 ms in the event of a system failure. In the charging control experiment, the adaptive smart control method proposed in this paper and the CV charging method were compared. The experiments proved that the charging time of the smart charging method was significantly shortened and that the whole charging control process had high stability.





5. Conclusions


The authors of this paper present an adaptive smart control system for EV wireless charging systems. A control system based on wireless data transmission was built. The charging method was studied based on battery characteristic curves. The battery charging state was dynamically tracked during the entire charging process, so that the charging voltage and current could always be maintained at the optimal voltage or current of the battery. At the critical point, the charging voltage or current was adjusted based on the current battery voltage, and the SoC was used as the verification value in combination with the battery characteristic curve. In the charging process, CC and CV charging were realized by switching the compensation network. The CC charging adopted a bilateral L3C compensation network with constant current source characteristics, and the CV charging used an L3C-C compensation network with constant voltage source characteristics. The results of the charging control experiment and the wireless data transmission experiment showed that the designed adaptive smart control system could realize the system response time within 200 ms, which was 16% shorter than the response time using the traditional CV charging method. This thereby guarantees that the entire charging process is efficient, stable, and safe, which is conducive to battery protection, extending battery life and reducing charging time.
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Figure 1. Schematic diagram of EV wireless charging system. 
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Figure 2. The block diagram of the EV wireless charging control system. 
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Figure 3. Schematic diagram of the wireless communication unit. LCD: liquid crystal display; SoC: state of charge; EV: electric vehicle; CAN: controller area network. 
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Figure 4. The measured battery charge and discharge characteristics: (a) charge characteristics and (b) discharge characteristics. 
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Figure 5. Bilateral L3C and L3C-C compensation network switching circuit. 
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Figure 6. Charging control flow chart. 
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Figure 7. Experimental platform of charging control. 
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Figure 8. Experimental platform of wireless data transmission. 
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Figure 9. Simulated fault and voltage waveforms: (a) fault simulation and (b) zoom-out view. 
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Figure 10. The measured battery charging curve. 
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