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The wireless power transmission (WPT) system through magnetic field coupling for energy transmission may have foreign objects in the transmission channel in the practical application process, which brings hidden dangers to the WPT system. In this article, a WPT system without and with foreign objects is constructed. The influence of foreign objects on self-inductance and mutual-inductance of coupling coils is studied from the aspects of foreign object height, radius, transmission distance, and coil turns. Then, by constructing the circuit topology of the series structure, the influence of foreign objects on the transmission efficiency and the phase difference between voltage and current of the system is studied, and finally the influence law of metal foreign objects on the performance of the WPT system is summarized.
Keywords: wireless power transfer, metal object, coupler, coil parameters, phase angle
1 INTRODUCTION
Since mankind entered the electrical age, people’s lives have been inseparable from “electricity.” Nowadays, with the emergence and upgrading of various electric equipment, people have more and more demands for electric energy, and the degree of electrification is getting higher and higher. The reform and innovation of electric energy transmission technology is imminent. The traditional power transmission mode is generally realized in the form of electrical contact through transmission media such as metal wires, but the traditional power transmission mode inevitably has problems such as requiring manual insertion and extraction. Therefore, in some special environments, the disadvantages of the traditional power transmission mode will be seen at a glance.
Wireless power transmission (WPT) technology is a technology based on non-wire connection, with the help of electromagnetic waves, microwaves, and other physical space energy carriers, to achieve power transmission from the power side to the load side (Li et al., 2017). The characteristics of wireless charging, such as charging anywhere, anytime, and charging multiple devices at the same time, make it free from the bondage of cables, which greatly increases the convenience and flexibility of power supply for power-using devices (Zhang et al., 2021).
In recent years, due to people’s desire for multi-field applications of wireless charging and high-tech, WPT technology is booming. WPT technology plays an increasingly important role in various fields around the world (S et al., 2022). With the combination of modern control theory, power electronics technology, electromagnetic field, analog electronics technology, and many other fields, WPT technology has gradually evolved into a highly comprehensive and vital technology.
Energy replenishment for electric vehicles is a common application for WPT technology (Zhang et al., 2019). The energy transmission path is from the ground transmitting coil to the onboard receiving coil, but the surrounding environment usually has an impact on the system, for example, the impact of metallic foreign objects on the WPT system (Y et al., 2021). If the metal foreign object occurs in the area near the transmitting and receiving coils, the transmission power and transmission efficiency of the whole power transmission system will be affected (Shi et al., 2021). At the same time, the eddy currents generated by the intruding foreign objects can cause serious safety hazards for the system (Lu et al., 2021). It is therefore necessary to analyze the impact of foreign objects on the WPT technology.
Zhang et al. (2022) classify many new foreign object detection technologies emerging at present into three categories: auxiliary coil foreign object detection technology, system parameter foreign object detection technology, and sensor foreign object detection technology, and analyze their basic principles, solve technical problems and detection categories one by one, and compare the characteristics of the three detection technologies. The cost of the system parameter detection method based on electrical parameters is relatively low, and no additional equipment is needed (Sonnenberg et al., 2019; Meng et al., 2021; Son et al., 2021). A foreign body detection (FOD) method based on a symmetrical coil group is proposed to prevent the wireless power transmission (WPT) system fever, which may cause accidental fires (Xiang et al., 2019). A metal object detection (MOD) circuit with non-overlapping coils is proposed to ensure the safe operation of wireless EV chargers (Jang et al., 2016). A metal object detection system, which is based on mistuned resonant circuits and utilizes the variation of self-inductance of a sensing pattern, is proposed for wireless electric vehicle chargers (Jeong et al., 2018). However, it is necessary to identify foreign objects according to the action law of foreign objects on the system. Therefore, it is necessary to conduct in-depth research on the influence of foreign objects on wireless power transmission systems and summarize the influence law of foreign objects from the two aspects of coupling parameter change and system parameter change, so as to lay the foundation for the realization of the system parameter detection method based on electrical parameters.
In this article, first, the influence of the size of the metal foreign body and the number of turns of the coil on the coupler parameters of the WPT system and the coil transmission distance is studied. Second, the influence of the change of the metal foreign body parameters on the transmission performance of the system, including efficiency and phase difference, is studied by establishing a topological performance calculation model. Finally, the changing characteristics of the WPT system containing foreign objects are summarized, which provides a reference for the detection and identification of metal foreign objects.
2 INFLUENCE OF FOREIGN OBJECTS ON COUPLER PARAMETERS
2.1 Three-dimensional model establishment of the coupler
2.1.1 Coupler model without foreign objects
In order to study the influence of metal foreign objects on the coupler parameters of the wireless power transmission system, this article establishes a three-dimensional electromagnetic simulation model of the coupler coil as shown in Figure 1. The parameters of the coupler are centered on (0, 0, 0). Both the transmitting coil and the receiving coil have an outer diameter of 20 cm, inner diameter of 10 cm, and thickness of 1 cm, and the transmission distance D between the two coils is set to 16 cm for the XY plane symmetric copper ring column when Z = 0. At the same time, in order to be closer to the actual situation, the iron core and aluminum separator are established: the outermost side of the two coils is attached to a loss-free soft iron core with a radius of 20 cm and a thickness of 2 cm, and the permeability is 3,000; a 60 × 60 × 1 cm aluminum separator is placed outside the two cores to shield magnetic field radiation.
[image: Figure 1]FIGURE 1 | Three-dimensional structure of the coupler. (A) Definition of the coupler. (B) Front view of the coupler.
The parameters of the coupler coil in the absence of foreign objects can be obtained from the calculations of 3D electromagnetic simulation commercial software as shown in Table 1.
TABLE 1 | Coupler parameters without foreign objects.
[image: Table 1]2.1.2 Coupler model with foreign objects
The metal foreign object model is based on a common aluminum can as an example. The 3D simulation model containing the metallic foreign object is shown in Figure 2. The metal foreign object model is a hollow circular can with an outer diameter of 8 cm, an inner diameter of 6 cm, and a height of 12 cm. The whole hollow can is still centered at (0, 0, 0) and symmetrical about the XY plane at Z = 0. The distance between the two coils of transmission is 16 cm.
[image: Figure 2]FIGURE 2 | Coupler model with foreign objects. (A) Coupler containing a foreign body. (B) Definition of foreign body size.
2.2 Influence of foreign object height change
In order to obtain the influence of the metal foreign object on the parameters of the system coupler when the height of the foreign object changes, the radius r of the metal foreign object is set to 10 cm, the transmission distance between the coils is 24 cm, and the number of turns of the coil is 14. The initial value of the height of the foreign object is set to 4 cm, the termination value is 20 cm, and the step length is 4 cm for parametric scanning. When the height is different, the magnetic flux density of the foreign object obtained is shown in Figure 3. The size of the foreign body refers to the metal Coca-Cola can. H is the height of the can.
[image: Figure 3]FIGURE 3 | Magnetic flux density of the coupler when the height of the foreign object changes. (A) r = 10 cm and H = 4 cm. (B) r = 10 cm and H = 8 cm. (C) r = 10 cm and H = 12 cm. (D) r = 10 cm and H = 16 cm. (E) r = 10 cm and H = 20 cm. (F) No foreign object.
The observation shows that with the increase in the height of the metal foreign object, the magnetic flux density color in the area below the metal foreign object gradually changes from red to yellow and then to light blue, that is, the magnetic flux density decreases from large to small, and the greater the height, the more obvious the change of the magnetic flux density. Similarly, the variation of coil self-inductance and coupling mutual inductance parameters can be obtained by the aforementioned simulation as shown in Figure 4. H is the height of the can.
[image: Figure 4]FIGURE 4 | Influence of the changes in foreign object height on coupler parameters.
When the radius r of the metal foreign object is constant and only the height changes, the self-inductance of the coil and the mutual inductance of the coupler decrease with the increase in the foreign object height. When the height of the metal foreign object is larger, the greater the slope change in the coil self-inductance point line diagram is, the greater the degree of coil self-inductance decline is, and the more obvious the change is. The smaller the slope change of the mutual inductance point line diagram between the coils is, the less obvious the change is.
2.3 Influence of foreign object radius change
In this section, in order to obtain the influence of the metal foreign object on the system coupler parameters when the foreign object radius (i.e., half of the outer diameter) is changed, the height H of the metal foreign object is set to 12 cm, the transmission distance between coils is 24 cm, the number of turns of coils is 14, the radius of the foreign object is set to R, the starting value of R is 2 cm, the ending value is 10 cm, and the step size is 2 cm for parameterization. When the radius of the foreign object is different, the magnetic flux density of the foreign object obtained is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Magnetic flux density of the coupler changes when the height of the foreign object changes. (A) H = 12 cm, r = 2 cm. (B) H = 12 cm, r = 4 cm. (C) H = 12 cm, r = 6 cm. (D) H = 12 cm, r = 8 cm. (E) H = 12 cm, r = 10 cm. (F) No foreign object.
Through observation, it can be seen that with the increase in the radius of the metal foreign object, the magnetic field color in the area directly below the metal foreign object gradually changes from red to yellow, that is, the magnetic field strength changes from large to small, and when the radius is larger, the degree of change in the magnetic field is more obvious.
In order to study the change law of coupler coil parameters when the height of metal foreign objects is constant and the radius is changed, the parameter changes of coil self-inductance and mutual inductance when the height is constant and the radius is changed are obtained through three-dimensional simulation, and the point line diagram is drawn, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Influence of the changes in foreign object radius on coupler parameters.
When the height h of the metal foreign object is constant and only the radius changes, with the increase in the radius of the foreign body, the coil self-inductance and inter-coil mutual inductance at each constant height will decrease, and the larger the radius of the metal foreign object is, the greater the slope change of the coil self-inductance and inter-coil mutual inductance point line graph is, that is, the greater the decrease degree of the coil self-inductance and inter-coil mutual inductance is, and the more obvious the change is. Comparing the point line diagrams of different constant heights, it is found that when the constant height increases, the coil self-inductance and mutual inductance decrease faster and more obviously with the increase in the radius.
2.4 Influence of transmission distance variation of the coupler with foreign objects
When studying the influence of the transmission distance variation of the coupler with foreign objects, the outer diameter, inner diameter, and height of the metal foreign object are set to 8 cm, 6 cm, and 12 cm, respectively. The size of the coupler coil is same as shown in Section 2.1.1. Referring to the ground clearance of the electric vehicle chassis, the transmission distance between the transmitting coil and the receiving coil is in the range of 140–240 mm. Therefore, in this study, the initial value of transmission distance D is set to 14 cm, the final value is 24 cm, and the step length is 2 cm. The magnetic flux density distribution of the coupler under different transmission distances is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Magnetic flux density when the transmission distance of the coupler changes. (A) D = 14 cm. (B) D = 16 cm. (C) D = 18 cm. (D) D = 20 cm. (E) D = 22 cm. (F) D = 24 cm.
From the results of the magnetic flux density simulation, it can be seen that the farther the transmission distance, the smaller the influence of the foreign object. The change results of self-inductance and mutual-inductance shown in Figure 8 can be obtained through simulation calculation.
[image: Figure 8]FIGURE 8 | Influence of the changes in coupler transmission distance on parameters.
In the case of no foreign object, when the transmission distance of the coupler changes, the inductance of the coil is constant, and only the mutual inductance between the coil changes. With the intrusion of metal foreign objects, the coupling parameters of the system will be affected by metal foreign objects. The presence of foreign objects will increase the inductance of the coil and the mutual inductance between the coils. In both cases, with the increase in the coil spacing, the mutual inductance between the coils will decrease, and this trend is more obvious when a metal foreign object exists, but with the increase in the transmission distance, this trend tends to ease.
2.5 Influence of the change of coil turns with foreign objects
When studying the influence of the number of turns of the coupler coil containing foreign objects, the size of the metal foreign object is kept same as shown in Section 2.3. The transmission distance of the coupler is set to 16 cm, assuming that the number of turns of the coil is 8, the termination value is 16, and the step length is 2. The variation curve of coupler coil parameters can be obtained by electromagnetic simulation calculation as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Influence of the changes in the number of coil turns on parameters.
Through the analysis, it can be found that with the invasion of metal foreign objects, the coupling parameters of the system will be affected by metal foreign objects, and the presence of foreign objects will make the coil inductance and mutual inductance between coils smaller. Whether in a resonant state or non-resonant state, with the increase in the number of coil turns, the inductance value of the coil and the mutual inductance value between the coils will increase, and with the increase in the number of coil turns, the increase trend of the self-inductance of the coil with a foreign object is not obvious, but the increase trend of the mutual inductance of the coupler is similar to that without a foreign object.
3 WIRELESS POWER TRANSMISSION SYSTEM WITH FOREIGN OBJECTS
In order to analyze the influence of foreign objects on the performance of the wireless power transmission system, this article selects the most common series (SS) topology for the research study (Li et al., 2019), and its circuit topology is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Equivalent circuit model diagram of the SS-type compensation topology structure.
Through the analysis of circuit theoretical modeling, the transmitter current I1 and the receiver current I2 can be obtained as follows:
[image: image]
The receiving power of the load side is:
[image: image]
The system input power is:
[image: image]
System transmission efficiency is:
[image: image]
Therefore, when the WPT system is completely resonant, the phase difference between the primary current I1 and the input voltage Us is the same, and the phase difference between the secondary current I2 and the input voltage Us is 90°, as shown in Figure 11. When the input voltage Us is known, I1 and I2 are determined by the load RL and mutual inductance M. At the same time, the transmission power P of the system changes with the change in mutual inductance M and load RL.
[image: Figure 11]FIGURE 11 | Resonance phasor diagram of the SS-type system.
4 INFLUENCE OF FOREIGN OBJECTS ON THE WIRELESS POWER TRANSMISSION SYSTEM
To study the influence of foreign objects on the wireless power transmission system, it needs to clarify the relevant parameters of the wireless power transmission system when it works. Referring to the common working parameters of the electric vehicle wireless power transmission system, this article sets the high-frequency inverter source input at 250 V, power internal resistance at 0.1 Ω, working frequency at 85 kHz, and load resistance at 10 Ω.
4.1 Influence of the changes in foreign object height on performance
According to the height of foreign object change, the influence of the self-inductance of the coil and the mutual inductance of the coupler, the phase difference between the input current and the input voltage, and the variation curve of the system transmission efficiency can be obtained by theoretical calculation, as shown in Figure 12. H is the height of the can.
[image: Figure 12]FIGURE 12 | Influence of the changes in foreign object height on performance.
It can be seen from the figure that when the radius r of the metal foreign object is constant and only the height changes, with the increase in the height of the foreign object, the transmission efficiency of the system decreases, and the phase difference between the primary current and the input voltage increases.
4.2 Influence of the changes in foreign object radius on performance
Similarly, the effect of foreign object radius on the performance of the WPT system is shown in Figure 13.
[image: Figure 13]FIGURE 13 | Influence of the changes in foreign object radius on performance.
When the height H of the metal foreign object is constant and only the radius is changed, with the increase in the radius of the foreign object, the system transmission efficiency at each constant height will decrease, and the phase difference between the primary current and the input voltage will increase. With the increase in the radius of the metal foreign object, the absolute values of the system transmission efficiency and the slope of the current voltage phase difference graph will increase first and then decrease. Comparing the dot and line graphs of different constant heights, it is found that when the constant height increases, the system transmission efficiency and current voltage phase difference decrease and increase faster and more obviously with the increase in the radius.
4.3 Influence of transmission distance variation of the coupler with foreign objects on performance
According to the influence of the transmission distance change in the coupler containing foreign objects on the coil self-inductance and coupler mutual inductance, the phase difference between the input current and the input voltage and the variation curve of the system transmission efficiency can be obtained by theoretical calculation, as shown in Figure 14.
[image: Figure 14]FIGURE 14 | Influence of the changes in transmission distance variation of the coupler with a foreign object on performance.
In the resonant state, the primary current and input voltage of the system always remain in phase without a phase difference. With the invasion of metal foreign objects, it creates an impact on the system, resulting in a phase difference between the primary current and the input voltage. In the non-resonant state, with the increase in the transmission distance between coils, the phase difference of current and voltage increases slowly, and the increasing trend is more and more gentle. Comparing the changes in the transmission efficiency of the system under the two states of containing foreign objects or not, the transmission efficiency of the system decreases when metal foreign objects intervene in the system, which also shows that the intrusion of metal foreign objects will have a certain impact on the system. At the same time, the increase in foreign objects will significantly increase the downward trend of the system transmission efficiency.
4.4 Influence of the change in coil turns with foreign objects on performance
According to changes in coil turns of the coupler with foreign objects on coil self-inductance and mutual inductance, the phase difference between the input current and input voltage, as shown in Figure 15, and the variation curve of system transmission efficiency can be calculated by theoretical calculation.
[image: Figure 15]FIGURE 15 | Influence of the changes in the number of coil turns with foreign objects on performance.
It can be seen from the figure that the primary current of the system always keeps the same phase with the input voltage without foreign objects, and there is no phase difference. With the intrusion of metal foreign objects, the system is affected, and the phase difference between the original current and the input voltage occurs. With the increase in the number of coil turns containing foreign objects, the phase difference between the current and voltage decreases slowly and then sharply. This is due to the increase in the number of coil turns, the mutual inductance of the coupler increases. When the turn number is 16, the increase in self-inductance caused by the increase in the number of turns of the coil and the influence of foreign objects are nearly cancelled out, so the system almost returns to the resonance state at this time. The non-resonant state caused by foreign objects is gradually offset by the increase in mutual inductance.
5 CONCLUSION
In this article, through three-dimensional simulation, the influence of foreign objects on the parameters and performance of the coupler in the wireless power transmission system is compared and analyzed, including three situations: the change in foreign object height and radius, the change in coupler transmission distance, and the change in the number of coupler coil turns. The invasion of metal foreign objects will reduce the transmission efficiency of the system; when the metal foreign object is large, the influence of the foreign object on the system is greater; when the transmission distance between coils is large, the transmission efficiency of the system will also be reduced. However, when the number of coil turns becomes more, the transmission efficiency of the system will be improved. The research results of this article can provide a reference for foreign object detection and recognition. When the foreign object and the coil size are reduced or increased in the same proportion, it can be applied to low-power or higher-power radio energy transmission systems.
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