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Abstract

:

Cables or slip-rings are often used to power loads on a rotating unit in the rotation modulated inertial navigation system (RMINS). However, these power supply methods have the disadvantages of cable winding and slip ring friction and wear, which reduces the reliability and life of the RMINS. Therefore, this paper applies magnetic coupling resonant wireless power transfer (MCRWPT) technology to the RMINS to avoid the shortcomings of the above power supply methods. Furthermore, according to the structure and working characteristics of the RMINS, a simple design method of the MCRWPT system without any feedback control is proposed. Based on the ANSYS simulation, the magnetic shielding structure is designed to reduce magnetic leakage, and the efficiency of the MCRWPT system is optimized by designing the excitation frequency. Experiments verify the effectiveness of the proposed method. The experimental results show that the designed MCRWPT system can achieve an efficiency of 74.6% with an output power of 10 W and has been successfully applied to the uniaxial rotation module inertial navigation system. Finally, the design method of the MCRWPT system is simple, and it has guiding significance for the design of the wireless power transfer system in the RMINS.






Keywords:


wireless power transfer; magnetic coupling resonant; excitation frequency; rotation modulated; inertial navigation system












1. Introduction


Rotation modulation technology is an effective method to improve the accuracy of inertial navigation systems (INSs) at a low cost [1]. This technology can suppress constant or slow variation errors of inertial devices by rotating the inertial measurement unit (IMU) continuously or periodically [2]. Therefore, the power supply to the rotating part is a key technology. If the rotation scheme is set to continuous rotation or run-stop in forward and reverse directions, winding reels can be used to transmit electrical energy from the stationary unit to the rotating unit. However, wired electrical energy transfer can damage safety under loss of indexer control and restrict the free rotation of rotating parts in the rotation modulated inertial navigation system (RMINS). Therefore, applying slip-rings to solve the cable winding problem is a common method for the power supply of rotating units [3]. Nevertheless, slip-rings have the drawbacks of wear and friction, limited lifetime, and regular maintenance [4]. Based on these problems, applying wireless power transfer (WPT) technology to the RMINS is necessary to power the rotating units through a non-contact method.



Electronic circuits or sensors are often installed on the rotating part in practical applications, such as shaft torque measurement [5], north finder [6], and the RMINS. The application of WPT can obviate the shortcomings of wires, wire reels, and slip-rings and greatly improve the reliability and lifetime of the system. Despite the great advantages, the WPT system also has some disadvantages. The performance of nearby electrical circuits was influenced by the electromagnetic interference noise produced by a WPT system [7]. For rotary equipment such as the RMINS, where sensors and circuits are installed on the rotating part with limited space, the magnetic flux leakage of WPT can adversely affect sensors and circuits [8]. The magnetic sensitivity index restriction of interferometric fiber optic gyroscope used in typical INSs is 0.0001–0.001°   h  − 1    G  − 1    s  − 1     [9]. Therefore, it is necessary to design a magnetic shielding structure to reduce the magnetic field leakage of the WPT system. Moreover, the limited space of the rotating part restricts the size of the receiving circuit and the winding topology for a WPT system. Therefore, the mature products of the WPT system are unsuitable for direct application in the RMINS [10].



Nowadays, electromagnetic induction wireless power transfer (EMIWPT) is often used for short-range WPT. However, a gap between the primary and secondary coil reduces the efficiency of EMIWPT. Compared with the EMIWPT, the magnetic coupling resonant wireless power transfer (MCRWPT) achieved higher power transmission efficiency (PTE) at a longer distance between the two coils [11]. Therefore, to improve the PTE of the system, the MCRWPT used in the rotary equipment is suitable because the gap exists between the primary coil and secondary coil.



In recent years, several further efforts have been dedicated to applying the MCRWPT system. The related researchers have studied the MCRWPT system from two main aspects to reduce magnetic leakage and improve PTE. On the one hand, the winding topology of WPT was studied, such as optimizing coil structure and designing magnetic shield structure [12]. A novel double-layer parallel coil model was proposed for the rotary equipment to improve the PTE and output power, and the performance of the WPT system was better than that of a conventional single-layer coil [13]. However, the application of WPT caused magnetic field leakage, which adversely affected surrounding materials and humans [14]. Thus, different methods such as passive shielding, active shielding, and eliminating the magnetic field with a reactive resonant current loop were introduced to suppress magnetic field leakage [15]. To further reduce magnetic leakage, optimizing the geometry of the winding was given, which reduced the magnitude of the near magnetic field by 29.12% [16]. However, the above methods are mainly applied to electric vehicles, and there are few research methods to reduce magnetic flux leakage in rotary equipment. For a pot core rotating transformer, the different winding topologies in the rotating transformer were designed and optimized according to total core volume and power losses [17]. Furthermore, a multi-physical design method for high-frequency rotating transformers was proposed, where the PTE was optimized for different core geometries [18]. The design of the rotary transformer is mainly based on the combination of multiple physical fields, such as electric field, magnetic field, and thermal field, which increases the complexity of system design.



On the other hand, compensation topology was researched for performance improvement. The capacitor compensation schemes of MCRWPT mainly included four categories, namely series-series (SS), series-parallel, parallel-series, and parallel-parallel, and the characteristics of these schemes were analyzed [19]. The SS capacitor compensation scheme has the characteristic that resonance frequency is independent of load resistance and is more suitable for the variable load resistance on the rotating part. However, the output voltage of the WPT increases with increasing load resistance under the condition that the input voltage is constant. A direct current to direct current (DC-DC) boost-buck converter with a limited input voltage range was applied to adjust the output voltage of the rectifier [20,21]. The efficiency of the DC-DC converter was related to the load resistance, and its maximum efficiency was between 60% and 90% [22]. A closed-loop control scheme was applied to achieve the maximum efficiency under the non-optimal equivalent load resistance condition [23]. However, the application of the closed-loop control method introduced wireless communication into the MCRWPT system, which increased the complexity of the system. Some methods without wireless communication were proposed. Adjusting frequency and input voltage by monitoring input voltage and input current achieved system efficiency above 70% [24]. In addition, the maximum energy efficiency tracking method was achieved by adjusting the equivalent load resistance inside the receiving unit to the optimal value and then finding the minimum input power in the transmitting unit [25]. However, this method requires a fixed system output power. In addition, the MCRWPT scheme with DC-DC converters needs closed-loop control, which makes the system design complex on the premise of improving the system performance. Most research focuses on applying WPT technology to electric vehicles and rotating shaft equipment. However, there are few types of research on the application of WPT technology in an RMINS.



To enhance the safety of the RMINS and improve the flexibility of the rotation control scheme, the WPT technology is introduced into the RMINS in this paper. Since the existing WPT system’s coil shape is matched to the circuit parameters, it cannot be directly applied to the limited size structure within the RMINS. This paper proposes a simple design method for the MCRWPT system applied in the RMINS. The magnetic shielding structure is designed to reduce magnetic leakage, and the excitation frequency is studied to improve the efficiency of the MCRWPT system with a DC-DC converter. This system can provide a stable power supply for the rotating unit without feedback control. Finally, the experiment verifies that MCRWPT technology can be successfully applied in the RMINS.



The structure of this paper is arranged as follows. The principle and characteristics of the MCRWPT system is analyzed in Section 2. The MCRWPT system is designed from two aspects of magnetic shielding structure and excitation frequency in Section 3. The experiment results are analyzed, and the prototype is given in Section 4. A brief conclusion is given in Section 5.




2. Analysis of MCRWPT System for RMINS


2.1. Principle of MCRWPT System


Equivalent circuit theory is applied to research the MCRWPT system based on the two-coil model with SS structure in this paper [26]. The equivalent circuit model is shown in Figure 1, where the    U S    represents the alternating current power supply. The internal resistance    R S    of the power supply and resistance of the transmitting coil constitute equivalent resistance    R 1    of the transmitter.    C 1    and    L 1    represent the compensation capacitance and inductance of the transmitter, respectively. The compensation capacitance and inductance of the receiver are denoted by the symbols    C 2    and    L 2   , respectively. The symbol    R 2    is the equivalent resistance of the receiver, and    R L    is the equivalent load resistance. The mutual inductance between the transmitting and receiving winding is denoted as M.    i 1    and    i 2    are the transmitter and receiver currents, respectively. The relationship between the mutual inductance  M  and the coupling coefficient  k  is shown in Equation (5).



According to Kirchhoff’s law, when the power source    U S    outputs alternating voltage at the frequency of   f = ω /  (  2 π  )   , the equivalent circuit equation under the sinusoidal steady state of the system is obtained by Equations (1) and (2).


   Z 1  ·  i 1  − j ω M ·  i 2  =  U S     



(1)






   Z 2  ·  i 2  − j ω M ·  i 1  = 0    



(2)






   Z 1  =  R 1  + j ω  L 1  +  1  j ω  C 1       



(3)






   Z 2  =  R 2  +  R L  + j ω  L 2  +  1  j ω  C 2       



(4)






  M = k ·    L 1  ·  L 2       



(5)







The voltage gain    G V   , output power    P  O U T    , and PTE    η  W P T     are derived from Equations (1)–(4):


   G V  =   ω M  R L     Z 1   (   Z 2  +    ω 2   M 2     Z 1     )       



(6)






   P  O U T   =    ω 2   M 2   R L   U S    2       (   Z 1  +    ω 2   M 2     Z 2     )   2   (     (   R 2  +  R L   )   2  +    (  ω  L 2  −  1  ω  C 2     )   2   )       



(7)






   η  W P T   =    ω 2   M 2   R L     Z 2    2   (   Z 1  +    ω 2   M 2     Z 2     )       



(8)







When the MCRWPT system works in the resonance state, there are:


  ω  L 1  −  1  ω  C 1    = ω  L 2  −  1  ω  C 2    = 0    



(9)







Substituting Equations (3)–(5) in Equations (6) and (8) with the parameters listed in Table 1, the voltage gain and   PTE   as functions of equivalent load resistance, excitation frequency, and coupling coefficient are calculated. In Table 1, the coil inductance refers to the primary coil parameter of power transmitter design A10 that complies with the Qi wireless charging standard. When the input voltage    U S    amplitude is set to 19 V, the output voltage    U  W P T     and PTE are plotted in Figure 2. The formula for calculating the output voltage is    U  W P T   =  G V  ·  U S   . Figure 2a shows that the amplitude of output voltage increases with the increase of the equivalent load resistance under the conditions that the excitation frequency is 100 kHz and the coupling coefficient is 0.8. It can be seen from Figure 2b that the output voltage increases first and then decreases with the increase of the excitation frequency under the conditions that    R L    is 50 Ω and  k  is 0.8. The maximum output voltage occurs at the resonant frequency of 100 kHz. The variation trend of output voltage with coupling coefficient is shown in Figure 2c. In the resonant state, the output voltage increases first and then decreases with the increase of coupling coefficient. Therefore, the output voltage of MCRWPT is affected by the equivalent load resistance, excitation frequency, and coupling coefficient. If the    R L    changes, the output voltage will not be stabilized at a constant value.



The PTE variation trend with the increasing equivalent load resistance is shown in Figure 2d. The resonance state has an equivalent load resistance to achieve maximum   PTE  . It can be seen from Figure 2e that the   PTE   increases first and then decreases with the excitation frequency under the conditions that    R L    = 50 Ω and k = 0.8. The maximum   PTE   occurs at the resonant frequency of 100 kHz. Figure 2f shows that the   PTE   increases when the equivalent load resistance increases under the conditions that  f  is 100 kHz and  k  is 0.8. Therefore, increasing the   PTE   of the system can be achieved by increasing  k , making the system work in a resonant state, and changing the equivalent load resistance.



As shown in Figure 3, when the coupling coefficient is greater than 0.35, the output power decreases with the increase of the coupling coefficient under the conditions that    R L    is 50 Ω and  f  is 100 kHz. Therefore, the design of the MCRWPT system needs to consider the influence of the coupling coefficient on output power in the case of constant input voltage.



The theoretical analysis shows that the output voltage and   PTE   of the MCRWPT system are affected by    R L   , excitation frequency, and  k  when the primary and secondary coils’ inductance, the resonant compensation capacitor of the primary and secondary coils, and the input voltage are constant. When MCRWPT is applied to the RMINS, depending on the internal structure in the RMINS, the power supply system can work properly and achieve higher PTE by selecting the appropriate excitation frequency for a given coil diameter and magnetic shielding structure.




2.2. Characteristics of MCRWPT for the RMINS


The MCRWPT system applied to power a single-axis RMINS is shown in Figure 4. The principle of the single-axis RMINS is that the motor drives the rotating unit to perform periodic rotation to suppress the error from inertial sensors. The IMU mounted on the rotating unit is the load for the receiver of the MCRWPT system. The IMU consists of three gyroscopes, three accelerometers, and an information processing PCB, where the gyroscopes and accelerometers are mounted orthogonally. The transmitter and receiver form the MCRWPT system. Both the transmitter and receiver include corresponding PCBs and coils. The DC power supply powers the transmitter of the wireless power.



According to the structure of the RMINS, the MCRWPT system needs to be designed and implemented with the following characteristics: First, the magnetic shielding structure is needed to reduce the leakage of the magnetic field because the inertial sensors and the framework are sensitive to the alternating magnetic field. Second, a suitable gap between the primary and secondary sides is needed due to the rotating unit’s rotation. Third, the output voltage of the MCRWPT system is stable, and the output voltage ripple should be less than 50 mV. Otherwise, the accuracy of the inertial sensor will be affected. However, as the IMU operating time grows and the inertial sensor temperature gradually increases, the input power required by the IMU changes, causing a change in the output voltage in the MCRWPT system. Accordingly, the MCRWPT system reflects the following characteristics from the circuit principle in supplying power to the rotating unit of the RMINS.



	(1)

	
The coupling coefficient k is increased. Shielding the wireless power supply coil with soft magnetic material will increase the mutual inductance coupling coefficient k. Theoretical analysis shows that with the increase of k, the efficiency of the MCRWPT system will increase, but the output power may decrease.




	(2)

	
A variable load resistance exists in the MCRWPT system. The input power required by the IMU from startup to normal operation is different. With the increase in the working time of the RMINS, the temperature change will also affect the system’s input power. This paper equates the change in input power to the change in load resistance since the input voltage is constant. Variable load resistance affects the output voltage and PTE.







A simple design method for the MCRWPT system will be given in this paper, integrated with the above two points. This method focuses on the following two core issues in designing an MCRWPT system for an RMINS: (1) According to the structural characteristics of the RMINS system, the magnetic shielding structure of the wireless power supply coil is designed, and the magnetic leakage is analyzed. (2) The excitation frequency is designed to reduce the impact of load resistance changes on output voltage and PTE.





3. Design Method of MCRWPT System Based on Simulation


This paper designs the system from two main aspects of winding structure and circuit design method and applies WPT technology to an RMINS. Aiming at the internal structure of the RMINS system, this paper studies the influence of the shape of the magnetic shielding structure on the leakage magnetic field. A simple design method is proposed to match the winding structure with the circuit, ensuring that the MCRWPT system can supply power to the IMU stably.



3.1. Ferrite Shielding Structure Design


Because there are electronic circuits, sensors, and other structures on the RMINS, which are easily affected by electromagnetic fields, it is necessary to introduce the ferrite structure to reduce the magnetic leakage of the system. In this paper, the magnetic shielding structure made of manganese-zinc ferrite is applied to reduce the influence of magnetic leakage caused by the MCRWPT system on the internal environment of the RMINS. The introduction of the magnetic shield structure changes the inductance of the primary winding and the secondary winding. Compared with the MCRWPT system with coil only, the self-inductance and mutual inductance of the MCRWPT system cannot be calculated by existing formulas [27]. Therefore, the self-inductance and mutual inductance of the system are determined by simulation.



Four ferrite structures are simulated in ANSYS Maxwell two-dimensional (2D) software to study the magnetic flux leakage characteristics of different magnetic shielding structures. Geometries of 2D simulation models are shown in Figure 5, and the dimensions of simulation models are shown in Table 2.



The Geometry of the 2D simulation model is symmetric about the Z-axis, and Figure 5 shows only half of the 2D simulation model. The position and dimensions of coils, line-in, and line-out are all the same in Figure 5a–d. The primary and secondary coils have the same structure, and the distance between the coils is fixed. The wire diameter of the primary coil is 1.2 mm. The coil diameter of the primary coil is 29.5 mm, and the number of turns is 6. The secondary coil is the same as the primary coil.



The 2D simulation model of winding structure for MCRWPT is constructed in ANSYS Maxwell, and the circuit is constructed in ANSYS Simplorer to realize co-simulation with ANSYS Maxwell. Excitation frequency of 100 kHz, output power of 15 W, and equivalent load resistance of 100Ω are the common parameters of the simulation. Under the condition that the aforementioned common parameters are determined, the magnetic shielding performance of four different winding structures is compared through simulation. Figure 6 illustrates the magnetic flux density distributions on the XZ plane, which shows half of the magnetic flux density distribution and the other half symmetrical about the z-axis. The maximum limits of the color maps in Figure 6 are identically defined as 12 mT so that the differences in the magnetic flux density distribution between the maps can be compared. The magnetic field distribution shown in Figure 6a shows that the magnetic flux density near the coil is strong. From Figure 6b,c, it can be seen that there are obvious differences in the magnetic field distribution. Due to the directing of the magnetic field by the improved pot core ferrite shielding, the magnetic flux density inside and outside the ferrite structure is significantly reduced. Figure 6d shows the special-shaped ferrite shielding structure to reduce magnetic leakage further.



Parameters of coils and PTE via simulation are shown in Table 3. The coil structure with ferrite shielding has a higher PTE than the coil structure without ferrite shielding. The coupling coefficient and PTE from Case1 to Case4 are gradually improved under the same output power, the same coil, and different magnetic shield structures. The special-shaped ferrite shielding, Case4, has the largest coupling coefficient and PTE.



It can be seen from Figure 6 that after the introduction of the magnetic shielding structure, the magnetic induction intensity under the winding structure is smaller than the magnetic induction intensity of the side of the coil with a gap. Although the inertial sensor is installed under the winding structure, circuit components are inside the winding structure, as shown in the prototype of the uniaxial rotation module in Section 4. Therefore, the configuration of two red measuring lines located 1 mm on both sides of the ferrite shielding structure with a length of 18 mm is shown in Figure 5.



The two maximum magnitudes of the B field simulated along two red measurement lines are shown in Figure 7 to compare the magnetic flux density differences numerically. Taking the Line-in measurement line as an example, the magnetic flux density on the measurement line increases first and then decreases from bottom to top. Analysis of Figure 6 shows a maximum magnetic flux density value near the gap between the primary and secondary windings. The maximum value of the magnetic flux density obtained by the simulation based on Case1 is 1154.1     μ T   , while the maximum value of the magnetic flux density obtained based on Case4 is 309.5     μ T   . The maximum magnetic flux density on the Line-in and Line-out measurement lines decreases gradually from Case1 to Case4, as shown in Figure 7. The smaller the maximum magnetic flux density on the measurement line, the better the magnetic shielding performance of the corresponding winding structure under the condition of the same output power.



Compared with the magnetic shielding structures of Case1 and Case2, the performance of the magnetic shielding structures of Case3 and Case4 is better, and the maximum magnitudes of the B field are close. Moreover, the magnetic shielding performance of Case4 with the special-shaped ferrite shielding is better than that of Case3 for the same distance between two windings. Compared with Case1, the magnetic leakage of Case4 decreased by 76.44%.



Case4 has the best magnetic shielding performance, the highest efficiency, and the largest coupling coefficient under the condition with the same output power. The following will take Case4 as an example for designing circuit and excitation frequency.




3.2. Design Circuit and Excitation Frequency


3.2.1. Design Circuit


In practical applications, the load resistance changes during the operation of the RMINS, resulting in a change in voltage gain. When the input voltage is fixed, the output voltage will vary and cannot provide a constant voltage for the IMU. A common method to stabilize the output voltage is to use a DC-DC boost-buck converter to adjust the output voltage of the MCRPWT system to a fixed value, such as 5 V, to power the load [21]. Therefore, the output voltage of MCRWPT needs to be properly designed to ensure that the voltage is within the input voltage range of the DC-DC converter under the condition of fixed input voltage. In addition, the introduction of a DC-DC converter reduces the total transmission efficiency (TTE) of the power supply system, where the TTE is the product of the MCRWPT system’s efficiency and the DC-DC converter’s efficiency. Therefore, the optimization of TTE is also a problem to be solved in this paper.



The block diagram of the MCRWPT system is demonstrated in Figure 8. The transmitting circuit and receiving circuit form an MCRWPT circuit. The transmitting circuit comprises DC power    U  I N    , a full-bridge inverter circuit, primary compensation capacitors, and a primary winding. The receiving circuit consists of a secondary winding, secondary compensation capacitors, a full-wave rectifier, a filter circuit, and equivalent load resistance.    R L    represents the equivalent load resistance here, including a DC-DC converter and load. The primary compensation capacitor is connected in series with the primary winding, and the secondary circuit has the same structure as the primary circuit. The DC-DC converter stabilizes the output voltage and reduces the ripple of the output voltage supplied to the load, which is the IMU. Here,    V  W P T     represents the output voltage of the MCRWPT system, and    V  O U T     represents the load voltage output by the DC-DC converter.



For the buck DC-DC converter, the symbols    V  W P T    ,    I  W P T ,     and    R  W P T     are defined here as the input voltage, input current, and equivalent input resistance of the DC-DC converter, respectively. Symbols    V  O U T    ,    I  O U T   ,   and    R  O U T     are the output voltage, output current, and output load resistance, respectively. When the output power of the DC-DC converter is equal to its input power, the following formula exists.


   V  W P T    I  W P T   =  V  O U T    I  O U T      



(10)







The following relationship exists between a DC-DC converter’s the equivalent input resistance    R  W P T     and output resistance    R  O U T    .


   R  W P T   =    (     V  W P T      V  O U T      )   2   R  O U T      



(11)







By analyzing Equation (11), it can be known that the change of the load resistance    R  O U T     will affect the equivalent load resistance    R L    of the MCRWPT system, where    R L    is    R  W P T    .




3.2.2. Design Excitation Frequency


By analyzing Equations (6) and (8), the voltage gain and PTE of the MCRWPT system are affected by the coil winding, mutual inductance, equivalent load resistance, and excitation frequency. Changing the excitation frequency is a relatively simple way to adjust the output voltage and PTE, given the shape of the coil windings and the distance between the two coil windings. The TTE decreases due to the application of the DC-DC converter, so it is necessary to study the influence of excitation frequency on TTE and further optimize the TTE of the system. Designing the excitation frequency is divided into three steps: (1) Determine the excitation frequency range. (2) Excitation frequency for maximum TTE obtained without considering output power. (3) The PTE is optimized by changing the excitation frequency under the same output power condition.



The first step is to determine the excitation frequency range and ensure that the output voltage of the MCRWPT system is within the input voltage range of the DC-DC converter. Based on the model of Case4, the influence of excitation frequency on the output voltage of the MCRWPT system is analyzed. The equivalent load resistance is assumed to vary from 10 Ω to 1 MΩ. Figure 9 shows the output voltage variation with excitation frequency for different    R L   . The orange curve shows that the equivalent load resistance is 1 MΩ, and the output voltage increases first and then decreases with the increase of the excitation frequency. The maximum output voltage occurs at the resonant frequency of 100 kHz. Assuming that the input voltage is 19 V and the maximum input voltage of the DC-DC converter is 40 V, the output voltage should be less than 40 V. Therefore, the design range of excitation frequency is less than 83 kHz, or more than 135 kHz. The output voltage should be more than 5 V, and the corresponding excitation frequency should be greater than 47 kHz, considering the limits of the minimum input voltage of the DC-DC converter. Because the inverter excitation frequency is limited, the maximum excitation frequency should be less than 300 kHz. The output voltage with    R L    of 10 Ω is shown in the blue curve, and the maximum value of the output voltage is less than 40 V, so the output voltage is too high to damage the DC-DC converter is not considered. Therefore, the design range of excitation frequency is from 47 kHz to 83 kHz, and from 135 kHz to 300 kHz.



The second step is to determine the excitation frequency corresponding to the maximum TTE by analyzing the influence of excitation frequency on the TTE based on the Case4 model. The resonance frequency of the MCRWPT system is 100 kHz, and the equivalent load resistance is fixed at 50 Ω. For the same output voltage, the higher the excitation frequency, the higher the PTE, as shown in Figure 10. Therefore, the case where the excitation frequency is greater than the resonant frequency is analyzed below.



As shown in the dash-dot line     PTE   W P T     in Figure 11a, the variation of     PTE   W P T     with output voltage is obtained through the joint simulation of ANSYS Maxwell and ANSYS Simplorer. When the output voltage of the DC-DC converter is fixed, the efficiency of the DC-DC converter decreases with the increase of input voltage, as shown in the dotted line     PTE   D C     in Figure 11a. As the output voltage increases, the TTE of the system first decreases and then increases, as shown by the solid line in Figure 11a. The minimum value of TTE is 74.54%, which corresponds to an output voltage of 27.17 V and an excitation frequency of 140 kHz as shown in Figure 11a,b. The TTE can be optimized by adjusting the excitation frequency. By increasing the excitation frequency, the transmission efficiency can be increased to 76.15%, corresponding to an output voltage of 21.57 V. The excitation frequency can be obtained based on the output voltage, as shown in Figure 11b. Decreasing the excitation frequency so that the excitation frequency is close to the resonant frequency, the TTE still increases to some extent. However, it is important to ensure that the excitation frequency is within the range calculated in the first step.



As shown in Figure 11c, the TTE reaches its maximum when the output voltage is 21.57 V, and the output power of the MCRWPT system reaches a minimum of less than 10 W. The output power is positively correlated with the output voltage, and the excitation frequency is negatively correlated with the output voltage. Therefore, the output power can be improved by reducing the excitation frequency, but the TTE decreases.



The last step is to optimize the TTE by changing the excitation frequency under the same output power condition. The TTE is the product of the MCRWPT system’s efficiency and the DC-DC converter’s efficiency. The efficiency of a DC-DC converter increases as the difference between the input voltage and the output voltage decreases. Figure 11a,b shows that as the excitation frequency increases, the output voltage decreases, and the efficiency of the DC-DC converter increases. The relationship between efficiency and output power is obtained under different excitation frequencies, as shown in Figure 11d. Under the same output power condition, the higher the excitation frequency, the higher the PTE. Compared with the other two excitation frequencies, the output efficiency is the highest when the excitation frequency is 160 kHz. Therefore, optimizing TTE is to increase the excitation frequency of the system under the condition of guaranteeing the output power.






4. Experiment


An experimental platform was implemented to verify the effectiveness of the theory and simulation, as shown in Figure 12. The experimental platform comprises a DC power supply, a wireless power transmitter PCB, a transmitter coil with ferrite, a receiver coil with ferrite, a wireless power receiver PCB, load resistance, and an acrylic plate with 1 mm thickness. The magnetic shielding performance of Case3 and Case4 is similar, with a fixed distance between primary and secondary windings. It can be seen from Table 3 that the coupling coefficient of Case3 is smaller than that of Case4. Therefore, the MCRWPT system based on Case3 has a higher output power capability under the same gap, and the structure of Case3 is simple and easy to process. Hence, the experimental winding structure is the same as Case3. Litz wire was used to form the two coils. The transmitting coil has six turns of Litz wire made with 105 strands of American-wire-gauge 40, and the receiving coil is the same as the transmitting coil. The coil parameters measured by the precision LCR digital bridge TH2838H are shown in Table 4. Compared with the simulation results of Case3 in Table 3, there are errors in the coil parameters tested in the experiment, which may be caused by inaccurate simulation modeling. However, it does not affect the analysis of system characteristics through simulation.



The main circuit components and parameters used in the experimental prototype are shown in Figure 13. The TS61002 is a high-voltage full-bridge driver used to drive N-channel devices. Furthermore, the input voltage    U  I N     is 19 V. The internal resistance    R S    of the power supply is related to the inverter and its pre-circuit and is considered a small value in this experiment. A DC-DC converter, TS30042, was used to maintain an input voltage of 5.0 V to the load resistance. TS30042 has a maximum output power of 10 W. The load resistance was designed to be 2.5 Ω to test the designed system with an output power of 10 W. The specific configuration of the inverter and DC-DC converter’s peripheral circuits can be referred to in their data sheets. In order to reduce the electromagnetic interference generated by the DC-DC converter, refer to the TS30042 data sheet for the PCB layout of the DC-DC converter and peripheral components.



The experimental prototype of the MCRWPT system is applied to the uniaxial rotation module inertial navigation system (URMINS) designed by our laboratory. The URMINS consists of three same uniaxial rotation modules and one navigation and power management module. The rotation axes of the three uniaxial rotation modules are perpendicular to each other and form a Cartesian coordinate system. Each module transmits the demodulated specific forces and angular rates to the CAN bus’s navigation and power management module. The navigation and power management module furnishes the vehicle’s current position, velocity, and attitude.



Figure 14 shows that the MCRWPT system is applied to a uniaxial rotation module prototype. The motor drives the rotating unit to rotate continuously in the uniaxial rotation module at a low speed. The load on the rotating unit mainly consists of two single-axis fiber optic gyroscopes, two single-axis quartz flexible accelerometers, wireless communication PCB 1#, and an information processing unit. The power required by the load does not exceed 10 W, the voltage is 5 V, and the startup and normal operating currents are within 2 A, so the experimental prototype of the MCRWPT system can supply power to the uniaxial rotation module. Wireless communication and MCRWPT technologies are adopted in the uniaxial rotation module to avoid cable winding and wear of slip ring. The MCRWPT system powers the load on the rotating unit, and the data of the inertial sensors (gyroscopes and accelerometers) is output to the upper computer through wireless communication.



The maximum input voltage of the DC-DC converter used in the experiment is 40 V, and the output voltage is 5 V, so the ratio of    V  W P T   /  V  O U T     cannot exceed 8. When the load resistance    R  O U T     is 2.5 Ω, the equivalent load resistance    R L    is 160 Ω, calculated by Equation (11). When the output power is reduced to 1.6 mW, the load resistance is 15.625 kΩ, and the equivalent load resistance is 1 MΩ. When the load power is more than 1.6 mW and the output voltage is 5 V, the excitation frequency working range of the system can be obtained through the excitation frequency design method in Section 3.2.2. Considering that when the input voltage of the DC-DC converter is about 22.4 V, the output power is 10 W, and the equivalent load resistance of the system is calculated by Equation (11) to be 50 Ω. It is reasonable to choose 50 Ω as equivalent load resistance in circuit design to analyze the characteristics of the circuit.



System characteristic parameters include output voltage, output power, and TTE, and their relationship with excitation frequency is shown in Figure 15a. When the excitation frequency is 138.7 kHz, 143.35 kHz, and 145.3 kHz, the effective value of output power is 10 W, the output voltage of the MCRWPT system decreases, and the TTE increases gradually. The effectiveness of simulation analysis is verified.



The excitation frequency is 145.3 kHz, and the output load voltage is 5 V. The output power varies with the load resistance. Furthermore, the TTE decreases with the decrease of output power, and the results are shown in Figure 15b, which is consistent with the simulation analysis. The output voltage ripple measured with an oscilloscope is shown in Figure 15c. The output voltage ripple is 34.75 mV, which is less than 50 mV, which meets the requirements of the inertial sensor for the supply voltage. Figure 15d shows the accelerometer data when the rotating unit rotates at a constant speed in the uniaxial rotation module.



Experiments prove that the proposed MCRWPT method can be successfully applied to a uniaxial rotation module of a URMINS. At the same time, the effectiveness of the proposed design method is proved. The TTE of the MCRWPT systems is 74.6% at the output power of 10 W. The advantage of the approach in this article is that it is simple to implement and does not require any feedback. The shortcoming of this paper is that the PTE of the MCRWPT system gradually decreases with the decrease of the output power.




5. Conclusions


This paper applied the WPT technology to the RMINS, solving the problems of wire tangling and frictional wear of slip-rings and providing a stable power supply to the IMU. According to the characteristics of the RMINS, a simple design method of the MCRWPT system based on SS compensation topology was given. Specifically, the magnetic shielding structure’s magnetic leakage characteristics and SS compensation topology system characteristics were analyzed based on ANSYS software. The DC-DC converter was adopted to stabilize the output voltage of the secondary side with the varying load resistance. The influence of excitation frequency on system efficiency was analyzed, and the TTE was optimized by increasing excitation frequency. The experimental results showed that the designed MCRWPT system can achieve a TTE of 74.6% at an output power of 10 W and can successfully power inertial sensors and PCBs on the rotating unit of the uniaxial rotation module in the URMINS. The experimental results verify the effectiveness of the proposed method, which can simplify the design process of the WPT system and have guiding significance for engineering practice.
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Figure 1. Equivalent circuit of the MCRWPT system. 
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Figure 2. The relationship between output voltage, PTE and excitation frequency, equivalent load resistance, and coupling coefficient. (a) Output voltage changes with equivalent load resistance. (b) Output voltage changes with excitation frequency. (c) Output voltage changes with coupling coefficient. (d) PTE changes with equivalent load resistance. (e) PTE changes with excitation frequency. (f) PTE changes with coupling coefficient. 
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Figure 3. The relationship between output power and coupling coefficient. 
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Figure 4. Arrangement of the components of the MCRWPT system for an RMINS. 






Figure 4. Arrangement of the components of the MCRWPT system for an RMINS.



[image: Applsci 12 06392 g004]







[image: Applsci 12 06392 g005 550] 





Figure 5. The geometry of the 2D simulation model. (a) Case1: without ferrite shielding. (b) Case2: with ring ferrite shielding. (c) Case3: with improved pot core ferrite shielding. (d) Case4: with special-shaped ferrite shielding. 
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Figure 6. Magnetic field distributions on the XZ plane were simulated under the condition of constant load power. (a) Case1: without ferrite shielding. (b) Case2: with ring ferrite shielding. (c) Case3: with improved pot core ferrite shielding. (d) Case4: with special-shaped ferrite shielding. 
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Figure 7. Magnetic flux density (maximum value) simulated under the condition of constant load power along red measurement lines. 






Figure 7. Magnetic flux density (maximum value) simulated under the condition of constant load power along red measurement lines.



[image: Applsci 12 06392 g007]







[image: Applsci 12 06392 g008 550] 





Figure 8. Block diagram of the MCRWPT system. 
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Figure 9. With different    R L   , output voltage changes with excitation frequency. 
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Figure 10. The output voltage and PTE vary with the excitation frequency. 
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Figure 11. (a) Transmission efficiency changes with output voltage; (b) Excitation frequency changes with output voltage; (c) Output power (maximum) changes with the output voltage; (d) With different    R L   , output power changes with PTE. 
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Figure 12. Experimental prototype of an MCRWPT system. 
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Figure 13. The main circuit components and parameters used in the experimental prototype. 
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Figure 14. The prototype of the uniaxial rotation module used the MCRWPT system. 
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Figure 15. (a) System characteristic parameters at different excitation frequencies measured by experiment; (b) The relationship between TTE and output power under f = 145.3 kHz; (c) The ripple of output load voltage; (d) An accelerometer’s measurement with the motor continuously rotating. 
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Table 1. Parameters used for calculations.
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	Parameters
	Value
	Unit





	Transmitter resistance    R 1   
	0.53
	Ω



	Receiver resistance    R 2   
	0.23
	Ω



	Coil inductances    L 1   ,    L 2   
	24
	μH



	Compensation capacitors    C 1   ,    C 2   
	105.54
	nF



	Resonant frequency  f 
	100
	kHz
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Table 2. Dimensions of the simulation model.
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	Parameters
	D (mm)
	Parameters
	D (mm)
	Parameters
	D (mm)





	R1
	20.5
	h2
	6.5
	b1
	1



	R2
	26.5
	h3
	14
	b2
	1.5



	R3
	32.5
	d1
	1
	b3
	1.5



	R4
	35
	d2
	2.8
	l1
	18



	h1
	3
	d3
	1
	l2
	9.5
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Table 3. Parameters of coils and PTE via simulation.
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	Parameters [Unit]
	Case1
	Case2
	Case3
	Case4





	    R 1     [ Ω ]    
	78.482
	103.08
	166.83
	166.66



	    R 2     [ Ω ]    
	78.49
	103.08
	166.81
	166.06



	    L 1     [   μ H   ]    
	3.6578
	6.4077
	25.198
	35.233



	    L 2     [   μ H   ]    
	3.6578
	6.4077
	25.198
	35.221



	k
	0.68872
	0.7877
	0.92608
	0.94713



	   PTE    [ % ]    
	13.7
	32.7
	86.2
	92.6
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Table 4. Parameters of coils via experiment.






Table 4. Parameters of coils via experiment.





	Parameters [Unit]
	Case3





	    R 1     [ Ω ]    
	0.25



	    R 2     [ Ω ]    
	0.28



	    L 1     [   μ H   ]    
	28.109



	    L 2     [   μ H   ]    
	28.328



	k
	0.8258
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