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Abstract

:

Inductive power transfer (IPT) systems are pivotal in various applications, relying heavily on the accurate estimation of mutual inductance to enable system interoperability discrimination and optimal efficiency tracking control. This paper introduces a novel mutual inductance estimation method for Series-Series IPT (SS-IPT) systems, utilizing time-domain modeling combined with nonlinear least squares. Initially, the time-domain model of SS-IPT systems is developed by deriving its ordinary differential equations (ODEs). Subsequently, the mutual inductance is estimated directly from these ODEs using a nonlinear least-squares approach. This approach necessitates only primary-side information, eliminating the need for communication, supplementary equipment, or frequency scanning. The simplicity and directness of using collected real-time data enhance the practical applicability of our approach. The effectiveness of the proposed method is substantiated through simulations and experimental data. Results demonstrate that the estimation accuracy of our method remains more than 95.0% in simulations and more than 92.5% in experimental data.
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1. Introduction


Inductive power transfer (IPT) systems are promising technologies to create safer, more efficient, and clutter-free power solutions. IPT systems have been extensively utilized in diverse applications, like electric vehicle charging and industrial automation [1,2,3]. Mutual inductance of IPT systems is usually required to enable system interoperability discrimination [4] and optimal efficiency tracking control [5]. However, in practice, mutual inductance may be changed due to the misalignment between transmitting and receiving coils [6]. Hence, mutual inductance estimation is crucial to technology in IPT systems for their optimal performance.



Currently, most methods to estimate mutual inductance in IPT systems are based on frequency-domain analysis. These frequency-domain methods are to estimate mutual inductance by solving the system of equations based on KCL and KVL in a frequency domain. Typically, the method in [7] can estimate mutual inductance by using input voltage and voltage at only one operating frequency for an SS-IPT system. However, this method will fail when the system operates at the resonant frequency, and it can be used to measure mutual inductance offline. Methods in [8,9,10] overcome the shortcoming in [7] and can estimate mutual inductance accurately online. However, their performance heavily relies on several parameters such as the resistor of output and the parasitic resistor of the inductor. With similar processes in [7,8,9,10], additional circuits or coils can be designed to get more information from IPT systems to help improve the performance of the estimation results [11,12]. Obviously, additional circuits or coils will increase the system’s cost and complexity. Without additional components, more information of the systems can be extracted by conducting a frequency sweeping [13,14,15,16]. In [13], by selecting two operating frequencies greater than the resonant frequency of the secondary circuit, and establishing the equations of the system in each operating frequency, the mutual inductance was calculated for an SS-IPT with a passive rectifier. Similarly, with the sweeping frequency processes, mutual inductance in the IPT systems with active rectifiers could also be well estimated [14,15,16]. However, frequency sweeping methods regard the loads of IPT systems as a constant equivalent resistor, which may lead to poor accuracy since the loads of IPT systems vary at different operating frequencies. Furthermore, during frequency sweeping, IPT systems have to work in abnormal conditions. Different from frequency sweeping, harmonics analysis methods extract information at a certain operation frequency by making full use of harmonic components in the signals [17,18,19]. In [17], fundamental and third harmonic components of input current and input voltage were used to estimate mutual inductance in an SS-IPT system. In [18,19], tapered harmonics were used. Although harmonic components have been proven to enhance estimation accuracy, they cannot be measured accurately, and the measured error generally leads to poor estimation. Recently, with the development of artificial intelligence, data-driven methods have been utilized to estimate mutual inductance with frequency-domain analysis. In [20], harmonic components of current and voltage in the primary sides were used to estimate mutual inductance by using a random forest algorithm. A digital twin technology with a particle swarm optimization algorithm was applied to calculate mutual inductance by fitting the current in the primary side [21].



Based on the analysis above, several limitations of frequency-domain mutual inductance estimation methods can be identified. Firstly, incorporating additional auxiliary devices could lead to increased costs. Secondly, methods that require frequency sweeping may compromise accuracy due to the variability of the equivalent load across different frequencies. Additionally, frequency sweeping cannot be utilized in online applications. Thirdly, frequency-domain decomposition techniques often struggle to accurately capture high-order harmonic components, which are crucial for these approaches. In contrast, time-domain analysis offers a more intuitive and straightforward interpretation, is well-suited for real-time applications, and preserves the chronological integrity of the data. However, research on using time-domain methods for mutual inductance identification remains limited. In this paper, we propose a mutual inductance estimation method for Series-Series IPT (SS-IPT) based on a time-domain model and nonlinear least squares. A detailed description of the mutual inductance estimation method is presented in Section 2. Section 3 validates the proposed method with simulation data, and Section 4 further verifies it through experimental data. Conclusions are drawn in Section 5.




2. Mutual Inductance Estimation of SS-IPT Systems


2.1. Configuration and Equivalent Circuit of SS-IPT


As shown in Figure 1, the main components of the SS-IPT system include a full-bridge inverter, an SS resonant circuit, a full-bridge rectifier, and a battery load. The inverter converts the DC power into AC power with a square waveform. The SS resonant circuit refers to the arrangement where both the transmitter and receiver coils are connected in series with a capacitor. With the output of the inverter, the SS resonant circuit will transfer power from the transmitter to the receiver via magnetic coupling. The full-bridge rectifier converts the output of the SS resonant circuit into DC power to charge the battery.



The equivalent circuit of the above system is also shown in Figure 1. The excitation square source vin is utilized to replace the inverter as the input, and values of vin will alternate between +VDC and −VDC. With a similar approach, the rectifier and battery load can be considered as another square source vo whose values are switched between +Vb and −Vb. For the SS resonant circuit, a transformer model is used. In the equivalent circuit, L1 and L2 are the self-inductance of the transmitting and receiving coils, respectively. R1 and R2 are the resistance of the two coils. C1 and C2 are the series resonant capacitors connecting to the transmitting and receiving coils, respectively. M is the mutual inductance between the two coils. Current i1 and i2 are the input and output current, respectively.




2.2. Time-Domain SS-IPT Model


With the equivalent circuit in Figure 1, the SS-IPT system can be described by the following time-domain KVL equations in (1). In this equation, any variable x represents x(ωt) and the derivative order of variables is recorded in the superscript. ω is the operating angular frequency, and it can be easily calculated from the operating frequency fw by using ω = 2πfw.


       v  i n   −  v  L 1   −  v  C 1   −  i 1   R 1  + ω   M i  2  ( 1 )   = 0      v o  +  v  L 2   +  v  C 2   +  i 2   R 2  − ω   M i  1  ( 1 )   = 0      



(1)







On the basis of the characteristics of inductors, the voltage across L1 and L2 and the current through them should satisfy (2). Similarly, the voltage and current of C1 and C2 should satisfy (3).


       v  L 1   = ω  L 1   i 1  ( 1 )        v  L 2   = ω  L 2   i 2  ( 1 )        



(2)






       i 1  = ω  C 1   v  C 1   ( 1 )        i 2  = ω  C 2   v  C 2   ( 1 )        



(3)







By differentiating (1) three times, equations with four-order derivatives can be obtained in (4) and (5). By substituting (2) and (3) into (4) and (5) to eliminate i2 and its corresponding derivatives, the time-domain ordinary differential equation (ODE) in (6) is deduced. Coefficients a4~a0, b3~b1, and c3 in (6) are given in (7) and (8). Nonzero coefficients b3~b1 and c3 complicate the ODE since the nonlinear dynamics of vin and vo are considered. Fortunately, ODE in (6) can be simplified according to the features of vin and vo. As shown in Figure 2d, any working cycle of SS-IPT systems can be divided into four stages (St1~St4), and values of vin and vo maintain a constant level in each stage. Therefore, derivatives of vin and vo will be zeros in each stage, and ODE in (6) can be simplified in (9) [22]. The division of stages is determined by the phase angle α between vin and vo in Figure 2d, and α can be calculated by the phase difference between the fundamental components of i1 and vin [23] as illustrated in (10). For example, the fundamental components of i1 and vin are shown in Figure 2a,c, and angle α is determined in Figure 2b.


       v  i n   ( 1 )   −  v  L 1   ( 1 )   −  v  C 1   ( 1 )   −  i  1   ( 1 )    R 1  + ω   M i  2  ( 2 )   = 0      v  i n   ( 2 )   −  v  L 1   ( 2 )   −  v  C 1   ( 2 )   −  i  1   ( 2 )    R 1  + ω   M i  2  ( 3 )   = 0      v  i n   ( 3 )   −  v  L 1   ( 3 )   −  v  C 1   ( 3 )   −  i  1   ( 3 )    R 1  + ω   M i  2  ( 4 )   = 0      



(4)






   v o  ( 3 )   +  v  L 2   ( 3 )   +  v  C 2   ( 3 )   +  i 2  ( 3 )    R 2  − ω M  i 1  ( 4 )   = 0  



(5)






           a 4         a 3         a 2         a 1         a 0         T         i 1  ( 4 )          i 1  ( 3 )          i 1  ( 2 )          i 1  ( 1 )          i 1        =        0       b 3         b 2         b 1       0       T         v  i n   ( 4 )          v  i n   ( 3 )          v  i n   ( 2 )          v  i n   ( 1 )          v  i n         +        0       c 3       0     0     0       T         v o  ( 4 )          v o  ( 3 )          v o  ( 2 )          v o  ( 1 )          v o         



(6)






       a 4  = ω  L 1   L 2  − ω  M 2       a 3  =  L 1   R 2  +  L 2   R 1       a 2  =      C 2   L 2  +  C 1   L 1  +  C 1   C 2   R 1   R 2     /  ω  C 1   C 2         a 1  =      C 1   R 1  +  C 2   R 2     /   ω 2   C 1   C 2         a 0  =  1 /   ω 3   C 1   C 2         



(7)






       b 3  = −  L 2  ,  b 2  =   −  R 2   / ω  ,  b 1  =    − 1  / ω  2   C 2       c 3  = M      



(8)






       a 4   i 1  ( 4 )   ( ω t ) +  a 3   i 1  ( 3 )   ( ω t ) +  a 2   i 1  ( 2 )   ( ω t ) +  a 1   i 1  ( 1 )   ( ω t ) +  a 0   i 1  ( ω t ) = 0     ω t ∈ s t ,   s t ∈ { S t 1 , S t 2 , S t 3 , S t 4 }      



(9)






  α =  π 2  + ( ∠  i  1 , f   − ∠  v  i n , f   )  



(10)








2.3. Nonlinear Least Square


After the time-domain model of the SS-IPT system is established, nonlinear least squares (NLS) are used to determine the mutual inductance. NLS is an effective technique for estimating the parameters in models described by differential equations, including complex models such as differential equations in fields like physics, engineering, and biomechanics [24,25].



According to (9), let us consider a fourth-order differential equation of the form in (11). Now, the goal is to find the parameter M that minimizes the sum of squared residuals between observed data and the model predictions, and the cost function in NLS estimation can be expressed as (12). With the flowchart in Figure 3, the proposed mutual inductance estimation method can be summarized as the following steps:




	
Step 1. Parameter Initialization: Initialize the current iteration index j = 1, and choose initial estimates for the mutual inductance M;



	
Step 2. Numerical Integration: Use a four-order Runge–Kutta numerical solver to integrate the differential equation and compute     i ^  1   (wt, Mj);



	
Step 3. Residual Computation: Compute the difference between observed data i1 and model predictions     i ^  1   , and calculate the loss function by using (12);



	
Step 4. Optimization: If the current iteration index j is less than the predefined maximum iteration count N and the relative change in the estimated mutual inductance or the cost function values between iterations is more than 1 × 10−4, then the mutual in the next iteration index will be updated using the formula Mj+1 = Mj + ∆M. This update will utilize a trust-region-reflective algorithm for NLS. Additionally, the iteration index j will be incremented by 1;



	
Step 5. Convergence Verification: Repeat the optimization until the changes in the relative changes (Mj − Mj−1)/Mj−1 or (Sj − Sj−1)/Sj−1 are below 1 × 10−4, or j > N.










       i 1  ( 4 )   ( ω t ) = F    i 1  ( 3 )   ( ω t ) ,  i 1  ( 2 )   ( ω t ) ,  i 1  ( 1 )   ( ω t ) ; M       ω t ∈ s t ,   s t ∈ { S t 1 , S t 2 , S t 3 , S t 4 }      



(11)




where F is the nonlinear function.


  S ( M ) =  1 n    ∑  j = 1  n        i 1    ω  t j    −   i ^  1    ω  t j  ; M      2     



(12)




where i1(wtj) is the observed values of input current at time tj, and     i ^  1   (wtj; M) is the input current obtained by solving the differential equation numerically.





3. Simulation


The proposed mutual inductance estimation method will be verified in a group of simulation data, which is generated from a model in Simulink, and the basic setup of the model is illustrated in Table 1. As shown in Table 1, parameters of the SS-IPT systems, including self-inductance of two coils L1~L2, the capacitance of resonant capacitors C1~C2, and parasitic resistance of two coils R1~R2, are given. With the above parameter, a Simulink model is established in Figure 4. With the simulation model, input current i1 and input voltage v1 of the transmitter-side under seven coupling coefficients k are measured, as shown in Figure 5. The coupling coefficients are determined in (13). On the basis of (11), i1 in a period can always be divided into four stages St1~St4, and i1 in each stage can be utilized to estimate mutual inductance. The waveforms of i1 under different coupling coefficients are shown in Figure 5a,b. As shown in Figure 5a, with small coupling coefficients (k = 0.1 to 0.3), the distortion in the waveform of i1 is progressively small and resembles a sine wave. However, when the coupling coefficient exceeds 0.3, the waveform begins to show detailed distortions, as illustrated in Figure 5b. This is because when the coupling coefficient increases, the impedance of the primary side for the fundamental frequency increases, while the impedance for higher harmonics decreases. As a result, the fundamental component of i1 is reduced, and the higher harmonic components of i1 are increased, ultimately leading to the distortion of i1 waveform when the coupling coefficient increases.



Each segment of the above simulation data is input into the proposed method to estimate the mutual inductance. Taking the simulation data under k = 0.4 as an example, the mutual inductance estimation results for stages St1 to St4 are shown in Figure 6a. Observation of Figure 6a reveals that in all four stages, St1 to St4, the NLS cost function S(M) finally converges at a minimum value. The value of M at which S(M) is minimized is used as the estimated mutual inductance, and the estimated mutual inductance for stages St1, St2, St3, and St4 are all 22.8 µH, which coincides exactly with the theoretical value 22.79 uH. To further analyze the estimated results, the calculated i1 and measured i1 from simulation data are compared in Figure 6b. It can be found that the calculated and measured i1 are very close. According to (14), the root mean square error (RMSE) of measured i1 and calculated i1 in St1~St4 is 0.0496, 0.0493, 0.0489, and 0.0480, respectively. The average estimated mutual inductance Mave is calculated in (15) to improve the stability of the results.


  k =  M     L 1   L 2       



(13)







The estimated results are displayed in Figure 7. As illustrated in Figure 7, it is evident that the proposed method can accurately estimate mutual inductance across different coupling coefficients. When k > 0.25, the estimation accuracy approaches 100%. However, when k < 0.25, the accuracy begins to decline. This decrease in accuracy under weak coupling conditions can be attributed to the fact that small errors in mutual inductance estimation can lead to significant relative percentage errors. For example, when k = 0.01, the difference between the estimated and actual mutual inductance values is only 0.56 µH, yet this results in a 5% loss in relative accuracy. In summary, the simulated data show that the accuracies of the method proposed in this paper for k values ranging from 0.1 to 0.6 are greater than 95%, which indicates that the proposed method can estimate mutual inductance with high accuracy.


  R M S E =  1 n    ∑  j = 1  n          i  1 − m e a s u r e d   ( ω  t j  ) −  i  1 − c a l c u l a t e d   ( ω  t j  )    2       



(14)






   M  a v e   =  1 4     M  e s t 1   +  M  e s t 2   +  M  e s t 3   +  M  e s t 4      



(15)








4. Experiment


4.1. Experiment Setup


This section employs the proposed mutual inductance estimation method on experimental data to further affirm the effectiveness of the technique. Initially, an experiment prototype specifically designed for mutual inductance estimation is set up. The parameters of this prototype, including the self-inductance L1~L2 of both the transmitting and receiving coils, the capacitance of resonant capacitors C1~C2, parasitic resistance R1~R2, and the operating frequency fw, are all identical to those used in the simulations shown in Table 1. The sampling frequency for the input current i1 is fixed at 20 MHz, and both the input and output voltages are set to 100 V. With the above parameters, the experiment prototype is illustrated in Figure 8.



In this experimental configuration, the distance between the transmitting coil and the receiving coil is maintained at 10 cm. Additionally, their lateral misalignments, denoted as X, are meticulously measured. An LCR meter is employed to measure the mutual inductance at each specific misalignment. The findings are graphically represented in Figure 9. At a misalignment of X = 0 cm, the mutual inductance reaches its maximum at 19.93 μH, corresponding to a coupling coefficient of approximately 0.35. With the increasing misalignment, the mutual inductance will be reduced. As the misalignment increases to 13 cm, there is a noticeable decrease in mutual inductance to 5.70 μH, with the coupling coefficient diminishing to about 0.1.



Next, we collect comprehensive data on the primary side currents i1 and voltages v1 across various misalignments labeled as X. These data will be utilized to perform a detailed mutual inductance estimation using the proposed method. The collected data for misalignments at X = 0 cm, X = 5 cm, X = 7 cm, and X = 9 cm are displayed in Figure 10a–d.




4.2. Data Processing and Mutual Inductance Estimation


Before the experimental data can be utilized in the proposed method for mutual inductance estimation, it is imperative to perform preprocessing on the raw experimental data. This step is crucial because the experimental data significantly differ from the simulated data, primarily due to the presence of high-frequency noise, as depicted in Figure 11a. Such noise results in the data not being smooth, which could potentially lead to a decrease in the accuracy of the method being proposed. To mitigate this issue, an initial step involves stripping away both the upper and lower envelopes of the data. Following this, the data are further processed by calculating the average of these envelopes, as illustrated in Figure 11b. This averaged envelope data are then used as a refined input for mutual inductance identification.



The above processed experimental data under various conditions of misalignment are fed into the proposed method, and the results of mutual inductance estimation are shown in Figure 12. Observations from Figure 12 suggest that, overall, when the misalignment ranges from 0 to 13 cm, corresponding to a coupling coefficient k range from 0.1 to 0.35, the accuracy of mutual inductance identification lies between 92.5% and 96.5%. Notably, at a low coupling coefficient of k = 0.1, the accuracy hits its lowest at 92.5%. As the coupling coefficient increases, there is a noticeable improvement in the predictive accuracy of the proposed method. Specifically, when the coupling coefficient exceeds 0.25, the accuracy of predictions consistently surpasses 95.5%. The proposed mutual inductance estimation method is compared with the existing methods in Table 2, and the proposed method has some attractive features compared with the existing methods. For example, compared with [7], the proposed method can be used when the SS-IPT system operates at the system resonant frequency. Compared to the methods in [8,9], the proposed method can estimate mutual inductance without the information of the output load. Additionally, only a current sensor is required in the proposed method, and, hence, compared with the methods in [11,12], the proposed method has fewer components, leading to reduced cost. Furthermore, compared with the methods in [15,16], the proposed method can estimate mutual inductance without sweeping frequency and without communication, making it suitable for online applications. Finally, the proposed method does not require harmonic extraction, so its results are less affected by the accuracy of harmonic extraction.





5. Conclusions


This paper introduces a novel method for estimating mutual inductance in Series-Series inductive power transfer (SS-IPT) systems, using time-domain modeling and nonlinear least squares. Our approach, which relies solely on primary-side information, eliminates the need for additional equipment or complex procedures, simplifying the implementation process. Validated through simulations and experimental data, the method achieves high accuracy rates—over 95.0% in simulations and 92.5% in experiments—demonstrating its effectiveness and potential for enhancing IPT system performance. This streamlined, accurate method offers significant potential for advancing the practical application and efficiency of IPT technologies.
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Figure 1. Configuration of SS-IPT system and its equivalent circuit. 
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Figure 2. Simulation waveform of SS-IPT systems. (a) i1 and its fundamental component. (b) Fundamental components of i1 and vin. (c) vin and its fundamental component. (d) vin and vo. 
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Figure 3. Flowchart of the proposed mutual inductance estimation method. 
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Figure 4. Simulation model of SS-IPT system in Simulink. 
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Figure 5. Input current i1 of transmitter-side under different values of coupling coefficient k. (a) k = 0.1~0.3. (b) k = 0.4~0.6. 
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Figure 6. Mutual estimation results of the proposed method under k = 0.4. (a) Cost function under stages St1~St4. (b) Comparison between measured i1 and calculated i1 with estimated M. 
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Figure 7. Estimated mutual inductance and the corresponding error under different coupling coefficients with simulation data. 
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Figure 8. Experiment prototype for mutual inductance identification. 
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Figure 9. Coupling coefficients and mutual inductance under different misalignments. 
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Figure 10. Experiment data at different misalignments. (a) X = 0 cm. (b) X = 5 cm. (c) X = 7 cm. (d) X = 9 cm. 
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Figure 11. Experimental Data. (a) Raw data. (b) Processed data. 
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Figure 12. Estimated mutual inductance and the corresponding error under different coupling coefficients with experimental data. 
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Table 1. Setup of the SS-IPT simulation model.
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	Operating frequency fw
	85 kHz



	Sampling frequency fs
	20 MHz



	Self-inductance L1 and L2
	56.67 μH, 57.23 μH



	Capacitance of C1 and C2
	61.52 nF, 60.90 nF



	Parasitic resistance R1 and R2
	0.036 Ω, 0.039 Ω



	Coupling coefficient k
	{0.10, 0.15, 0.20, …, 0.65}










 





Table 2. Comparison of the proposed mutual inductance estimation method and existing methods.
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	Accuracy
	Additional Hardware
	Commu-nication
	Online/Offline
	Pregiven Load Information
	Time Cost
	Disadvantage





	[7]
	98%
	One current sensor
	No
	Offline
	No
	/
	Cannot work at the system resonant frequency



	[8]
	93.7–96.2%
	One current sensor
	No
	Online
	Load Resistance
	/
	Only applicable to parallel-tuned secondary power pickup



	[9]
	99%
	One current sensor
	No
	Online
	Load Resistance
	4 ms
	It is necessary to know the load resistance in advance



	[11]
	97.8%
	One voltage sensor, one additional sandwich coil
	No
	Online
	No
	/
	Additional design of sandwich coil, replacement of transmitting and receiving coil means redesign, low power density



	[12]
	97.1%
	One switching capacitor
	No
	Offline
	No
	50 ms
	Additional switches affect efficiency, increase system complexity, and reduce power density



	[14]
	97%
	Two current sensors
	Yes
	Offline
	No
	3.6 s
	Communication is required, and data at up to 14 frequencies are required to have satisfactory accuracy



	[15]
	98.5%
	One current sensor
	No
	Offline
	No
	62 ms
	Only applicable to systems with active rectifier and requires frequency sweep



	[16]
	99%
	One current sensor
	No
	Offline
	No
	7 ms
	Only applicable to systems with active rectifier and requires frequency sweep



	[19]
	96.6–98%
	One current sensor
	No
	Online
	No
	2–5 s
	Voltage and current of multiple harmonics are required.



	This paper
	92.5–96.5%
	One current sensor
	No
	Online
	No
	0.1 s
	High sampling rates and high computation are needed.
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
=™

Km015 k=02 k=025 k=03 k=035 k=04 k=045 A=05 k=055

k=01

Coupling coefficien

k=06

2 3 8 8 &
D e 00





media/file4.png
15
10T
st
_f,-ﬂ: 0 R f
o
5F < >
10 | S
— iy
-15
0 T-o T 21-o 21 310 31
wt (rad)
(a)
400
N\ N
2001
o«
Z 0
.;S
2001
= Vi
- B
400 o/
0 T-O T 21-o1 21t 3m-o 31
wt (rad)

(c)

i1 (A)

15 ' 400
Zl'l’f - Lv,-n,f
10T >®
N 0 1200
ST 0.9 I 1.1
" y g
0 0 s
-
o
5F >
— -200
10 [ b
— Vin s
15 0 -0 o 2m-o 21 3m-o 31 -400
wt (rad)
(b)
400
sn § s2 | s3 | su | sn | so
200
> a_
N
= 0
=
=
§
-200
= Vin
— vO
-400
-0 i 2m-o 21 3m-a RY»
wt (rad)
(d)





media/file18.png
Coupling coefficient

0350 : .
037 I
/ Transmitting/
025 / side -
02 A _
/ Receiving
side
0.15 _
X vy H=10 cm
0.1 '
0 4 8 10 12 14

Misalignment X (cm)

19.93

17.08

14.24

11.39

8.54

5.70

Mutual inductance (uH)





media/file21.jpg
[——
5% B [
wi(rad)
@

— Lovsremekps
— Avongeemeope

0 [
witrad)

®)





media/file3.jpg
Py

15 15
o o
# ; i i ¥ ; o5
2, : g o
. s
-0 7 |- “
B wa x wa x ma T x a2
orron ormn
@ ®
“ s e s T B |
) n)
& H
i H
H
wf
B T x xa 2w wa R D
or e

© @





media/file22.png
11.6

11.41

12 7 ]
“'8%

High frequency fluctuations

i1 (A)

0.475n

0.5n

0 0.57 T
wt (rad)

(a)

1.5x7 27

2n

' ' ' 122}
101
5 -
— 114}
< 0 0.475n 0.5m
~ o Upper envelope
........... Lower envelope
-10r Average envelope |
0 0.57 T 1.57

wt (rad)

(b)





media/file19.jpg
®

TR i

@






media/file7.jpg





media/file10.png
i1 (A)

Sl

1

S12

2

O.'Sn

12.5
10.0
7.5
5.0
2.5

-2.5
-3.0
-7.5
-10.0
-12.5

1

St






media/file14.png
Mutual inductance ( & H)

35

30

25

20

15

10

[ [ [ [ [ [ |
B Estimated
[ ] Real

-=<{-- Error

-
-
-
-
-
-
-
-
-
[N
e
-

i

k=0.1 k=0.15 k=02 k=025 k=03 k=035 k=04 k=045 k=0.5
Coupling coefficient

100

99

98

97

96

95

Estimated accuracy (%)





media/file11.jpg
[ T
Mt |
~ 23 [
O o
ety S
oo
= T
z yia |
3|/
¢ I~y
O )

@





media/file6.png
[ Begin J
Measured

input current ¢
I

Initialize j=1, M,

€
\ 4
ODE in (9)

v

Initial
state

»

A

Estimate current 7

i A

- Calculate cost
function S; in (12)

N My =M+ AM

A

M; - A/[j-l)/f\/lj-1<1><10'4?
(S; = S1)/Si=<1x1072

Estimated result

CL






media/file15.jpg
1. Transmitting coil 3. Resonant CapacitorC1 5. Inverter 7. Controller

2.Receivingcoil 4. Resonant CapacitorC2 6. Rectifier 8. Auxiliary power






nav.xhtml


  energies-17-03307


  
    		
      energies-17-03307
    


  




  





media/file16.png





media/file2.png
Voe T






media/file20.png
File  Edit  Utility  Help Tektronix File  Edit  Utility  Help

L Waveform View 5 2 Waveform View

© o D
/ -5A / -5A

el NP Nz I 7 R N +

-154 = R -154

-20A
: 4us 8us 12us 16us 20us 24us 28us 32us 36us

|

J
]
]
@\
a
<
-

8us 12us 16us 20us 24us 28us 32us 36us

| | T | e | Tri ~ Acquisition | — [~
50 V/dw 3 6 rﬁ:ﬁ ﬁ:z ﬁgx 4 ps/div 40 ps Auto, Analyze 5 Aldiv 50 V/div 36 ﬁdd ;\dd ﬁdd
ISVl SHARN SR: 625 MS/s 1.6 ns Sample: 12 bits 19 May 2024 MQ MQ 1MQ 1MQ Math || Ref || Bos.
RL: 25 kpts ¥ 0% 329 Acgs AM . (. JR120 MHz 8 J{200 MHz

200 MHz

5 Adiv
1MQ
20 MHz

Tektronix File Edit Utility Help
Waveform View % 3 Waveform View g‘

g /- on B
| -5A -54
7Z ; -104 -10A
» -15A = -154
~20A ~20A
N ' u
20A

File  Edit  Utility  Help

L

dus 8us  l2us 16us 20us  24us 28us _ B2us 36us 4us 8us 12us Bus  20us 24us 28us  32us 36us ] H

o w8 &
-

0A ‘

)‘\ | i\ J N | o 54
e - - - — -10A -10A
-15A -154

-20A -204

|| === [Herizontal T [Chs —— —— ——  [Horizontal
S Aldiv S0 V/div Add | Add| Add @ p - 5 A/div 50 V/div 5 A/div 50 V/div ﬁdd ﬁdd ﬁdd 4 ps/div
1MQ 1m0 3|l 6 um r\'l‘ee\;v l;ivsv : Y 6 g,mp;,, P) b,.s 1MQ 1MQ 