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Abstract

:

A capacitive power transfer (CPT) system wirelessly transfers energy between coupling plates and performance issues related to CPT systems are resonance conditions, matching impedance, voltage stress, and power loss. A generalized circuit model is proposed for shielded capacitive power transfer (S-CPT) using an algebraic method. The proposed generalized S-CPT model is analyzed based on the symmetric and asymmetric configurations, and the relationship between the parameters of S-CPT is obtained with respect to the resonance condition, matching impedance, voltage stress, and efficiency. The best configuration of a symmetric S-CPT is recommended, and an asymmetric S-CPT is proposed based on the analysis results. Asymmetric-S-CPT hardware was constructed and demonstrated an operating frequency of 13.56 MHz. The hardware experimental result shows the validity and effectiveness of the proposed generalized model for designing S-CPT.






Keywords:


capacitive power transfer; modelling; shielded capacitive power transfer












1. Introduction


Capacitive power transfer (CPT) is a wireless power transfer technology that has attracted attention among researchers. A CPT system uses coupling plates that act as a capacitor to transfer the AC voltage wirelessly from the transmitter side to the load. Recently, CPT systems have been developed by many researchers in many applications, such as electric vehicle charging [1,2,3,4], medical devices [5], unmanned aerial vehicles [6,7], and rotary applications [8,9,10,11]. Recently, a variety of CPT systems have been introduced with different capacitive plate, compensation circuit, and inverter designs to achieve the best performance and efficiency of the power delivery. CPT systems feature cost effectiveness, light weight, and good tolerance to misalignment [12].



In CPT technology, modeling of the CPT system has been performed to study the behavior of the circuit covers to find the best solution for the efficiency, resonance condition, mismatch of the coupler, and other problems. Different types of analysis and modeling of CPT systems have been introduced in previous studies, including finite element modeling of the capacitive coupler [5], the duality principle of the primary and secondary side [13], multiple input with single output [14], and an induced voltage source model by using six coupling-dependent capacitors between each pair of plates [15].



The structure of the capacitive coupler has been fabricated in various designs such as a two-plate structure, four-plate parallel structure, four-plate stacked structure, and six plate structure [12]. Thus, the capacitance between the plates is different and needs to be simplified in an equivalent circuit. In a CPT system with four plates [16], the plates are arranged in parallel to form the coupling capacitance, as illustrated in Figure 1a, and the plates can be arranged in a horizontal plane in regard to the application [17,18]. Figure 1a shows the four-plate structure in which two plates are on the primary and secondary side. Typical coupling capacitance in the CPT system with four plates can be modeled as two coupling capacitors with input and output voltage, as shown in Figure 1b. In a previous study, a generalized coupling model using the duality principle was proposed [13] to overcome the drawback of the two-capacitor coupling model, as shown in Figure 1b, in which the primary and secondary side of the coupling plate cannot be analyzed separately and there is complexity in the analysis when coupling plates are not exactly in parallel.



The four-plate structure has been analyzed in various capacitive coupling models. Six coupling capacitors can be formed in the four-plate structure and can be simplified into an equivalent two-port model [17] and π-topology circuit [16,19]. The six-capacitor model can be divided into mutual capacitance, primary capacitance, and secondary capacitance in which the capacitive coupling factor has been introduced into the model [13]. The mutual coupling model used without the grounding effect to describe the four-plate parallel structure of the CPT system is inaccurate and it has been found that the CPT system performance is effected by grounding [20].



In the CPT system, there is a need for a compensation resonant topology in which it is used to establish resonances in the circuit and to transfer a high level of power [19]. Many resonant compensation topologies have been introduced in the CPT system, such as LC [17,21], LCL [19], and LCLC [18] topology. Thus, both the compensation circuit and the capacitance coupler can be formed into an equivalent CPT model for analysis purposes. The fundamental harmonic approximation (FHA) method has been proposed to analyze the CPT circuit with an LC compensation circuit in which voltage-dependent current sources represent the capacitive coupling between the primary and secondary sides for a four-plate horizontal structure of the CPT system.



The six-plate structure has been introduced in the CPT system [22] in which two plates and four plates act as shielding plates and coupler plates, respectively. In comparison to the four-plate structure, a six-plate coupler has the advantages of safety and electric field emission reduction [2,23]. The six-plate structure can be formed into a 15-coupling capacitor model with self and mutual capacitance [23].



This work is focuses on the behavior of the circuit with four coupler plates and two shielding plates in which the couplers build the six-plate structure. Modeling and designing the CPT system can become complex based on the coupler structure. Moreover, the included compensation circuit in the CPT system makes the analysis more difficult. In this report, a generalized model is proposed with deep analysis of the parameter variation. Therefore, the parameters of S-CPT can be determined regarding the design specification such as high- and low-power applications, safety regulations, and different load outputs. Moreover, the effect on the S-CPT system can be predicted when the slightest change in parameters occurs. The new findings are presented to address the best solution for the resonance conditions, impedance matching conditions, and efficiencies in shielded capacitive power transfer (S-CPT). The findings are as follows.



	
An analysis method was developed to design a generalized model of an S-CPT system using an algebraic method in a linear system in symmetric and asymmetric configurations.



	
A configuration of the symmetric S-CPT based on the analysis method is recommended based on the resonance condition, matching impedance, voltage stress, and efficiency.



	
A configuration of an asymmetrical S-CPT system with hardware validity is proposed.







2. Modeling of an S-CPT System


S-CPT with a symmetrical configuration was introduced in previous research [24,25]. However, a full analysis of the S-CPT system based on the electrical behavior of the circuit has not yet been performed. Thus, in this section, a full analysis is presented in which the best S-CPT design is obtained in terms of the resonance conditions and impedance matching conditions by using an algebraic method for a linear system. The detailed analysis is explained based on the S-CPT model shown in Figure 2.



Figure 2 shows the S-CPT system model, which consists of a coupling capacitor CC between the transmitter and receiver. The S-CPT system is constructed as a four-plate structure with two shielding plates. L1 and C1 are the series resonance inductor and shield coupler capacitance on the transmitter side, respectively. On the receiver side, the series resonance inductor L2 and shield coupler C2 are connected to the load RL. In addition, the AC supply Vi is used in the circuit as the input. Analysis of the circuit is based on the ideal S-CPT system in which the internal resistances of the inductor, capacitance, voltage supply, and others are assumed to be zero.



2.1. Equivalent Model of Generalized S-CPT


The S-CPT shown in Figure 2 can be simplified into Figure 3 for analysis purposes. The analysis uses the algebraic method and S-CPT system as a linear system.



Figure 3 shows the circuit of the S-CPT system, and Kirchhoff’s current law is used for each loop for analysis purposes, with values of reactance parameters represented by jω, where ω is the angular frequency. The equations for each loop are obtained as follows:


   [       (  j ω  L 1  +  1  j ω  C 1     )      −  1  j ω  C 1       0      −  1  j ω  C 1         (   1  j ω  C 1    +  1  j ω  C C    +  1  j ω  C 2     )      −  1  j ω  C 2         0    −  1  j ω  C 2         (  j ω  L 2  +  1  j ω  C 2    +  R L   )       ]   [     I 1       I 2       I 3     ]  =  [     V i      0     0    ]   



(1)







Equation (1) is solved by substituting I2 and I3 into I1; then, the current I1 can be obtained as Equation (2). The angular frequency ω = 2πf, where f represents the value of the operating frequency in the S-CPT system and r is the ratio of the secondary inductor C2 to C1.


   I 1  =   j ω C  {  −  ω 2  M C  L 2  + N + j ω M C  R L   }     [   ω 4  M  C 2   L 1   L 2  +  ω 2  C  {  M C  R 0   R L  + N  L 1  + Q  L 2   }  + T  ]  − j  [   ω 3  M  C 2   {   L 1   R L  +  L 2   R 0   }  − ω C  {  Q  R L  + N  R 0   }   ]     V i  ,  



(2)




where


   [     M     N     Q     T     ]  ≡  [      a  r 2         (  a r − 1  )         (  a − 1  )   r 2         (  a r − r − 1  )       ]  ,  



(3)




and the capacitance C is equal to the primary capacitance, C = C1, the ratio of the primary capacitance to the secondary capacitance r = C2/C1, and the relationship between the coupling capacitance and the shield coupler a = 1 + C/CC + 1/r.



First, in an S-CPT system with a resonance condition, the total impedance is purely resistive, in which the imaginary part is zero. In a CPT circuit, resonance occurs when the total impedance of inductance is equal to the total impedance of capacitance and, as a result, the total impedance of the circuit is equal to the resistive value only. Thus, using |I1/Vi| in Equation (2), the correlation between the primary inductor L1 and other components under the resonance condition is obtained by Equation (4).


   L 1  =   b C  r 2   R L    2   (  a − 1  )  +  {  b  L 2  −  (  a r − 1  )   }   {   (  1 −  1 a   )  b  L 2  −  (  a r − 1  )  + r  }     b 2  C  R L    2  +  ω 2  C    {  b  L 2  −  (  a r − 1  )   }   2    ,  



(4)




where


  b ≡  ω 2  a  r 2  C .  



(5)







Second, in an S-CPT system with a matching condition, the internal resistance of the source load, 50 Ω, is equal to the load [24]. As a result, the current magnitude |I1/Vi| in the matching condition of the S-CPT system gives a magnitude value of 0.01 or 1/100 with an effective load RL′ of 100 Ω. In the next section, the analysis findings for the S-CPT system are discussed in detail.




2.2. Ratio Analysis Model


In resonance conditions, the correlation between the primary inductor L1 and other parameters was obtained, and further analysis was conducted. The analysis was performed to study the effect on the L1 value when the load changes based on the ratio between the coupling capacitance and when both the primary and the secondary shield coupler capacitance is 1. Thus, the parameters used for the ratio analysis are listed in Table 1 with an operating frequency of 13.56 MHz. One of the specific industry, scientific, and medical (ISM) band frequencies for consumer devices determined by ITU-K is 13.56 MHz and it has no negative impact on other licensed bands [24]. Furthermore, the size and value of inductance in the CPT system can be decreased when the frequency is increased [26]. Therefore, 13.56 MHz is selected as the operating frequency in this work.



The relationship of the primary inductor L1 to the secondary inductor L2 with the same value of coupling capacitance CC and shield coupler capacitance in the primary, C1, and secondary, C2, sides are formalized by graph transformation, as shown in Figure 4, which illustrates L1 and L2 in the resonance condition with the variation of the load RL. This graph can be used to estimate the value of the S-CPT parameter during the design process.





3. Designing a Symmetric S-CPT


Based on Equations (1), (2) and (4), a symmetric S-CPT can be designed to meet the requirements of the resonance conditions and matching impedance conditions. Thus, based on Figure 4, a symmetric S-CPT system is the configuration in which the value of the primary inductor is equal to that of the secondary inductor; mathematically, it can be written as L1 = L2. Moreover, the values of the primary and secondary capacitances are the same (C1 = C2) to form a symmetric configuration of the S-CPT system. In this section, the design of the symmetric S-CPT system is analyzed by using a ratio analysis method, as in the previous section.



3.1. Resonance Conditions of the Symmetric S-CPT


Resonance in the CPT system can be created using an inductor in which it is connected to capacitive coupler [17,27]. Based on the finding of the correlation of L1, the symmetric S-CPT can be designed with the value of the inductor, L1 = L2, and capacitance, C1 = C2. The graph in Figure 4 is therefore made up of a straight line to represent the symmetric S-CPT case. Thus, as the straight line for the symmetric S-CPT intersects with other plotted lines, three numerical values are shown on the graph. Therefore, there are three values of L1 and L2 of the symmetric S-CPT system that can be used in the design for the same load RL. These three values are represented by points 1, 2, and 3 in Figure 4.



At points 1 and 3, L1 and L2 change with the value of RL. However, there is no intersection at points 1 and 3 for the higher RL at 500 and 1000 Ω. At point 2, both L1 and L2 remain the same, even though RL changes. Therefore, the value of L1 is not affected by RL. In designing the symmetric S-CPT system for a load of 100 Ω, three points of intersections, as shown in Figure 4, indicate that the values of L1 and L2 occurred at 4.74, 9.19, and 13.62 µH. Therefore, these inductor values can be used in the S-CPT system. However, for a better analysis, the impedance matching conditions must be considered for these values.




3.2. Matching Condition of the Symmetric S-CPT


Based on previous work [24], the optimal impedance matching occurs when the effective load RL′ is twice the value of the internal resistance Ro or can be written as RL′ = 2Ro. The impedance matching will take place between the specific load resistance and internal resistance Ro in which maximum power transfer can be achieved in the CPT system [28]. Based on the analysis, the current magnitude peak|I1/Vi| is 1/RL′ or 0.01. In this matching condition, there is no reflection of the signal from the load, and the power can be transferred to the maximum value. Thus, for the internal resistance of the power supply Ro = 50 Ω, RL′ must be 100 Ω. By using Equation (2) with the parameters in Table 1, |I1/Vi| is plotted for L1 = L2 of 4.74, 9.19, and 13.62 µH for the load, RL is 100 Ω, and the plotted graph is as shown in Figure 5.



Figure 5 shows the current magnitude |I1/Vi| for the inductor values 4.74, 9.19, and 13.62 µH. In additional, the line graphs are drawn with values of 0.01 and 13.56 MHz to indicate the |I1/Vi| peak value and operating frequency value, respectively. The resulting graph shows that the values of S-CPT with inductances of 4.74 and 13.62 µH reach a peak of 0.01 S at an operating frequency of 13.56 MHz with a load of 100 Ω. However, S-CPT with an inductance value of 9.19 µH peaks at 0.01 S when the load RL approximates to 1500 Ω to obtain an effective load RL′ of 100 Ω. In summary, for S-CPT with inductances of 4.74 and 13.62 µH, RL′ is equal to RL to meet the matching condition requirement. In contrast, the S-CPT with a 9.19 µH inductor reaches the matching impedance condition with an RL of 1500 Ω.




3.3. Voltage Stress Condition of the Symmetric of S-CPT


The coupler plate and shield coupler can be constructed using a printed circuit board (PCB) with a cuprum surface. The PCB faced a breakdown voltage when the applied electric field strength on the PCB surface exceeded a certain threshold [29] depending on the PCB material. Several factors influence the breakdown voltage, such as atmospheric condition, structure of the air gap, and voltage waveform [30].



Moreover, the air also has a dielectric strength or a maximum electric field of 30 kV/cm, and it has been found that, with a voltage limit of 30 kV/cm, the gap between the shield and coupler must be designed under the limitation value [24]. In the S-CPT system, the shield plate minimizes the electric field emission from the coupler plates to the air [2]. In designing for high-voltage applications of S-CPT, the breakdown voltage must be considered. The maximum breakdown voltage is proportional to the air dielectric strength ESC and the gap between the plates. The maximum breakdown voltage can be written as


   V A  =  E  S C    d  s c    



(6)




and


   C 1  =    ε r   ε 0   A  S C      d  S C     ,  



(7)




where VA and dSC are the voltage stress and gap between the plates, respectively. The capacitance value C1 is directly proportional to the dielectric constant of the material εr, the dielectric constant of free space ε0, the area of the capacitance plate ASC, and gap between the coupling electrodes, dSC. Reducing the gap between the plates decreases the breakdown voltage between the plates. In the design specification for transferring high voltage, the voltage stress between the plates must be considered for safety reasons.



Coupler plates of 10 pF, as shown in Table 1, can be fabricated using (7) with an area of the plate of 60 cm2, air as the dielectric material, and a gap between the plates of 0.53 cm. Therefore, the breakdown voltage between the fabricated coupler can be determined using (6) and the calculated breakdown voltage is 15.90 kV for air dielectric strength ESC of 30 kV/cm. Considering 50% safety tolerance of the breakdown voltage, the applied voltage stress between the plates must be under 7.95 kV.



An analysis of an S-CPT symmetric circuit at 4.74, 9.19, and 13.62 µH was done to investigate the voltage stress at the coupling shield plate primary side, coupling shield plate secondary side, and coupling plate. This analysis was intended to address concerns about breakdown voltage.



Figure 6, Figure 7 and Figure 8 show the voltage changes at the coupling plate in which VA and VB are coupling shield voltages by injecting a voltage input of 1 V at the primary and secondary voltages, respectively. The voltage difference between VB and VA refers to the coupling voltage.



Figure 6 shows that a higher voltage occurs at coupling voltage V(VA, VB) when L1 = L2 = 4.74 µH when the maximum amplitude voltage is 7.72 V. In designing S-CPT with safety considerations, voltage input can be increased as long as the coupling voltage V(VA, VB) is under the breakdown voltage of 7.95 kV. Figure 7 shows that the highest voltage occurred at the coupling shield in the primary side V(VA). Considering Figure 7 with the ratio value, when the voltage stress at the coupling shield V(VA) is approaching the breakdown voltage, voltage stresses at both V(VA, VB) and V(VB) are still in a safe condition. In addition, Figure 8 indicates that the voltage stress of the coupling shield plates at the primary and secondary sides are both high in magnitude. Thus, the voltage stress between coupling plates is low and results in a low current.



In summary, L1 = L2 = 4.74 µH can be used in designing a symmetric S-CPT system because of the lowest value of inductance. The low value results in a small inductor size as well as a low price. Moreover, the results show that the voltage stress is higher at the coupling plate.




3.4. Efficiency Condition of the Symmetric S-CPT


An inductor has internal resistance, which contributes to the loss. Power loss in inductors reduces the CPT system efficiency [18]. The relationship between the internal resistance of the inductor and RS [24] can be written as follows.


   R S  =   8 ρ    ϕ 2        2 R L  μ     



(8)




where ρ, µ, and ϕ are the resistivity, core material permeability, and thickness of the wire, respectively, and R is the radius of the core. Equation (8) shows that RS is directly proportional to the inductance. The higher the value of the inductor, the higher the value of the internal resistance, because the resultant loss increases in the S-CPT system and reduces the system efficiency. For the same material and radius of the inductance, a higher inductance is a drawback in terms of the power loss. For analysis purposes, the internal resistance RS is calculated based on the inductor material and diameter being the same with an air-core-type inductor to investigate the effect of the internal series on the S-CPT system efficiency. The approximate efficiency EFF in the S-CPT system is presented in Figure 9.



Figure 9 shows the approximate value of efficiency for L1 = L2 for 4.74, 9.19, and 13.62 µH, and a straight line is drawn for an abscissa of 13.56 MHz. The efficiency of the ideal S-CPT without loss is 1.0, and the graph shows that the power loss drawn by internal series resonance affects the efficiency. Although S-CPT with L1 = L2 = 9.19 µH has a higher inductance value than with L1 = L2 = 4.74 µH, the efficiency of S-CPT with L1 = L2 = 9.19 µH is the highest compared with the others, with a value of 0.86. Considering Figure 4, S-CPT with L1 = L2 = 9.19 µH has stability and a minimal effect on resistor changes in the system. Thus, an internal series of inductors induces least effect on the efficiency of the S-CPT system with L1 = L2 = 9.19 µH. In contrast, the highest power loss occurred at L1 = L2 = 13.62 µH and affected the efficiency value. The obtained efficiency was 0.72.




3.5. Recommendation for the Symmetric S-CPT Model


The analyses for L1 = L2 of 4.74, 9.19, and 13.62 µH are presented in terms of the resonance condition, matching condition, electric field limitation, and power loss, as summarized in Table 2.



It is recommended that, in designing a symmetric S-CPT system, L1 = L2 = 4.74 µH be used for the S-CPT system because of the small inductance value. The small value of inductance makes the system small and light. However, when considering stability in the resonance condition and loss resulting from the internal resistance of the inductance, L1 = L2 = 9.19 µH is the most suitable, but the effective load must be obtained. In contrast, L1 = L2 = 13.6 µH can be excluded from the design consideration because of the high value of inductance, high loss, and heavy weight.





4. Designing an Asymmetric S-CPT


The behavior of the S-CPT circuit when the secondary inductor L2 is zero was analyzed, and a new asymmetric S-CPT system was designed. Without the secondary inductor, the S-CPT system can minimize the total S-CPT loss because the total quantity of the inductor in S-CPT is reduced and the efficiency can be increased. By using Equation (1) and the same parameters as in Table 1 with the secondary inductor L2 equal to zero, the current I1 and the primary inductor L1 can be deduced as follows:


   I 1  =   ω C    N 2  +  ω 2  M  C 2   R L    2           [  −  ω 2  C  {  M C  R 0   R L  + N  L 1   }  + T  ]   2  +    [   ω 3  M  C 2   (   L 1   R L   )  − ω C  {  Q  R L  + T  R 0   }   ]   2       V i   



(9)






   L 1  =   b C  r 2   R L    2   (  a − 1  )  +  {  −  (  a r − 1  )   }   {  −  (  a r − 1  )  + r  }     b 2  C  R L    2  +  ω 2  C    {  −  (  a r − 1  )   }   2     



(10)







Equations (9) and (10) show the relationship between current I1 and the primary inductor L1 with other parameters in the asymmetric S-CPT system. Based on this relationship, the performance of the asymmetric S-CPT system was investigated in terms of the resonance condition, matching impedance, electric field limitation, and efficiency.



4.1. In the Resonance Condition of the Asymmetric S-CPT System


In the resonance condition, the relationship between the primary inductor and load, shielded by the coupling plate ratio, and the coupling capacitance based on Equations (9) and (10), are plotted in Figure 10, Figure 11, Figure 12 and Figure 13.



Figure 10 shows the relationship between L1 and RL when the value of L2 = 0. The value of the inductor is stable when the load increases gradually. However, the inductor value drastically increases when the load approaches 100 Ω and becomes stable again when saturated when the frequency increases.



Figure 11 shows that the inductor L1 increases by a small amount when the ratio between the coupling shield plate in the secondary and primary C2/C1 increases. Therefore, if misalignment occurs in the coupling shield plate, it does not significantly affect the primary inductor. Thus, the resonance and matching impedance condition change is small.



Figure 12 shows the relationship between the inductor and coupling plate. When the distance of the coupling capacitance plate decreases, the coupling capacitance increases, and the inductor value must be reduced to meet the requirement of the resonance condition. Figure 13 illustrates the decrease in the inductance L1 when the ratio of the primary inductance C/Cc to the coupling capacitance increases gradually.



In summary, the value of the primary inductor, L1, can be calculated based on the resonance condition and relies on the value of the coupling plate, shield coupling plate, and load resistance. In addition, resonance can be achieved without the secondary inductor, L2, and becomes an advantage of the S-CPT system in terms of the weight. However, other conditions, such as a matching condition, voltage stress between the plates, and loss, need to be analyzed, and the results are presented in the next section.




4.2. Matching Condition of the Asymmetric S-CPT System


In a matching condition, the load RL must be obtained by using the current magnitude |I1/Vi|, as in Equation (9). As mentioned, the peak of the response must reach 0.01 at a 13.56 MHz operating frequency. Various loads RL are presented in Figure 14.



Figure 14 shows the current response when the load |I1/Vi| changes. When the load is 800 Ω, the circuit meets the matching condition with a peak of 0.01. The calculated inductance value for a load of 800 Ω is 8.0 µH. Thus, based on the calculation and analysis, S-CPT is under a matching condition with L2 = 0 and a load of 800 Ω for a 13.56 MHz operating frequency.




4.3. Voltage Stress Condition of the Asymmetric S-CPT System


The voltage stress between the coupling plate (VB, VA) and shield coupler at the primary VA and secondary VB of the asymmetric S-CPT was investigated by supplying a 1 V voltage with an operating frequency of 13.56 MHz. The voltage stress result is presented in Figure 15, which shows that a higher voltage stress occurred at the shield coupler plate at VB. Thus, the breakdown voltage in this configuration occurs at the shield coupler plate, and the voltage stress is limited to 30 kV/cm.




4.4. Efficiency of the Asymmetric S-CPT System


Considering the internal resistance in inductance, an approximation of the internal resistance of inductance, Rs, is included to find the loss in the asymmetric S-CPT system. The approximate results are presented in Figure 16.



Figure 16 shows the efficiency of asymmetric S-CPT with the primary inductor L1 set to 8 µH and a load of 800 Ω. The vertical graph is plotted with a value of 0.86 as the maximum efficiency in the case of the symmetric S-CPT. The graph shows that the asymmetric S-CPT has better efficiency than the symmetric S-CPT.



In summary, all the analyses for primary inductance L1 with secondary inductance L2 = 0 were performed, and the results were obtained. The asymmetric S-CPT can be designed under resonance conditions and matching conditions with better efficiency. The ratio between the shield coupler capacitance C and the coupling capacitance CC can be increased to minimize the value of the inductor L1.





5. Hardware Design of an Asymmetric S-CPT


Based on the findings of the analysis, which covered the resonance condition, matching circuit condition, electric field limitation, and power loss, an asymmetric S-CPT system was designed. The parameters of the asymmetric components were chosen, as shown in Table 3, and the value of the primary inductor L1 was calculated using Equation (7). Table 3 shows the design value is obtained using the analysis result. The measurement value was acquired from the measurement of the hardware in which the hardware was fabricated to the closest value of the calculated design. By using |I1/Vi| curved as in Equation (8), the impedance match was approximated at a load of 400 Ω at an operating frequency of 13.56 MHz.



The coupler plate was designed using an area of 60 × 100 mm with an FR4 printed circuit board, and the gap between the couplers was adjusted until the measurement value provided the closest value of the design capacitance. Inductance was created using an air-core-type inductor, and the setup is shown in Figure 17.



The hardware values of both the capacitance and the inductor are listed in Table 1 as the measurement values. The measurement data for the inductor, coupling plate capacitance, and shield coupler plate were obtained using an Agilent 4294A impedance analyzer at 13.56 MHz. The experimental setup of the asymmetric test hardware is depicted in Figure 17, which shows the two air-core inductors used, and six plates were used to form the capacitive coupler and capacitive shield coupler.




6. Results and Discussion


The S-CPT system was analyzed based on efficiency and impedance matching, and the results from the analyzed design and fabricated hardware are presented in Figure 18.



In an ideal S-CPT case, the efficiency and matching impedance are 1 and 0, respectively. Figure 18 shows the result of the hardware S-CPT at 13.56 MHz, which gives an efficiency of 0.987 or 98.7% and impedance match of 0.128. Considering the ideal matching impedance condition as in the analysis section, current |I1/Vi| of the hardware S-CPT is 0.01 when the obtained impedance match in the measurement is 0. Therefore, the response |I1/Vi| of the hardware S-CPT is not exactly 0.01, as indicated by the impedance match value of 0.128. The hardware S-CPT has the reflected voltage though the transmitter, which leads to an imperfect matching impedance condition. This may be due to the slight imprecision of the hardware fabrication process.



The difference in the value of the hardware compared with the design value is caused by the imprecision of fabricating the actual capacitance coupler and inductor. Moreover, misalignment tolerance during installation of the hardware S-CPT was also affected by the result. Based on the results presented in Figure 18, the measurement was reconfirmed by the test equipment, and the results are presented in Figure 19, Figure 20 and Figure 21.



Figure 19 shows the efficiency when a voltage with an operating frequency of 13.56 MHz is supplied to the S-CPT. The resulting graph shows that the efficiency obtained is 0.98 or 98%. The result confirms that the hardware S-CPT based on the analysis was designed successfully.



Figure 20 shows the impedance matching of the asymmetric S-CPT system at various frequencies. It shows that the impedance match magnitude value approaches 0.15 at a 13.56 MHz operating frequency. Considering Figure 18, the obtained impedance match value is almost same for both measurements with a difference of 0.022. The measurement of transferring voltage is done for both the input and output of the S-CPT system, as shown in Figure 21. AC voltage with a frequency of 13.56 MHz is supplied to obtain the output voltage of S-CPT. Figure 21 shows the obtained input voltage and output voltage are 10.4 V and 10.2, respectively. The result shows that the asymmetric S-CPT system can transfer the voltage from the input to the load with a voltage peak reduction of almost 2%.




7. Conclusions


A generalized model of S-CPT was successfully developed by using an algebraic method. Symmetric and asymmetric S-CPT configurations with an operating frequency of 13.56 MHz were analyzed with respect to the resonance condition, matching conditions, electric field, and efficiency.



In a symmetric S-CPT system, the generalized model can be used as a comprehensive method to determine the parameters for achieving the minimum value of the inductor, good design stability, and high efficiency. A recommended symmetric S-CPT configuration was also provided. The two values of the primary inductor L1 and secondary inductor L2 were based on the desired specification. In terms of low cost and weight, L1 = L2 = 4.74 µH is recommended. However, in terms of stability in the resonance condition and the power loss, L1 = L2 = 9.19 µH is an option.



In the asymmetric S-CPT system, there is no secondary inductor L2. The resultant weight, loss, and cost can be reduced. The analysis results show that a good asymmetric S-CPT design can be achieved with better efficiency. An experimental hardware setup was used to investigate the validity of the generalized model based on the analysis method for designing the S-CPT system. The experimental results show that the proposed method is effective for designing an S-CPT system. Thus, the proposed generalized model is recommended for the design of an S-CPT system.
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Figure 1. Plate structure. (a) Four-plate structure, (b) normal capacitive coupling model. 
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Figure 2. Equivalent circuit schematic for S-CPT. 
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Figure 3. Simplified equivalent circuit for S-CPT. 






Figure 3. Simplified equivalent circuit for S-CPT.



[image: Energies 14 02826 g003]







[image: Energies 14 02826 g004 550] 





Figure 4. Relationships between L1 and L2 as a parameter of RL. 






Figure 4. Relationships between L1 and L2 as a parameter of RL.



[image: Energies 14 02826 g004]







[image: Energies 14 02826 g005 550] 





Figure 5. Matching condition of the symmetric CPT with inductance values of 4.74, 9.19, and 13.62 µH. 
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Figure 6. Voltage stress for L1 = L2 = 4.74 µH. 
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Figure 7. Voltage stress for L1 = L2 = 9.19 µH. 
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Figure 8. Voltage stress for L1 = L2 = 13.62 µH. 
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Figure 9. Efficiency in S-CPT with internal resistance of the inductor. 
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Figure 10. Inductor value L1 at various load resistances RL. 
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Figure 11. Inductor value L1 for various ratios of the shielded capacitance C2/C1. 
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Figure 12. Inductor value L1 for various ratios of the coupling capacitance CC. 
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Figure 13. Inductor value L1 for various ratios of primary capacitance to coupling capacitance. 
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Figure 14. Response of |I1/Vi| at various loads. 
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Figure 15. Voltage at the plates. 
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Figure 16. Efficiency in asymmetric S-CPT system with internal resistance. 
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Figure 17. Experimental setup for S-CPT system. 
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Figure 18. Efficiency and matching impedance for design and hardware. 
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Figure 19. Efficiency of S-CPT system at various frequencies. 
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Figure 20. Impedance matching of S-CPT system at various frequencies. 
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Figure 21. Voltage at the load of the S-CPT system. 
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Table 1. Circuit parameters for ratio analysis.
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	Parameter
	Symbol
	Value
	Unit



	Primary shield coupler capacitance
	C1
	10−12
	F



	Secondary shield coupler capacitance
	C2
	10−12
	F



	Coupling capacitance
	CC
	10−12
	F



	Operating frequency
	f
	13.56 × 106
	Hz
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Table 2. Findings for the symmetric S-CPT based on the analysis method.
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	Parameter
	Case 1
	Case 2
	Case 3





	L1 = L2
	4.74 00B5H
	9.19 µH
	13.6 µH



	Resonance condition
	Comply
	Comply
	Comply



	Matching condition
	Comply
	Comply
	Comply



	Load
	50 Ω
	l500 Ω
	50 Ω



	Electric field radiation
	High at VCC
	High at VA
	High at VA and VB



	Power loss
	1.8 dB
	1.2 dB
	2.3 dB
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Table 3. Parameters of S-CPT based on the design value and measurement value.
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	Parameter
	Symbol
	Design Value
	Measurement Value





	Operating frequency
	f
	13.56 × 106 Hz
	13.56 × 106 Hz



	Primary inductor
	L1
	5.53 ×10−6 H
	5.60 × 10−6 H



	Coupling capacitance
	Cc
	12.0 ×10−12 F
	12.50 × 10−12 F



	Primary shield coupling primary
	C1
	15.0 ×10−12 F
	15.10 × 10−12 F



	Secondary shield coupling primary
	C2
	15.0 × 10−12 F
	15.23 × 10−12 F



	Load
	RL
	400 Ω
	400 Ω
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 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/).






media/file13.jpg
Voltage (V)

—e—V(VBVA)  —e=V(VA)

—e—V(VB)

10x10' [ g0
5.0x10'

0.0x10")

-5.0x10

-1.0x10"

1.0x107

1.2x107

Lax10” 1.6x107
Time (s)

1.8x107

2,0x10°






media/file4.png
Cc
_||C_1|_"_E"_

—Ila | I_]EIP—
Ce





media/file30.png
V. (V)

10

=@=\/(VB,VA)
7.06

= @=\/(VA) =@=\/(VB)

-10
1.0x1077

1.2x1077

1.4x1077 1.6x107  1.8x1077  2.0x107

Time (sec)





media/file39.jpg
SH

08

0.6
0.5

04
5 ——5-CPTnew
eesees 13,56 MHz
02
01 b + (13.56x10¢, 0.15)
0 -
5.0x100 10x100 15x10° 20x10°0

f(Hz)





media/file18.png
Efficiency

1.0x10°
9.0x107 =@ EFF 4.74 H
8.0x10™! ee@== EFF 9.19 pH
7.0x10! 5.2107 ee@== EFF 13.62 pH
' | N\719x10° ol
6.0x10-! . - +13.56 MHz
5.0x10"! '
4.0x101 I
3.0x10-1 . 1 .

1.25x107  1.30x107 1.35x107 1.40x107 1.45x107
f(Hz)





media/file35.jpg
Magnitude

1.0

H_eff (13.56x10°, 0.987)

D_ eff (13.56x10°, 1.00)

2.
i

02}

ol
90

— hardvare efciency (H eff)
design maichimpedance (0_imp)
design efficency (0_ef)

|
\
— hardware matchimpedance (Himg) |\ / /] FL_ imp (13.56x10', 0.128)
L P -
\
|

100 110 120

! A D_imp (13.56x10°, 0.012)
N T
130 140 150 160 170
f(MHz)

180





media/file21.jpg
Ly (H)

7.2x10°¢

7.1x10°¢

7.0x10°¢

6.9x10°

6.8x10°

6.7x10°¢

6.6x10°°

o—.—‘-"“"'/

1.0x107! 1.0x10°

G/C,

1.0x10





media/file26.png
L. (H)

1.4x10-
1.2x10-
1.0x107
8.0x107°
6.0x107°
4.0x10°6

2.0x10-°

0.0x10°

1.0x10-1





media/file27.jpg
11Vl

5.0x102

—— 1.0x10* Q ——50x10° )
—— 1.6x10° Q ——2.4x10° O
——32x10'Q - o 1356x10° Q)

4.0x102

3.0x102

2.0x1072

1.0x102

0.0x10°

10.0x10° 12.0x10° 14.0x10° 16.0x10° 18.0x10°
f (He)

1(13.5(»(10*, 001)





media/file3.jpg





media/file22.png
L, (H)

7.2x1076

7.1x107°

7.0x1076 ._‘—.-‘-“./
6.9x107

6.8x10° [

6.7x107% [

6.6x1076
1.0x10-1

1.0x101





media/file19.jpg
L, (H)

9.5x10

9.0x10¢

8.5x10°

8.0x10

7.5x10%

7.0x107

6.5x10°
1.0x10°

1.0x10*

1.0x10%

1.0x10%
R, (©)

1.0x10%

1.0x10°

1.0x10¢





media/file7.jpg
Ly(H)

1.0x1073]

1.0x107

1.0x10-5,

1.0x10°

1.0x107

——R,=100Q
—R,=5000
—R,=10000

1.0x107

1.0x10¢

1.0x10%
Ly (H)

1.0x10

1.0x1072





media/file28.png
|1/Vil

5.0x102

4.0x102

3.0x1072

2.0x102

1.0x102

0.0x100 §
10.0x10

=@ 1 0x10%2 Q @3 0x102 Q)
e 1 6x10° Q @) 1103 Q)
em@u 3 0x10° am@ o 1356x10° Q)

1(13.56)(106, 0.01)

12.0x10 14.0x106 16.0x106
f (Hz)

18.0x10°





media/file10.png
1.0x1-1

o /| 7/ HH(IOOQ)
e o 1356 MHz

1.00E-02

' (13.56x10¢, 0.01)

1.0x102

| 1/V]

1.0x10-3

1.0x104
10.0x10°

10.0x106
f(Hz)

10.0x107





media/file40.png
Sll

0.8

0.7 F

0.6

0.5

0.4

e S-CPT new

0.3
eseoece 1356 MHz
0.2 F
01 L (13.56x106, 0.15)
O 1 1
5.0x10° 10x10° 15x10° 20x10°

f (Hz)





media/file33.jpg





media/file32.png
1.0x10° '
9.0x10"1 0
- 8.0x10" I
g (13.56x10, 0.86), g7
L
S 7.0x10 I
— .
Sa
6.0x10! '
5.0x10! ' ' ' '
12.5x10¢ 13.0x10¢ 13.5x10¢ 14.0x10¢
f(Hz)
o=@ 1356 MHz o=@ ELFEF assymetric «==@ (.86

14.5x10¢





media/file14.png
Voltage (V)

—0=\/(VB,VA) =@=V(VA) =@=\/(VB)

1
LOXI0'| 7 68x100

5.0x10°

0.0x10"

-5.0x10"

~1.0x10' -
1.0x10

1.2x107

7

1.4x10” 1.6x10” 1.8x10°

Time (5s)

2.0x107





media/file11.jpg
Voltage (V)

HIND ——VIVBVA)  —e—VIVAl  —e—V(VB)
7.72x10"
5.0x10'|
0.0x10°)
=5.0x10"
=1.0x10"
1.0x107 1.2x107 1.4x107 1.6x107 1.8x107 2.0x1

Time (s)






media/file6.png
AAA

Yy






media/file36.png
Magnitude

| | | | | |
; 04 H_eff (13.56x10°, 0.987) | D_eff (13.56x10°, 1.00)
' Y / _—
..”
0.8
0.6
’1
04 -‘"'
7o’
—"'
! : 6
| | == hardware match impedance (H_imp) \“ .l// H_imp (13.56x10°, 0.128)
0.2 e pargiware efficiency (H_eff) \ | | |
== design match impedance (D_imp) 1 , 6 ‘
== design efficiency (D_eff D_imp (13.56x10, 0.012)
0 l | | | |
9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0

f (M Hz)

18.0





media/file15.jpg
Voltage (V)

15x10'
1ox10f - 095x10!

5010/
0.0x10/
5010/
~10x10]

~15x10]

—e—V(VB,VA)

—e—V(VA)

—e—V(VB)

10107

123107 14x107

Time (5)

16x107

18x107

20107





media/file41.jpg
Tek ... @ Stop M Pos: 0.000s MEASURE

v
Voltage input PEuﬂu

104
1% 4 CH
Freq
A 1359MHz 7

CH2
PPk

Voltage output 02|

[
\ fr\ Freq

2 13.55MHz?
CH2

Cyc RMS
333y

CH1 500  CH2 500¥  M50.0ns CH1 7 -56.7mY
27-Mar-2110:50  13.56000Hz





media/file37.jpg
== S-CPT new 13.56 MHz
10 L g 1\([355“;» 1.00)
s
08 2] \
4 \
06 2
’ ]
0 m L.
g N
H N
02 wm
00
10x10° 12x10° 14x10° 16x10°

f (Hz)





nav.xhtml


  energies-14-02826


  
    		
      energies-14-02826
    


  




  





media/file16.png
Voltage (V)

1.5x10!
—@=\/(VB,VA) =@=V(VA) ==@=\/(VB)
1.0x101 0.95x101

5.0x10°

0.0x10°

-5.0x10Y

-1.0x101

—-1.5x10! 1 1 1 1
1.0x107 1.2x1077 1.4x1077 1.6x1077 1.8x107 2.0x1077
Time (5s)






media/file2.png
Primary plate Secondary plate

(a)

(b)





media/file20.png
L, (H)

9.5x107°
9.0x10-°
8.5x107°
8.0x10-¢

7.5x107°

7.0x107

6.5x1076 T U T S
1.0x10°  1.0x101 1.0x102  1.0x10° 1.0x10* 1.0x105 1.0x10
Ry (€)





media/file23.jpg
L, (H)

2.0x10%

1.5x10%

1.0x10

5.0x10°

0.0x10°

1.0x10-13

1.0x10-12

Ce (F)

1.0x10711





media/file5.jpg





media/file24.png
L, (H)

2.0x10°°

1.5x10™°

1.0x107°

5.0x10-¢

0.0x10°

1.0x10-13

1.0x10-11





media/file29.jpg
V()

10

—e—V/(VB,VA)
7.06

—e—\/(VA)

—o—V(VB)

-10
1.0x107

1.2x107

1.4x107 1.6x107
Time (sec)

1.8x107

2.0x107





media/file1.jpg





media/file31.jpg
1.0x10° +
9.0x10
.. 8.0x10"
g (13.56x10, 0.86)
g
2 70x0" !
B .
6.0x10° |
5.0x1071 !
12.5x10¢ 130x10° 135x10° 140x10°  145x10¢
f(Hz)

=@ 1356 MHz =@ EFF assymetric =@ +0.86





media/file25.jpg
L, (H)

1.4x10
1.2x10%
1.0x10
8.0x10-6
6.0x10°6
4.0x10°
2.0x10°6

0.0x10°

1.0x10

1.0x10°
C/Ce

1.0x10'





media/file12.png
Voltage (V)

1.0x10!

5.0x10!

0.0x10°

—5.0x101

—=0=\/(VB,VA)

—=0=\/(VA)

—=0=\/(VB)

7.72x101

—1.0x101
1.0x107

1.2x1077 1.4x1077

Time (s)

1.6x1077

1.8x1077

2.0x1077





media/file9.jpg
1.0x1-

m—4.74 4H(1000)
m— 9.19 uH(15000)
- e 1356 MHz

m— 13.6 4H(1000)
= 1.00E-02

l (13.56x105, 0.01)

1.0x10° o]

[1vil

1.0x10°

1.0x10*
10.0x10%

10.0x100
f(Hz)

10.0x107





media/file0.png





media/file42.png
Tek Al & Stop b Pos: 0,000s MEASLIRE
. ¥ CH

Voltage input Ph—Fik

0.4Y

1+ &  CH
Freq

15.59mHz 7

CH2

Pk—Pk

Voltage output =ty

CH2
H\ [(\ Freq

¥ 13.55hHz ?
CH2

Cy BMS
333V P

CHT 500%  CH2 500% P 0005 CHT & =56
27 =Mar-21 10:50 13.5600MHz





media/file38.png
Efficiency

1.2

as@esS-CPT new o ALLL 13.56 MHz
1.0 } :
P i W (13.56x10% 1.00)
s’ :
08 | I |
/ . ‘
0.6 F / :
) i i
A ] . \
0. - _ > : \
1 : \
0.2 F . D
OO 1 : 1
10x10° 12x10° 14x10° 16x10°

f (Hz)





media/file8.png
L; (H)

1.0x1073

1.0x10*

1.0x10-°

1.0x107°

1.0x1077 ;’
1.0x10~

1.0x107

Ry =
Ry =
R, =

100 Q
500 Q)
1000 €

1.0x10~
L, (H)

1L,=
2L,=
3L,=

Indicator

L,=4.74 uH
L,=9.19 uH
L,=13.62 uH

1.0x1074

1.0x1073





media/file34.png
futl

= =
==
7
e —

e,

-






media/file17.jpg
1.0x10° 1+

i 864101
9.0x10° —e—EFFA7ALH

8.0x10" ——EFFO.19H

7.0x10° o EFF 13.62 4H

6.0x10°1

1356 MHz

5.0x107

400107

3.0x10°
1256107 130x107 13107 L40x107 145107

f(Hz)






