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Abstract

:

The main contribution of this paper is the inductive compensation of a wireless inductive power transmission circuit (IPT) with resonant open-loop inductive coupling. The variations in the coupling coefficient k due to the misalignment of the transmitter and receiver are compensated with only one auxiliary inductance in the primary of the inductive coupling. A low-power prototype was implemented with the following specifications: input voltage Vin = 27.5 V, output power Po = 10 W, switching frequency f = 500 kHz, output voltage Vo = 12 V, transmission distance d = 1.5 mm. Experimental results varying the distance “d” with several values of the compensation inductor demonstrate the feasibility of the proposal. An efficiency of 75.10% under nominal conditions was achieved. This proposal is a simple compensation topology for wireless chargers of cellular phones presenting small distances between the transmitter and receiver.
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1. Introduction


Nowadays, wireless power transmission (WPT) has become a trending research topic due to many applications involving no wired connections such as charging of electric vehicles, cell phones, hand tools, biomedical implants and portable electronics [1,2].



WPT has been used mainly in two applications—in the sending of information and electrical energy, or only for transmitting electrical energy. The second case shall be addressed in this work, with the aim of transmitting electrical power from a power supply to an electrical load, using a resonant inductive coupling [3,4,5].



WPT can be classified into two categories—far-field and near-field WPT. The far-field category refers to the transmission of a large amount of energy between two positions, e.g., sending energy by electromagnetic waves. Near-field WPT refers to the distance of transfer energy within the wavelength (λ) of the transmitter antenna [6,7,8]. This paper will focus on near-field WPT.



As shown in Figure 1, inductive power transmission (IPT) circuits consist of multiple stages of energy conversion to achieve the desired operation, usually as follows: low-frequency rectifier, high-frequency (HF) inverter with a resonant tank, inductive coupling with a coupling factor k, high-frequency rectifier, and load [9,10,11]. This work is focused on the stages from the HF inverter only.



An indispensable stage in IPT circuits is the resonant tank, also known as resonant network, which is an electrical circuit designed with capacitors and inductors which is capable of storing electrical energy and oscillating when it is operating at the resonant frequency. The circuit has zero reactance during the resonance condition, allowing the maximum transfer of power from a power supply to an electrical load with high efficiency [12,13].



In low-power resonant IPT applications, such as wireless chargers for smartphones and portable electronic devices (less than 20 W), the literature reports efficiencies of approximately 50–70% in open-loop operation and 70–80% in closed-loop operation [14,15].



Usually, the IPT topologies require compensation networks to operate the circuit in resonance. The basic compensation networks are presented in Figure 2; as can be seen, the compensation networks include a capacitor in series or parallel with the transmitter and the receiver to compensate for their inductance and to operate at resonance [16,17].



The full circuit needs many components to achieve optimal operation; these components cause additional losses, thus diminishing the efficiency. One solution is to consider the parasitic components (leakage inductances) and use them as part of the design to achieve high efficiency, fewer components, and better power transfer in inductive coupling [18,19].



Many compensation topologies have been proposed to compensate for the leakage inductances. The most used compensation topologies consist of adding one capacitor in series with each leakage inductance Cp and Cs (Figure 3). Both capacitors are chosen to be in resonance with each leakage inductance [20,21,22].



Table 1 shows some reported circuits with their most important operating characteristics. This table shows that a higher operating power results in better overall efficiency of the circuit. In addition, Table 1 allows comparing the results obtained in this paper with those reported in the literature, where even though in this paper a low power of 10 W was used, an efficiency of up to 75% was achieved, which is higher than some of the circuits shown in Table 1 with similar power levels.



The main contribution of this paper is to eliminate the compensation capacitor Cs in the receiver, compensate for the misalignment of the transmitter and the receiver with only one series capacitor in the transmitter, and add an inductor in series with this capacitor to compensate for the changes in the mutual inductance M.



The proposal simplifies the secondary circuit and reduces the complexity of the circuit, with a higher efficiency than the works reported in Table 1. This contribution is particularly relevant in low-power applications where low size and cost are important, such as biomedical implants, portable electronics, electro mobility, and Internet of Things applications.




2. Analysis of the Circuit


The IPT circuits are usually modelled as two coupled inductors as shown in Figure 4a, with a coupling factor k defined as:


  k =  M     L 1   L 2       



(1)




where M is the mutual inductance, L1 is the self-inductance of the primary (transmitter) and L2 is the self-inductance of the secondary (receiver). This model is commonly employed and useful in the literature.



The main disadvantage is that the model separates the analysis of the circuit into two parts—primary and secondary. To merge both circuits in only one, model T is the usual selection [31,32].



Model T could be rearranged as the circuit in Figure 4b. This circuit models the mutual inductance M as an ideal transformer with coupling factor k = 1 and turn relationship n’ = n’2/n’1; turns n’1 and n’2 represent the cross section of coils L1 and L2 that share the same common flux φM and are different from the total turn number of each inductor L1 (n1) and L2 (n2). The components of this model are related to the model in Figure 3b as shown in Table 2.



Figure 4c shows the elements of the secondary reflected to the primary of the ideal transformer; this last model was the model used in this analysis. The proposed circuit to be analyzed in this paper is presented in Figure 5. The HF inverter consists of a half bridge inverter with a compensation topology that is only made up of the compensation inductor LC and the capacitor Cp. The IPT transformer is modelled like the model in Figure 4b, where the HF AC–DC conversion consists of a conventional full bridge rectifier.



To compensate for the variations due to the misalignment of the transmitter and receiver, as well as variations caused by the increase in the distance between the transmitter and receiver, the compensation inductor Lc will have a value greater than 90% of the inductive reactance at resonant conditions. The remaining percentage of the inductive reactance belongs to the primary dispersion inductance Llp and the equivalent inductance Leq1 obtained from the inductive coupling.



To analyze the resonant network, the resonant converter shown in Figure 5 is simplified until an equivalent circuit is obtained in series, in which the resonance condition will be established. Figure 6 shows the simplification process.



Figure 6a shows that the half bridge inverter is modelled as the fundamental component of the square waveform Vin and the full bridge rectifier as a resistance Req1 that consumes the same average power. In Figure 6b, the leakage inductance of the receiver Lls and the equivalent resistance Req1 are reflected to the transmitter side, the equivalent impedance, in parallel with the primary magnetizing inductance Lmp, is reduced into an equivalent inductance and resistance Leq1 and Req2, and finally, all the inductances are reduced in only one inductor Leq2 (see Figure 6c).



The first step of the analysis is to obtain the equivalent resistance of the full bridge rectifier Req1. A simplified analysis is carried out in [33], which assumes that the efficiency of the rectifier is 100%. To improve accuracy, it is possible to consider a different value for the efficiency of the rectifier (ηr) as follows:


   η r  =    P o     P R    =    P o    4  P D  +  P o     



(2)




where Po is the power delivered to the load (RL) and PR is the power delivered to the rectifier stage.



With this consideration, the equivalent resistant Req1 is expressed as:


   R  e  q 1    =   8  η r   R L     π 2     



(3)




where RL is the load resistance.



As indicated in the introduction, the HF rectifier is one of the stages with higher losses. So, to minimize these losses, the efficiency of the rectifier is evaluated. To evaluate this efficiency, the following simplifications will be assumed:




	
The voltage at the input of the full bridge rectifier (Vo) is a square waveform in phase with the current, similar to the waveform in Figure 7, where Vo is the output voltage in the load resistance.



	
The input current in the rectifier is a sinusoidal waveform. Therefore, the losses in one diode can be evaluated with Equation (4).


   P D  =  I D   V f  =   I  V f   π   



(4)




where “I” is the maximum value of the input sinusoidal current waveform of the rectifier. This current could be expressed as I = Vo1/Req1, where Vo1 is the fundamental of the square voltage applied to the input of the rectifier and can be expressed as:








Vo1 = 4Vo/π. Substituting these expressions into (4):


   P D  =    V o   V f    2  η r   R L     



(5)







Substituting Equation (5) into (2), the efficiency of the rectifier could be evaluated as:


   η r  = 1 −   2  V f     V o     



(6)







This equation is plotted in Figure 8 assuming a forward voltage in the diodes Vf = 0.7 V. As can be seen in this figure, for an output voltage below 12 V, the efficiency abruptly decreases, so, to maintain a high efficiency, it is recommended that the output voltage verifies Vo > 12 V.



The rectifier efficiency graph in Figure 8 is presented just to show and clarify that it would work with a certain voltage level due to the efficiency of the rectifier. The graph is obtained from a simplified analysis in [33], which assumes that the efficiency of the rectifier is 100%. For this reason, the verification of this graph in the experimental tests is not necessary.



The next step is to reflect the secondary circuit of the inductive coupling to the primary circuit obtaining the circuit shown in Figure 6b. Afterwards, to obtain the equivalent impedance formed by Lls and Req1 (Zeq), the parallel circuit of both elements is evaluated:


   Z  e q   =   j  X  L m p        R  e q 1   + j  X  L l s     n  ′ 2        j  X  L m p   +    R  e q 1   + j  X  L l s     n  ′ 2       



(7)







Solving and simplifying Equation (7), the equivalent resistance Req2 (real part of Zeq) and equivalent inductance Leq1 (imaginary part of Zeq) are obtained:


   R  e  q 2    =      R  e q 1    X  L m p     2    n  ′ 2             R  e q 1     n  ′ 2       2  +      X  L m p   +    X  L 1 s     n  ′ 2       2     



(8)






   L  e  q 1    =    X  L m p        X  L l s     n  ′ 2       X  L m p   +    X  L l s     n  ′ 2      +        R  e q 1     n  ′ 2       2       ω o           R  e q 1     n  ′ 2       2  +      X  L m p   +    X  L l s     n  ′ 2       2       



(9)







As can be seen in Figure 6c, the resulting equivalent circuit is a serial circuit composed of three inductances, a capacitor, and an equivalent resistance. Finally, the equivalent inductance Leq2 “seen” by the square input voltage Vin is:


   L  e q 2   =  L c  +  L  l p   +  L  e q 1    



(10)







The final equivalent series circuit is shown in Figure 6c. This circuit will be in resonance when the following condition is satisfied:


   X   C p    =  X  L e  q 2     



(11)




where Xcp is the reactance of Cp and XLeq2 is the reactance of the inductance Leq2. Equation (13) can be used to calculate the necessary capacitance value Cp in order to operate the circuit at resonance. The resonance condition is important so the switching losses in the MOSFET M1 and M2 are as small as possible. Capacitance Cp can be calculated with the following expression:


   C p  =  1   ω o    2   L  e  q 2       



(12)







Finally, to obtain the value of the compensation inductor, the following equation can be used:


   L c  = a    L  l p   +  L  e  q 1       



(13)




where a is a proposed value, and the higher the value of a, the lower the variation of Leq2. The worst case is when the distance d is large, then Llp + Leq1 ≈ 0, and the relationship m between the worst case of Leq2 and the nominal value of Leq2 is:


  m =    L  e q 2 w      L  e q 2 n     =    L c     L c  +  L  l p   +  L  e q 1     =  a  a + 1    



(14)






  % error = ( 1 − m ) 100  



(15)







Equation (16) was plotted as shown in Figure 9.



According to Figure 9, the higher the value of a, the lower the percentage of Leq2 variations (%error), so the compensation of the distance d variation in the transmitter and receiver misalignments will be more efficient. For example, for a = 100, the percentage variations of Leq2 (%error) are almost 1, which means no changes in Leq2 for large variations of d.



In this way, it is possible to compensate for the variation in the inductive coupling inductances with respect to the transmission distance and their misalignment. The circuit is expected to remain operating close to the resonance condition so that the maximum energy transfer can be achieved.



To evaluate the performance of the compensation inductor in relation to the resonance and efficiency of the circuit, three values of a will be proposed. The values will be a = 10, a = 20, and a = 30.



The last stage to analyze is the HF inverter, which consists of a half bridge inverter. The RMS current IRMS of the resonant network (when it is operating at resonance) is obtained by applying Ohm’s law using the values of the input voltage Vin and Req2:


   I  R M S   =    V  i n     π  R  e q 2      



(16)







Another important characteristic to obtain is the value of average power PM dissipated in each MOSFET of the inverter because this power represents the losses present in the inverter. In this analysis, it is recommended to select a desired dissipated power in the order of mW so that it does not affect the total efficiency of the circuit. Using the IRMS and PM values, the value of Drain-Source ON Resistance RDS(on) that each MOSFET should have is calculated to obtain the estimated losses in the inverter:


   R  D S ( o n )   =    P M     I  R M S     2     



(17)







Substituting Equation (16) into (17):


   R  D S ( o n )   ≤    P M   R  e  q 2      2   π 2     V  i n     2     



(18)







Finally, to calculate the total efficiency ɳ value in the proposed IPT circuit, the output power Po (present in the load resistance) and the input power Pin (applied to the HF inverter) are used, which are substituted into the property of P = VI. Then:


  η =    P o     P  i n     ( 100 % ) =    V o   I o     V  i n    I  i n     ( 100 % )  



(19)








3. Design Methodology


To validate the above equations, a step-by-step design methodology for the resonance condition is proposed in this work. The considered application is to charge smartphones, so the nominal distance between the transmitter and the receiver was d = 1.5 mm.



The design methodology to be shown is when the compensating inductor has a value of 10 times the sum of Llp y Leq1 (a = 10). The proposed methodology is similar in cases where a = 20 or a = 30, and only the values of Lc, Cp and Q change, respectively, in each case.



Table 3 shows the design specifications, and a power of 10 W was considered for wireless chargers for smartphones and the output voltage of 12 V was selected according to Figure 8. The input voltage is considered from a small photovoltaic panel.



The design obtains the properties of the inductive coupling using the following procedure:




	
Coupling the inductor Lp (transmitter) and Ls (receiver), correctly aligned using an acrylic plastic as the core, the thickness of the acrylic is 1.5 mm; this distance will be the transmission distance d. The inductors should not be connected to any power source or any electrical load during this measurement process.



	
When the inductors are coupled, an LCR tester will be used. A Hioki model 3532-50 was used in this work which is set to measure inductance at a frequency of 500 kHz; this value will be the resonance frequency at which the circuit will operate. The inductance of the primary inductor Lp (primary self-inductance) is measured by the LCR tester. Then, the inductance of the secondary inductor Ls (secondary self-inductance) is measured.



	
Maintaining the same conditions in the inductive coupling, the inductors Lp and Ls are connected in series, and then the measurement of the total series inductance LT is performed with the LCR tester.



	
Using the values obtained in the measurements, the value of the mutual inductance M is calculated:


  M =    L T  −  L p  −  L s   2   



(20)







	
The value of the coupling coefficient k is calculated by substituting the values of Lp, Ls and M into Equation (1).



	
The primary magnetizing inductance Lmp, primary leakage inductance Llp and secondary leakage inductance Lls are calculated, and the values of these inductances are obtained using the equations presented in Table 2.








Using the method described above, the value of the inductive coupling properties shown in Table 4 can be calculated, and then the value of the IPT circuit components can be calculated using the design methodology described in Table 5.



Table 4 presents the characteristics of the wireless transmitter and receiver, the IPT inductors were model WE760308111 from Würth Electronics.



Table 5 presents the design methodology, where the nominal distance d = 1.5 mm, which is the thickness of the acrylic between the transmitter and the receiver.



For the implementation of the full bridge rectifier located in the receiver circuit, the MUR840 diodes were selected. This diode model supports an average current of 8A.



The MOSFET IRFZ46N was selected for the high-frequency inverter located in the transmitter circuit. This MOSFET model has an RDS(on) of 16.5 mΩ



3.1. Implementation of Compensation Inductor Lc


The compensation inductor used for the TPI circuit was manufactured with Litz wire, which is composed of a wire number Nw of 160 wires and each copper wire is 44 AWG. The length of the conductor lc is 3.56 m. The compensation inductor is made up of 63 turns, using an ETD29 model that is shown in Figure 10.



The compensation inductor designed for the TPI circuit has an air core, so the only losses that occur in the component are conduction losses in the copper of the inductor. The copper presents a parasitic resistance that will oppose the flow of electric current through the inductor. Equation (21) presents the formula to obtain the parasitic resistance of the inductor RLc.


   R  L c   =    ρ  c u    l c     N w   A c     



(21)




where ρcu is the copper resistivity (17.2 × 10−9 Ω∙m), lc is the length of the conductor (3.56 m), Nw is the wire number (160 wires) and Ac is the wire cross sectional area (2.463 × 10−9 m2). Substituting these values into Equation (21):


   R  L c   =   ( 17.2 ×   10   − 9     Ω ⋅ m ) ( 3.56   m )   ( 160 ) ( 2.463 ×   10   − 9      m 2  )   = 155.37    m Ω   



(22)








3.2. Determination of the Properties of the Inductive Coupling with Different Distances d


In the design methodology, the value of the IPT circuit components was obtained to work correctly at distance d = 1.5 mm. As the circuit is oriented to wireless charging applications of smartphones, it is important to consider that during wireless charging there may be changes in the transmission distance with different causes; these changes directly affect the properties of the inductive coupling, modifying their value.



For that reason, before starting with the implementation of the designed circuit, the measurement and calculation of the inductive coupling properties at different distances d must be performed using the procedure shown at the beginning of Section 3. In the procedure, it is established that the transmission inductors during the measurements should not be connected to any power supply or any electrical load; for this reason, the measurements of the inductive coupling should be performed before the assembly of the IPT circuit on the PCB.



Ten transmission distances were selected as test points to perform measurements of the inductive coupling, with the objective of watching the changes in the coupling with respect to the distance d. This circuit being of the near-field WTP type, the inductor Ls will be moving away from Lp and the plastic acrylic (coupling core) from a distance of 1.5 mm to 4 mm; therefore, there will be 11 measured values for each property of the inductive coupling. The measured and calculated values at each transmission distance are Lp, Ls, LT, M and k.



The LCR tester was used to measure the inductances, while a digital Vernier was used for the transmission distances d. The measured and calculated results are presented in Table 6.





4. Experimental Results


A prototype was implemented to experimentally test the circuit in Figure 5 to validate the design methodology shown in Table 5. Figure 11 and Figure 12 show the implementation of the inductive IPT circuit.



To validate the design conditions, the prototype was adjusted with an initial transmission distance of 1.5 mm. Experimental results are shown in Figure 13. Figure 13a shows the output voltage, output current, and output power. Figure 13b shows the input voltage, input current and input power. The measured values are shown in Table 7, which comply with the design parameters established in Table 3.



The input voltage was adjusted to deliver the nominal voltage to the load. Figure 13c shows the square voltage applied to the resonant tank and the current in the compensation inductor. As can be seen in this figure, the current is in phase with the voltage; therefore, the circuit is in resonance. These results validate the proposed design methodology since they are very similar to the theoretical ones.



The total efficiency ɳ of the IPT circuit is calculated using Equation (19) and the values obtained in the measurements of Pin and Po, which are presented in Figure 13a,b.


  η =   10.59   W   14.10   W   ( 100 % ) = 75.10 %  



(23)







Experimental Results with Different Distances “d”


To test the robustness of the circuit for changes in the transmission distance. Ten different test points were performed from 1.5 mm to 4 mm. The following variables were measured: output voltage (Vo), output power (Po), input power (Pin), total efficiency (ɳ) and phase offset (ɸ). The experimental results obtained were compared with the k values obtained in Section 3.2, and the values together are shown in Table 8.



Using the same design methodology already shown, the value of the compensation inductor Lc is calculated. The value of Lc is obtained using Equation (14) when it is 20 (a = 20) and 30 (a = 30) times the sum of Llp y Leq1. The calculation of Lc and Cp when a = 20 is shown in Table 9, while the a = 30 calculation is shown in Table 10.



These new values of Lc and Cp were implemented in the IPT circuit for each case, and experimental tests were performed at different transmission distances using the same method as the tests shown in Table 8. The results are shown in Table 11 and Table 12.



Analyzing the results obtained in Table 7, we can see that the coupling coefficient has a value of 0.734 for a transmission distance of 4 mm. This table shows the output voltage, which falls to 8.56 V when the transmission distance is 4 mm—more than double the nominal value. The output power in this table falls to 5.62 W for a transmission distance of 4 mm. The input power decreases with the transmission distance until a transmission distance of 4 mm. For d = 4 mm, the phase offset angle (ɸ) increases from zero to 39°. The efficiency falls to 54.29% for d = 4 mm.



Comparing the results obtained in Table 8 with the results of Table 11 and Table 12, it can be observed that the coupling coefficient, the output voltage, the output power, and the phase angle present the same behaviour, slightly changing their values when the transmission distance increases up to 4 mm.



The results obtained in the tables show the following:




	
The output voltage value decreases to 10.97 V, although it stays closer to 12 V, as the value of a increases.



	
The output power value decreases to 9.9 W, staying closer to 10 W, as the value of a increases.



	
The total efficiency at a transmission distance of 1.5 mm decreases minimally as the value of a increases. This is because the value of a increases and the value of the inductor wire resistance increases with it.



	
The 10-phase angle (ϕ) stays closer to resonance as the value of a increases. As the inductor value a increases, it will better compensate for the variations caused by misalignment and transmission distance.








From these results, it is observed that the compensation inductor can compensate for changes at the transmission distance of twice the nominal distance of 1.5 mm, achieving a total efficiency of 75.10%. It is important to clarify that the prototype was designed to operate over a wide range of powers and distances between the transmitter and receiver. A specific design for a fixed distance “d”, optimizing the design of the inductor Lc as well as the selection of the semiconductors, and changing them for SiC or GaN semiconductors, can substantially increase the efficiency.



There is a tradeoff between the size of the inductor Lc and the distance “d”; the greater the distance “d”, the larger the inductor Lc required. However, with a higher switching frequency, an excessively large inductor Lc will not be required.



The main disadvantage of the proposal is that the proposed solution is passive. To compensate better for the misalignment and greater distances between the transmitter and receiver, it is recommended to combine this proposal with others such as closed-loop operation and solutions for better coupling factors.





5. Conclusions


This work introduced a very simple compensation topology that consists of only one inductor useful for resonant IPT circuits operating in an open loop for low-power applications and small transmission distance applications (near-field applications), such as wireless chargers of cell phones. To compensate for changes in the transmission distance and misalignment of the transmitter and receiver, only one compensation inductor is added to the resonant tank.



A sufficiently bigger inductor is chosen to maintain the resonant tank operating near resonance for changes until the nominal transmission distance is doubled. The analysis and design methodology for the inductive coupling was presented to establish the resonance condition. The experimental results validate the proposed design methodology. In addition, they confirm the correct functioning of the circuit.



The experimental results obtained under the design conditions validate the proposed design methodology with a maximum error of 5.9% in the output power. A total efficiency of 75% was achieved at a fixed transmission distance of 1.5 mm, using acrylic as a transmission medium.



The implemented circuit operates very near to the resonance condition; comparing the theoretical design values with the experimental results, errors of 0.059% in the phase shift angle and 0.02% in the resonance frequency are obtained.



The results obtained by modifying the transmission distance demonstrate the presence of inductance variations in the inductive coupling as the transmitter inductor moves away from the receiver inductor. However, these variations could be compensated for with only one inductor used instead of more complex compensation topologies. For small variations of the transmission distances (twice or three times), this inductor compensated for the variations in the mutual inductance and self-inductances of the transmitter due to the changes in the coupling factor.



According to the obtained results, the proposed circuit is a good option as a wireless charger for cell phones in which the application transmits power over very short distances.



The circuit proposed in this work is limited to applications where the transmission distance is larger because these applications are of the far-field WPT type. In this type of application, where the distance is large, it would affect the design of the circuit presented in several ways, such as the following:




	
The size of the inductors Lp and Ls would increase considerably in order to realize the wireless power transmission through inductive coupling.



	
The input voltage Vin would need to be increased considerably to compensate for the losses in the inductive coupling, because over long distances, the inductive coupling coefficient k is usually small and the power transmission efficiency from Lp to Ls is low.



	
The size and the value of the compensation inductor Lc would increase because it must compensate for the misalignment of the inductors Lp and Ls in addition to trying to keep the circuit in resonance at a larger transmission distance. As the size of the inductor Lc increases, the series parasitic resistance RLc in the inductor also increases due to the length of the copper conductor, presenting a higher amount of losses in the IPT circuit.



	
As the value of the inductor Lc increases, as a consequence, the value of the primary capacitor Cp will decrease considerably, achieving a value that is difficult to implement because it will be valued in the order of pF or less.



	
The total efficiency will be low due to the losses present in the inductive coupling. In this type of application, it is recommended to combine the circuit proposed in this work with a closed-loop method that allows to adjust the resonance and bring the maximum power transfer from Lp to Ls.








The IPT circuit proposed in this work was validated and works adequately inside the limits previously described; therefore, it is recommended to be used in near-field WPT-type applications and for low-power electronic devices.




6. Discussion


This section will present an in-depth analysis of the results obtained, some of which were not mentioned in the previous sections, as well as some general characteristics, recommendations, contributions of this work, and possible future works to give continuity to the presented topic.



6.1. Relevant Conclusions


Once the work developed in this paper is completed, the following conclusions can be drawn:




	
The resonant network suitable for low-power inductive IPT applications is the series-series topology with inductive coupling; due to this resonant network, operating in resonance has a unity voltage gain. For this reason, the series–series topology was selected for the IPT circuit designed.



	
An analysis and design methodology was developed for the proposed resonant network, which will allow the proposed IPT circuit to operate according to the desired design specifications.



	
The experimental results obtained validate the analysis and design methodology proposed in this work.



	
The implemented IPT circuit enables wireless power transmission from a DC voltage source to an electrical load using resonant inductive coupling to perform the transmission.









6.2. General Characteristics of the Implemented IPT Circuit


The IPT circuit implemented in this work has the following characteristics:




	
The implemented IPT circuit works according to the desired design specifications: 12 volts at the output, 10 watts at the output, the resonant network is in resonance, and the circuit performs the wireless power transmission.



	
The IPT circuit achieves a total efficiency of 75.10% under the design conditions (stationary distance, transmission medium: plastic acrylic of 1.5 mm thickness).



	
It is an easy-to-implement circuit because it operates in an open loop.



	
The prototype is suitable for inductive wireless charging applications, as long as low-power applications are no greater than 10 W.



	
The IPT circuit allows a horizon of wireless battery-charging applications, such as cell phones, electric toothbrushes, electric shavers, portable hearing aids, and hand lamps, among others.



	
The transmitting inductors do not present a temperature rise because they only provide 10% of the inductive reactance of the resonant network.









6.3. Recommendations


To achieve a successful implementation of the proposed IPT circuit, it is recommended to consider the following:




	
It is important to consider that this circuit is for near-field WPT-type applications, especially for wireless charging of low-power wireless devices.



	
For the selection of the diodes of the full bridge rectifier in the secondary circuit, it is recommended to use ultra-fast diodes that are capable of operating correctly at high switching frequencies.



	
For the implementation of the compensation inductor Lc, it is recommended to use Litz wire because it will reduce the series parasitic resistance RLc of this inductor.



	
The transmission inductors Lp and Ls must be identical in structure, inductance, design and size to achieve an efficient coupling coefficient k. It is recommended to use two inductors of the same model designed for IPT applications.



	
For the selection of the MOSFETs of the high-frequency inverter, it is recommended to use a device with the lowest possible RDS(on) to avoid the highest possible conduction losses in the device.









6.4. Contributions of This Work


The work developed has the following contributions:




	
An analysis methodology is contributed for the resonant network of an inductive IPT circuit, in which all the inductances of the inductive coupling are considered as part of a single resonant tank. The literature uses two independent resonant tanks for the analysis—one in the transmitter circuit and one in the receiver circuit.



	
A resonant network topology used for inductive IPT is presented, where a single capacitor is used, which is different from the literature, where two are used (one in the transmitter and one in the receiver); in addition, a compensation inductor is used that contributes 90% of the inductive reactance in the resonant condition [34].



	
A prototype for inductive IPT that is capable of performing wireless power transmission is provided. Such a device is useful in wireless battery-charging applications for low power.









6.5. Possible Future Work


Considering the importance of the resonance and coupling coefficient of the IPT circuit together with the experience obtained in this work, the following recommendations are presented for possible future work:




	
To apply a PLL control loop that allows maintaining the resonance of the resonant network under variations in the inductive coupling. Such variations can be caused by the temperature, the misalignment of the transmission inductors or the transmission distance between both inductors.



	
To use a control technique with active diodes in the rectification stage, which is located in the receiver device, in order to improve the efficiency of the rectifier and consequently the total efficiency of the IPT circuit.



	
Investigate and apply techniques that improve the inductive coupling coefficient in order to improve the efficiency of wireless power transmission. The techniques can be related to the geometry of the transmitting inductors and the use of multiple transmitting inductors.



	
In order to improve the inductive coupling coefficient, the resonant network can be used as an analogue frequency multiplier. The resonant network receives at the input the switching frequency of the inverter, and then a sinusoidal signal with a frequency multiplied “n” times the switching frequency can be delivered to the output. The signal delivered at the output will be the resonant frequency of the resonant network. This method is presented in [4].








These proposals are suggested to give continuity to this work.
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Figure 1. Typical structure of inductive power transmission (IPT) circuit. 






Figure 1. Typical structure of inductive power transmission (IPT) circuit.



[image: Inventions 08 00104 g001]







[image: Inventions 08 00104 g002] 





Figure 2. Basic compensation networks. (a) series-series, (b) series-parallel, (c) parallel-series, (d) parallel-parallel. 
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Figure 3. Resonance conditions used in the literature for IPT circuits. 
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Figure 4. Models of IPT circuits. (a) Typical model using coupling inductors. (b) Model T of the coupled inductors using an ideal transformer, (c) model T with secondary reflected to the primary. 
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Figure 5. IPT circuit analyzed. 
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Figure 6. Analysis of the IPT circuit to obtain the resonance condition, (a) simplified IPT circuit with the equivalent resistance of the rectifier, (b) circuit obtained by reflecting the circuit secondary to the primary circuit, (c) total series equivalent circuit where the resonance condition is established. 
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Figure 7. Assumed waveform at the input of the rectifier. 
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Figure 8. Efficiency of the rectifier ηr vs. the output voltage Vo (Vf = 0.7 V). 
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Figure 9. Percentage variations of Leq2 (%error) in function the factor a. 
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Figure 10. Picture of the compensation inductor LC picture used in the IPT circuit. 
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Figure 11. Implementation of the inductive IPT circuit, (a) transmitter device, (b) receiver device. 
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Figure 12. Prototype experimental assembly, (a) prototype test bench, (b) view of transmission distance setting (adjustable range from 1.5 mm to 4 mm). 
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Figure 13. (a) Channel 3: output voltage Vo, 10 V/div (purple). Channel 4: output current Io, 1 A/div (green). Math Channel: output power Po, 10 W/div (red). (b) Channel 1: input voltage, 20 V/div (navy blue). Channel 2: input current, 500 mA/div (light blue). Math Channel: input power, 10 W/div (red). (c) Channel 1: class D inverter output voltage, 10 V/div (navy blue). Channel 2: resonant network current, 1 A/div (light blue). 
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Table 1. Comparison of reported resonant circuits with applications in wireless power transmission.
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	Frequency
	Output Power
	Coupling Factor
	Efficiency
	Ref.





	140 kHz
	80 W
	0.24
	60.70%
	[23]



	40 kHz
	45 W
	0.25
	70.60%
	[24]



	82.3 kHz
	10 W
	0.059
	50%
	[25]



	1 MHz
	100 W
	0.25
	92%
	[26]



	800 kHz
	12 W
	0.1
	56%
	[27]



	450 kHz
	300 W
	0.32
	75%
	[28]



	500 kHz
	2 W
	0.05
	65%
	[29]



	120 kHz
	10 W
	0.3
	69%
	[30]










 





Table 2. Relationships among the coupling inductances models.
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	Parameter
	Description
	Value





	Llp
	Primary leakage inductance
	    L  l p   =  L 1  − M   



	Lls
	Secondary leakage inductance
	    L  l s   =  L 2  − M   



	Lmp
	Primary magnetizing inductance
	    L  m p   =   n  ′ 1    n  ′ 2      M =  M  n ′     










 





Table 3. Design parameters.
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	Parameter
	Description
	Value





	Po
	Average output power
	10 W



	Vo
	Output voltage
	12 V



	Vin
	Input voltage
	27.5 V



	fsw
	Switching frequency
	500 kHz



	fo
	Resonance frequency
	500 kHz



	∆vo
	Output voltage ripple
	5%Vo



	a
	Relationship between Lc and (Llp + Leq1)
	10










 





Table 4. Characteristics of the wireless transmitter and receiver.






Table 4. Characteristics of the wireless transmitter and receiver.










	Parameter
	Description
	Value





	d
	Transmitter–receiver distance
	1.5 mm



	
	Transmission medium thickness (inductive coupling core): acrylic plastic
	1.5 mm



	Lp
	Primary self-inductance
	8.625 µH



	Ls
	Secondary self-inductance
	8.700 µH



	LT
	Total series inductance
	31.727 µH



	Llp
	Primary leakage inductance. Measured short-circuiting the receiver and measuring the inductance of the primary with the nominal distance d.
	1.42 µH










 





Table 5. Design methodology.
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	Parameter
	Description
	Equation
	Value





	M
	Mutual inductance.
	      L T  −  L p  −  L s   2    
	7.201 µH



	k
	Coupling coefficient.
	    M     L p   L s        
	0.831



	Lmp
	Primary Magnetizing inductance
	    L p  −  L  l p     
	7.201 µH



	n’
	Turns relationship of the ideal transformer n’ = n’2/n’1, the turns n’1 and n’2 represent the cross section of coils L1 and L2 that share the same common flux φM.
	    M   L  m p       
	1



	Lms
	Secondary magnetizing inductance.
	   M n ′   
	7.201 µH



	Lls
	Secondary leakage inductance.
	    L s  −  L  m s     
	1.50 µH



	Io
	Output current.
	      P o     V o      
	0.833 A



	RL
	Load resistance.
	      V o    2     P o      
	14.4 Ω



	Cf
	Output filter capacitor.
	      V o    2  R L   f o   Δ  v R       
	3.49 µF



	nRect
	Full bridge rectifier efficiency.
	   1 −   2  V f     V o      
	0.89



	ID
	Diode average current
	      I o   2    
	0.417 A



	Lc
	Compensation inductor.
	   a    L  l p   +  L  e  q 1        
	34.31 µH



	Cp
	Primary capacitor.
	    1      2 π  f o     2    1.1  L c        
	2.711 nF



	Q
	Quality factor
	      X   C p       R  e  q 2        
	18.88



	RDS(on)
	Drain-Source ON Resistance
	   ≤    P M   R  e  q 2      2   π 2     V  i n     2      
	≤20 mΩ



	ɳ
	Total efficiency of the IPT circuit
	      P o     P  i n     ( 100 % )   
	75%










 





Table 6. Obtained values of inductive coupling properties at different transmission distances d.
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	d (mm)
	Lp (µH)
	Ls (µH)
	LT (µH)
	M (µH)
	k





	1.5
	8.625
	8.700
	31.727
	7.201
	0.831



	1.8
	8.558
	8.624
	31.288
	7.053
	0.821



	2
	8.392
	8.467
	30.547
	6.844
	0.812



	2.2
	8.268
	8.343
	29.931
	6.660
	0.802



	2.5
	8.146
	8.208
	29.306
	6.476
	0.792



	2.8
	8.053
	8.097
	28.794
	6.322
	0.783



	3
	7.934
	7.989
	28.233
	6.155
	0.773



	3.2
	7.819
	7.864
	27.649
	5.983
	0.763



	3.5
	7.708
	7.746
	27.090
	5.818
	0.753



	3.8
	7.582
	7.623
	26.517
	5.656
	0.744



	4
	7.496
	7.531
	26.055
	5.514
	0.734










 





Table 7. Experimental results obtained at nominal conditions.
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	Parameter
	Description
	Measured Value





	Po
	Output power
	10.59 W



	Vo
	Output voltage
	12 V



	Io
	Output current
	0.881 A



	Vin
	Input voltage
	27.5 V



	Iin
	Input current
	0.5129 A



	Pin
	Input power
	14.1 W



	ɳ
	Total circuit efficiency
	75.10%



	fo
	Resonance frequency
	497.4 kHz



	ɸ
	Phase offset angle
	0.1074°










 





Table 8. Experimental results obtained by modifying the transmission distance from 1.5 mm to 4 mm (a = 10).
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	d (mm)
	k
	Vo (V)
	Po (W)
	Pin (W)
	ɳ (%)
	ɸ (°)





	1.5
	0.831
	12.00
	10.59
	14.10
	75.10
	0.10



	1.8
	0.821
	11.71
	10.07
	13.51
	74.55
	−7.74



	2
	0.812
	11.70
	10.05
	13.60
	73.93
	−14.40



	2.2
	0.802
	11.36
	9.46
	12.84
	73.70
	−16.74



	2.5
	0.792
	11.11
	9.07
	12.35
	73.41
	−17.50



	2.8
	0.783
	10.83
	8.61
	11.85
	72.65
	−18.68



	3
	0.773
	10.57
	8.21
	11.58
	70.84
	−19.44



	3.2
	0.763
	10.34
	7.85
	11.61
	67.61
	−21.61



	3.5
	0.753
	10.14
	7.54
	11.84
	63.72
	−22.15



	3.8
	0.744
	9.97
	7.30
	12.31
	59.31
	−37.46



	4
	0.734
	8.56
	5.62
	10.37
	54.29
	−39.18










 





Table 9. Calculation of Lc and Cp when a = 20.
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	Parameter
	Description
	Equation
	Value





	Lc
	Compensation inductor.
	   a    L  l p   +  L  e  q 1        
	68.62 µH



	Cp
	Primary capacitor.
	    1      2 π  f o     2    1.03  L c        
	1.406 nF










 





Table 10. Calculation of Lc and Cp when a = 30.
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	Parameter
	Description
	Equation
	Value





	Lc
	Compensation inductor.
	   a    L  l p   +  L  e  q 1        
	102.93 µH



	Cp
	Primary capacitor.
	    1      2 π  f o     2    1.03  L c        
	0.952 nF










 





Table 11. Experimental results obtained when (a = 20).
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	d (mm)
	k
	Vo (V)
	Po (W)
	Pin (W)
	ɳ (%)
	ɸ (°)





	1.5
	0.831
	12.00
	10.57
	14.49
	72.95
	0.15



	1.8
	0.821
	11.86
	10.33
	15.26
	67.67
	−3.24



	2
	0.812
	11.75
	10.14
	15.21
	66.65
	−7.02



	2.2
	0.802
	11.54
	9.78
	15.14
	64.59
	−10.44



	2.5
	0.792
	11.38
	9.51
	15.08
	63.04
	−11.98



	2.8
	0.783
	11.16
	9.14
	14.95
	61.16
	−12.96



	3
	0.773
	11.11
	9.06
	14.93
	60.70
	−14.40



	3.2
	0.763
	10.86
	8.66
	14.88
	58.19
	−15.30



	3.5
	0.753
	10.34
	7.85
	14.05
	55.89
	−18.00



	3.8
	0.744
	9.70
	6.91
	13.44
	51.43
	−18.36



	4
	0.734
	9.09
	6.07
	12.22
	49.68
	−21.78










 





Table 12. Experimental results obtained when (a = 30).
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	d (mm)
	k
	Vo (V)
	Po (W)
	Pin (W)
	ɳ (%)
	ɸ (°)





	1.5
	0.831
	12.00
	10.68
	15.18
	70.40
	0.13



	1.8
	0.821
	11.98
	10.64
	15.71
	67.74
	−1.31



	2
	0.812
	11.95
	10.60
	16.13
	65.74
	−3.29



	2.2
	0.802
	11.93
	10.55
	16.16
	65.28
	−8.87



	2.5
	0.792
	11.86
	10.54
	16.75
	62.90
	−9.05



	2.8
	0.783
	11.84
	10.39
	17.23
	60.30
	−10.25



	3
	0.773
	11.72
	10.38
	17.36
	59.81
	−10.89



	3.2
	0.763
	11.57
	10.27
	17.44
	58.87
	−11.58



	3.5
	0.753
	11.38
	10.17
	17.41
	58.41
	−12.53



	3.8
	0.744
	11.19
	10.09
	17.28
	58.40
	−13.42



	4
	0.734
	10.97
	9.90
	17.03
	58.15
	−15.35
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