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Abstract

:

Users are increasing their demands on the home appliances they utilize by requiring them to be powered anywhere and anytime. In order to satisfy this need, wireless power transfer helps transfer energy between objects without conductors. For domestic scenarios, strongly magnetic resonant technology offers a method to enable wireless power transfer, even when there exist intermediate non-metallic objects between the wireless power source and the load. This paper reviews this technology with a comprehensive explanation about its fundamentals and physical principles. Some practical issues are also analyzed in this work. Particularly, how the control can be designed and how the coils are built. Finally, this paper also addresses the study about the features of other technologies to power home appliances without conductors. They can be foreseen as the technological competitors of strongly coupled magnetic resonant systems.
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1. Introduction


Wireless Power Transfer (WPT) is a group of technologies that allow for the transfer of energy between two objects (the power source and the load) without conductors [1]. This idea was first developed by Nikola Tesla, who performed the first experiments related to this technology over one century ago. Nevertheless, the proliferation of this technology was not then a reality because of the inefficient performance of the first WPT experiments, mainly due to the challenge of generating high power at high frequencies [2]. It has been the advances on power electronics, which have supported the development of commercial and efficient solutions for WPT in the recent years.



WPT is supported by an electromagnetic wave propagating in the air from the system that generates the wave (the emitter) to the system that receives the wave and converts it to electrical energy (the receiver). The emitter and the receiver are both equipped with the electronics necessary for the WPT. With the electronics systems, the receiver needs to extract the energy from the electromagnetic wave and the emitter has to generate this signal with the appropriate features. In particular, it is key to set the wavelength of the electromagnetic wave as the ratio between this parameter and the distance between the emitter and the receiver points out for the convenience of a particular WPT technology. According to this relationship, there are WPT technologies appropriate for the operation in near-field, mid-range or far-field.



Thus, in a near-field or non-radiative scenario three conditions must hold according to [3]: (i) the size of the transmitter element, referred to as    L  D E V    , is much smaller than the wavelength  λ , (ii) the distance between the energy emitter and the receiver is much smaller than the wavelength and (iii) the distance between the transmitter and the receiver is much smaller than   2 *    L  D E V  2   λ   . If we are using coils to transfer energy, the size to consider when defining    L  D E V     is the maximum dimension of this element. Alternatively, the far-field or radiative scenario occurs when the distance between these two elements is greater than ten    L  D E V    . An intermediate configuration is referred to as the mid-range wireless power transfer. According to [4], one of the first relevant works in this area, conditions (ii) and (iii) for the near-field operation are replaced by the condition that the distance between the transmitter and the receiver coils is between 1 to 10 times    L  D E V     for mid-range operations. Mid-range wireless power transmission is receiving recent interest as it naturally adjusts to the distance between a generic transmitter and a receiver in home scenarios. In a similar way to the most-commonly employed near-field technologies, mid-range WPT is supported by magnetic induction so that the energy transfer occurs because of the magnetic field stored by coupled coils [5]. Paying attention to the requirements to power a home appliance without cables, we can highlight the following ones:




	-

	
Freedom to place the home appliance in any position in a room to be powered or charge its battery without any conductor. The power transfer could be realized even when there are intermediate elements (objects or human beings) between the transmitter and the receiver. The transfer should fulfill the requirements concerning the electromagnetic emissions and electromagnetic compatibility with other electronic equipment.




	-

	
Freedom to roam the home appliance inside the room while it is being powered or charged. This capability must be achieved without the need for manual configuration.









Those two requirements force the WPT technology for midrange to be capable of coping with misalignments, that is, the position of the coils generating the magnetic field could be arbitrary. This is one of the main difference with near-field WPT technology where coil alignment is needed, for instance in wireless car charging [6,7] or mobile phone power pads [8].



In the mid-range, Strongly Coupled Magnetic Resonant (SCMR) transmission is the technology to use [9]. In some works, it is also named as magnetic-resonant or WPT-based on magnetically-coupled resonance. Readers should be aware that this terminology is imprecisely applied in near-field experiments too because of the similar electrical structure that they share.



The main particularity of the mid-range systems is that they are able to increase the distance for efficient power transmission if we compare them with pure resonant systems. This outstanding property is achieved because of two features of the SCMR system: (i) the use of self-resonant coils and (ii) the particular coil topology in SCMR systems. Concerning the configuration, a structure based on four coils (two coils in the transmitter and another pair in the receiver) is the most common one. In a similar way to magnetic-based near-field technologies, the power transfer with a SCMR system is not dramatically altered when there are non-metallic objects in the area separating the power transmitter and the load. This capability of power transfer, which is especially convenient for home appliances, is not supported by microwave or the laser-based wireless power transfer solutions.



Additionally, the four-coil topology of SCMR technology, when properly designed and with the corresponding control structures, is insensitive to misalignments (variations on the relative distance between the energy power source and the load). Control techniques can be designed to maximize the power transferred to the load or the efficiency by adjusting the operational frequency or the impedance of some components. It is important to highlight that the SCMR system also allows for the adjustment of intermediate coupling coefficients (and the consequently impedances), which may be used for the control.



Due to these clear advantages, the paper focuses on providing a comprehensive description of the SCMR technology where practical details about its implementation are addressed. This work could be used for engineers starting to work on this area and for those with some previous knowledge about resonant power transfer. In particular, the contributions of the paper are:




	-

	
Explanation of the SCMR theory, making clear the difference with inductive and resonant systems, with which more researchers are familiar. This involves the description of the components used in these systems, their electrical performance and the variables that need to be controlled for a proper functioning that fulfils the requirements previously mentioned for home environments. The main properties of SCMR systems are illustrated with some experiments described in the related literature.




	-

	
Description of the technologies associated with SCMR. In particular, control techniques play an important role in this kind of WPT transmission in order to achieve an adequate power transfer in terms of efficiency or power delivered to the load.




	-

	
Description about how to derive the equivalent lumped circuit of a coil and, in turn, decide which geometry and configuration is more convenient for a particular SCMR application.




	-

	
Analysis of the commercial products that are already available in the market for wireless power of home appliances. These products can be foreseen as the competitors of SCMR-based solutions.









The structure of the paper is as follows: in Section 2, the electrical analysis of SCMR systems is presented. The frequency splitting phenomenon associated to this kind of circuits is addressed in Section 3. Section 4 explains how the control systems are designed in SCMR systems. Section 5 describes how the coils, a key component in a SCMR system, can be electrically modelled. Section 6 reviews the features of some WPT products in home appliances, which can be considered as the competitors of SCMR systems. Finally, Section 7 describes the conclusions.




2. Fundamentals of Strongly-Coupled Magnetic Resonant Systems


As we previously mentioned, SCMR systems are also identified as the technology based on magnetically-coupled resonance or magnetically resonant circuits [5]. In this paper, we will use the term “strongly-coupled magnetic resonant” because it highlights the physical difference of this mid-range technology when compared with some other magnetic-based near field techniques.



The first experiment on SCMR transmission mas conceived and reported by a research group from the Massachusetts Institute of Technology (MIT). In this activity, performed in 2007, the researchers leaded by Profs. Soljacic and Joannopoulos showed how to transfer 60 W to a light bulb without cables by employing a 10 MHz magnetic field. The transfer efficiency was 45%. The separation between the energy emitter and the receiver was 2 m, which means the power transfer was achieved when the separation between these two objects were four times greater than the power device dimensions. In this experiment, the coils’ diameters were 50 cm. This condition could not be supported by the previous pure resonant WPT systems. The distance between the two objects is much smaller than the wavelength (30 m) in this experiment so the two conditions for mid-range operation hold. This experiment settles the basis of the SCMR technology. From the theory behind this work and further research activities, we can state that the main properties of a SCMR system are:




	(1).

	
Based on magnetic fields. The core of the system is composed of coils. According to Ampère’s Law, if the current in the coils varies with time, a magnetic field is generated. The coils are placed in such a way that they can concatenate the magnetic field of another coil. This implies, that a voltage is induced in its terminals and, as consequence, a battery can be charged when correctly connected to the coil.




	(2).

	
Indirect-fed link. The typical topology of SCMR is composed of four coils: two in the transmitter and two in the receiver [10]. All of them are not connected by cables but they interact with magnetic fields. Figure 1 illustrates the four-coil topology and how these coils are usually named: the driver loop, the transmitter coil, the receiver coil and the load loop [11]. The distance between the receiver coil and the load loop is usually maintained as it is fixed in the construction of the equipment. In some cases, the distance between the driver loop and the transmitter coil can be adjusted by the control system in a way to perform impedance matching. The common use of the SCMR systems in home environments will result in frequent misalignments between the transmitter and the receiver coils, with which the SCMR system must cope.









The meshes and the components related to each coil will be referred with the sub-indexes D, T, R and L for the driver, the transmitter, the receiver and the load coils respectively. For simplicity purposes, it is assumed that there is only direct relationship between two consecutive coils. Thus, only three coupling coefficients are considered in the electrical analysis (   K  D T   ,    K  T R   ,    K  R L    ). In Figure 1,    Z L    models the impedance offered by the load. The load can be a battery or the electric component to be activated to use the home appliance. In addition,    Z S    models the internal impedance of the power source.




	(3).

	
Resonant systems. The system is foreseen to operate under resonant conditions, that means, that the impedance seen by the power source has null reactance. To ensure this condition, all the coils in the system are connected to a capacitor. This capacitor could be a lumped component or a parasitic capacitance resulting from the own coil topology. In the first case, the connection could be in series or in parallel. As in pure-resonant WPT systems, the reactive structures that are added to hold this condition are commonly named as the compensation systems.




	(4).

	
Two self-resonant coils. The two intermediate coils in the system (the transmitter and the receiver) are designed in such a way that their parasitic capacitance can be employed to resonate. According to the MIT researchers, in this way, the resonance is better. This is the common approach but there are some authors that opt for lumped capacitors in the resonant coils [12]. It is important to note that the operational frequency of the system may not be always the one imposed by the resonant coils.




	(5).

	
Operational adjustment. In order to cope with potential misalignments between the transmitter and the receiver coils, it is convenient to tune one of the component of the system. Some control equipment will be required for this adjustment in order to maximize the power transferred to the load or the efficiency. The main adjustments are the frequency tuning and the inclusion of dynamic impedance matching structures.









The combination of these five properties makes the mid-range WPT a reality, even with misalignments. To understand this behavior, the first descriptions of SCMR systems were based on the Coupled Mode Theory. Specifically, a mode represents the electromagnetic energy exchange occurring in a coil between the inductance and the coil’s parasitic capacitor. As the topology of SCMR systems is supported by two self-resonant coils, two modes are employed in the analysis. For a generic coil characterized by its self-inductance    L i    and its parasitic capacitance    C i   , the mode    a i    is defined so that      |   a i   |   2    corresponds to the energy of the reactive components of the coil when the coil is isolated. That means, that for the energy computation, it is assumed that    L i    and    C i    are not coupled with other components in the circuit. Thus:


   a i    =        C i   2     V   C i      +   j      L i   2     I   L i       



(1)




where    V   C i        and    I   L i      are the voltage at the capacitance and the electrical current in the coil respectively. Basing on this new term, the system behavior is defined with two modes.



Alternatively, a mesh-based analysis using Kirchhoff’s Laws is equivalent and it avoids the simplifications associated to the previous theory. Both approaches arise similar results though [9]. The current trend opts for the study of the SCMR systems basing on Kirchhoff’s Laws [13], so this is the approach followed in the paper.



According to the conception of SCMR system by MIT researchers, the transmitter and the receiver coils employ their parasitic capacitances to work on resonant conditions (   C T    and    C R    in both sides respectively). In particular, these two coils are equivalently built so their resonant frequency is exactly the same. Specifically, the angular resonant frequency (   ω o  )   is:


   ω o 2    =    1   L T   C T      =      1   L R   C R       



(2)







The electrical magnitudes at the resonant frequency are marked with the superscript ‘o’. Because the values of the parasitic capacitances are usually in the range from 1 to 10 pF, the resonant frequency in SCMR systems is commonly in the interval from hundreds of kHz to dozens of MHz [14]. Alternatively, the driver and the load loop are usually connected to a lumped capacitor to ensure the operation under resonant conditions. This reactive element could be connected to the coil in parallel or in series but the most popular connection is in series [10]. This type of connection will lead to an equivalent circuit as shown in Figure 2. As can be observed, for a more precise model, the resistances of the coils are included. Considering the typical operational frequency, these resistances are due to two physical effects leading to the ohmic resistance and the radiation resistance [15]. These two effects are assumed to be independent so the equivalent resistance of the coils is computed as the sum of the ohmic and the radiation resistances. In our model, they will be    R T    and    R T    for the transmitter and the receiver respectively. In contrast, the resistances of the driver and the load coils are not included in the model. This is because they are built with only one loop so that their internal resistance becomes negligible if we compare them to    Z S    and    Z L   .



The following analysis is based on the concept of the reflected impedance. According to this technique, two meshes with coupled components are simplified as a single one, in which an extra component is included. This additional component will be referred to as    Z  i j    . Thus,    Z  i j     corresponds with the reflected impedance from mesh  j  to mesh  i . In our work, the reflected impedance can be computed with the meshes involved in a SCMR system, that is, the meshes with the driver, the transmitter, the receiver and the load coils. Theses meshes are referenced as D, T, R and L respectively. Deriving the reflected impedance in the receiver and the transmitter sequentially, we can lead to the input impedance (   Z  i n    ). In particular, for the electrical scheme represented in Figure 2, we have:


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



(3)






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



(4)






   Z  D T   =      ω 2   K  D T  2   L D   L T    j ω  L T    +    1  j ω  C T      +    R T    +    Z  T R        



(5)






   Z  i n   =    Z  S     +   j ω  L D  +  1  j ω  C D    +  Z  D T      



(6)







At the resonant frequency of the transmitter and the receiver coil, these impedances are:


   Z  T R  o  =      ω 2   K  T R  2   L T   L R     R R    +      Z  R L        



(7)






   Z  D T    o  =      ω 2   K  D T  2   L D   L T     R T    +      Z  T R  o       



(8)






   Z  i n    o  =    Z S  +   j ω  L D  +  1  j ω  C D    +    Z  D T  o     



(9)







Thus, with these particular operational conditions, the currents in the four coils are computed as:


   I D o  =      V S     Z  i n  o       



(10)






   I T o  =     j ω  K  D T      L D   L T      j ω  L T    +    1  j ω  C T      +    R T    +      Z  T R  o       



(11)






   I R o  =   j ω  K  T R      L T   L R      j ω  L R    +    1  j ω  C R      +    R R    +      Z  R L  o       



(12)






   I L o  =   j ω  K  R L      L R   L L      j ω  L L    +    1  j ω  C L      +    Z L       



(13)







Basing on this analysis, we evaluate the need for the compensation topologies in the driver and in the load. We will demonstrate that for a four-coil topology it is necessary to include them in order to achieve a reasonable operation in terms of power delivered to the load. This is important to remark as the description of some experiments does not explicitly incorporate the compensation systems. The electrical features of the experiment are extracted from [16] and summarized in Table 1.



For this SCMR experiment, if we vary the distance between the transmitter and the receiver coil, we are forcing to the variation on the mutual inductance too. For these changes, the power delivered to the load is modified as shown in Figure 3. It can be clearly observed that the power delivered to the load is reasonable when the compensation systems are included for a wide range of distances separating the transmitter and the receiver coils.



The four-coil topology of SCRM systems could be reduced to a two coupled coil system. For this simplification, the resistances of the four coils are all considered negligible. This model also assumes that the four coils are built to have the same resonant frequency. This means, that the capacitors    C D    and    C L    are set to make the driver and the load loops have the same resonant frequency that the free resonant frequency of the transmitter and the receiver coils. Then:


   Z  i n   =    Z S  +    Z  D T   O ′   =  Z S  +    ω 2   K  D T  2   L D   L T     Z  T R   0 ′        



(14)




where the superscript ‘O’ denotes that the system is working at the resonant frequency and the resistances in the transmitter and receiver coils are considered null.



Basing on the concept of the reflected impedance, we can obtain that:


   Z  i n   =  Z S  +      K  D T  2   L D   L T       K  T R  2   L T   L R     Z  R L   O ′       =  Z S  +      K  D T  2   L D   L T     K  T R  2   L T   L R       ω 2   K  R L  2   L R   L L     Z L       



(15)







Operating with this last expression, we obtain that:


   Z  i n   =  Z S  +  ω 2     K  D T  2     K  T R  2       K  R L  2   L L   L D     Z L       



(16)







This equation reveals that the input impedance perceived by the power source corresponds to the series association of the power internal impedance    Z s    and the reflected impedance from the load to the driver meshes. In particular, the equivalent coupling coefficient (   K  e q    ) for the reflected load is      K  D T    K  R L      K  T R      . As the impedances of the intermediate coils is not affecting the reflected impedance, the four-coil topology can be simplified as a two-coupled coil scheme in which the coupling coefficient equals    K  e q    . The equivalent two-coil scheme is shown in Figure 4.



Due to the previous simplifications, the model based on two-coupled coils is only exact when the system operates at resonance and the losses in the resonant coils are not relevant. However, this model is practical in order to derive important conclusions about the performance of SCMR systems.



With this equivalent circuit we can explain why the indirect-link presents a better power transfer than two simple coupled coils. This is due to the coupling coefficient of the equivalent circuit of the SCMR system. The coupling coefficient of two coupled coils indicates how much of the magnetic flux generated by the primary coil (the driver in the simplified circuit of Figure 4) is used to induce a voltage in the secondary coil (the load). With two coupled coils, it is desirable that the coupling coefficient approximates to 1. However, in conventional resonant WPT systems, this condition cannot be satisfied as it will force the two coils to be too close. This is in fact the reason why some wireless chargers for home appliances (e.g., electrical toothbrushes and mobile phones) only operate when the device is in contact with the charger. This requirement, which imposes a clear restriction, is avoided in SCMR systems. Basing on the equivalent circuit of a four-coil topology, the requirement is expressed as:


   K  e q   =    K  D T     K  R L       K  T R      = 1    



(17)







Then, when the individual coupling coefficients (mainly due to    K  T R    ) are not equal to one,    K  e q     could be the unity as expressed in Equation (17). This condition explains why SCMR systems can get more efficiency that pure resonant systems because when the transmitter and the receiver are largely separated (their coupling coefficient    K  T R     is close to 0), the efficiency is not greatly affected if the other coupling coefficients (   K  D T     and    K  R L    ) are designed according to Equation (17). In contrast with a simple two coupled coils, this    K  e q     may be greater than 1, resulting in an increased efficiency. So, selecting the proper values of    K  D T     and    K  R L    , the distance between the transmitter and the receiver in SCMR systems can be enlarged for an efficient wireless power transfer. However, other performance metrics such as the power delivered to the load may be affected as we will discuss next.



In order to illustrate the benefit of using four coils for the WPT system, we compare the efficiency of a 4-coil topology with the one achieved by a traditional 2-coil topology. For the SCMR system, the electrical features summarized in Table 1 are set. In contrast with the development of the equivalent circuit of Figure 4, the internal resistances of the resonant coils have been considered so we will observe that the previous conclusions are still valid. The 2-coil topology used for this comparison consists of the voltage source connected to the transmitter coil and the receiver coil connected to the load. The resistances and the capacitances of these two coils are included. The driver and the load loops are suppressed in the 2-coil system. Table 2 summarizes the performance metrics obtained for a constant distance between the transmitter and the receiver coil. Specifically, the mutual inductance for these two coils is 0.86 µH. In the four-coil system, the distance between the driver and the transmitter coils is modified in the same way than the separation between the receiver and the load coils. Thus,    K  D T   =  K  R L    . We have studied the system for three different    K  D T     in terms of efficiency, power delivered to the load and induced voltage in the load coil. The efficiency is defined as the ratio between the power delivered to the load to the power generated by the source.



We can observe that including the driver and the load coils have increased the efficiency for the three cases considered in this analysis. When    K  e q   = 1  , this increment is achieved without practically altering the power delivered to the load or the induced voltage. Nevertheless, these two metrics are clearly decremented when the    K  e q     is increased although the efficiency is also improved. In the design process it should be decided which performance metrics prevails in order to decide about the coupling coefficients of interest.



For the three previous coupling coefficients    K  D T    , we will further analyze how the system works for a wide range of distances between the intermediate coils. This analysis is reflected in Figure 5. In the x-axis, the mutual inductance reflects the mutual inductance between the transmitter and the receiver coils for both the 4-coil and the 2-coil topologies. This parameter can be considered as the opposite to the distance separating both coils.



Figure 5 shows how the three topologies of the SCMR system are able to operate with lower mutual inductances    M  T R    , that is, for bigger distances between them. However, SCMR systems present two main disadvantages in comparison with pure-resonant systems. Firstly, they are more expensive and complex in their design as they require four coils. Secondly, the system becomes less compact. This last disadvantage is solved with the conformal configuration, commonly employed in biomedical applications where it is a strong requirement to operate with compact systems inserted in the patients. In a conformal configuration, the transmitter coil and the receiver coil are both built and placed in the same plane than the driver and the load loop respectively.



Another conclusion that this figure arises is that SCMR systems are very sensible to distance between the transmitter and the receiver coils as the efficiency varies with this parameter. Control systems should be included to support misalignments, then.




3. Frequency Splitting Phenomenon


In the design of SCMR systems, the proper values of the electrical components are determined according to realistic and potential modes to build them. Several options are possible for the components. For instance, the topology of the coil (structure and number of turns) could be diverse. In order to decide which option is the most convenient for a particular application, other considerations about the main properties of SCMR systems need to be taken into account in the design process too. In particular, it is of importance to consider how some variations on the system parameters could alter the system stability. While SCMR circuits are operating, two main modifications could take place: changes on operational frequency due to the system control and variations of the coupling coefficients due to the different distances between the coils. These changes could lead to two effects that could impact on the system performance and even on its reliability. These effects, which are related, are the frequency bifurcation and the frequency splitting.



Frequency bifurcation occurs when the input impedance has a null reactance at least at three different frequencies [16,17]. The consequence is that the main electrical magnitudes at the output holds a particular relationship with the variation of frequency. Specifically, there are peak values at those frequencies with null reactance that are not the resonant one. An equipment where frequency bifurcation may occur should be designed to support the peak values (current and voltages in some electrical components) related to the frequency bifurcation if the operational frequency may be adjusted. As an alternative, the system could be designed to prevent this kind of performance. Towards this goal, a pure-resonant system with just two coupled coils establishes a mathematical condition based on the quality factors of the coils that must be satisfied to prevent the frequency bifurcation [17]. These equations, which depend on the compensation systems, are not applicable for SCMR circuits as they base on a four-coil topology. Moreover, SCMR systems can be designed to work at those frequencies where the peak occurs, as we will study next.



In order to have a safe operation of the SCMR system, it is necessary to determine when the frequency bifurcation occurs in order to avoid the potential damages of the peak values. For a particular SCMR system, the frequency bifurcation appears or not depending on the separation between the transmitter and the receiver coils. Thus, if the coupling between the transmitter and the receiver coils exceeds the splitting coupling, bifurcation takes place and consequently some electrical magnitudes in the circuit (e.g., power delivered to the load, current in the coils or efficiency) exhibit some peak values in a range of frequencies. Otherwise, if there is no frequency splitting, the maximum of the electrical magnitudes is only at the resonant frequency. This behavior is illustrated in the next figure.



Following with the SCMR system characterized by the features in Table 1, we have modified the distance between the transmitter and the receiver coils leaving the rest of the parameters constant. The results are presented in Figure 6. When the mutual inductance    M  T R     is 0.32 µH, the power delivered to the load is maximum at the resonant frequency, that is, at 3.87 MHz. However, if this distance is reduced, there are also some maximum values at other frequencies. In particular, for    M  T R   = 9   μ H  , the power delivered to the load at 3.4 MHz is even greater than the one obtained at 3.87 MHz. The position of these maximum depends on the distance between the resonant coils as it is illustrated by yellow and red lines in Figure 4. For some metrics, such as the efficiency, the maximum value with frequency bifurcation may not occur at the free resonant frequency    w o   .



In [18], the frequency splitting is reflected as the addition of two peaks leading to a total of four power peaks. Thus, when there is no frequency splitting, there are two peaks but then, the system counts on four peaks. The authors demonstrate that the coil topologies clearly affect in the type of behavior the system presents. Thus, for the same distance between the resonant coils, the system could have a frequency splitting with four-peaks, two peaks or even it could have no frequency splitting.



The work in [19] defines the critical coupling for a four-coil topology system and it relates this parameter to coil quality factors. For a topology with the same structure for the resonant coils (with quality factor    Q 2    and internal resistance    R 2   ) and equivalent loops (with quality factor    Q 1    and internal resistance    R 1   ) the critical coupling (   K  c r i t i c a l    ) is demonstrated to be:


   K  c r i t i c a l   =    1   Q 2      +  K  12  2   Q 1     



(18)







The quality factors    Q 1    and    Q 2    are computed as:


   Q 1  =      ω 1     L 1     R 1       



(19)






   Q 2  =      ω 2   L 2     R 2       



(20)







For the quality factor    Q 2   , the angular frequency is the free resonant frequency of the intermediate coils, that is,    ω 2  =  ω o    as expressed in Equation (2). For the quality factor    Q 1   , the parasitic capacitances of the loop (   C  p 1    ) should be estimated as:


   ω 1  =  1     L 1   C  p 1          



(21)







Considering the frequency splitting phenomenon, the modes of operation of a SCMR are two:




	-

	
The overcoupled region, when    K  T R   >  K  c r i t i c a l    . It occurs when the transmitter and the receiver coils are close. The performance metrics present some peak values at frequencies different from the free resonant one.




	-

	
The undercoupled region,    K  T R   <  K  c r i t i c a l    , when the distance between the two resonant coils is considerable and the bifurcation does not take place.









The frequency splitting phenomenon has been observed in more complex structures too. In [20], a SCMR scheme with multiple transmitters is analyzed. The system is configured to work at one of the power peaks in the overcoupled region.




4. Control in SCMR Applications


SCMR systems are equipped with control applications that aim to improve the performance in order to support the freedom to place and freedom to move requirements. We have observed that the SCMR systems allows for the wireless power transmission between two objects that are separated in a distance greater than the one of the resonant systems. For a set of conditions (distance between the transmitter and the receiver and load resistance), there is an optimal frequency and/or an optimal impedance in which the system works according to the predefined design goal. When working with SCMR systems, there are two main goals that can be set in the design process:




	-

	
Operate at maximum efficiency.




	-

	
Operate to transfer the maximum power to the load.









SCMR circuits are expected to be used in home environments, their power requirements are limited. Thus, they are usually designed so that the source transfers the maximum power to the load (the device to power or charge). In this design process, losses occurring in other resistances are not considered relevant. In this approach, the design of strongly-coupled magnetic resonant circuits usually focuses on transferring the maximum power to the load independently of the efficiency of the system.



Small deviations from the set of conditions assumed in the design process (mainly coil misalignments) would lead to the decrement of the efficiency or powered transferred to the load. Although complex structures of the coil may alleviate this effect, the system converts into a bulky structure which is not always feasible to implement. This is the case of the advanced geometries for the transmitter and the receiver coils proposed in [21], where two orthogonal coils try to capture the magnetic field in two different spatial axis in order to increase the efficiency.



In order to support this misalignment, two main schemes are proposed for the control technique. These schemes are the adjustment on the operational frequency and the modification of the impedance matching structures. Both control strategies can be employed for the two aforementioned goals: maximize the efficiency and/or maximize the power delivered to the load.



Although the control of the operational frequency seems to be more common in pure-resonant systems, SCMR circuits usually operate under rigid requirements about the ISM band [22]. Thus, it is not always possible to opt for this scheme. In contrast, the dynamic configuration of the impedance matching may be more practical. The main shortcoming is that it is not always easy to count on impedance matching structures with a wide range of potential impedance values. These strategies are reviewed next.



4.1. Frequency Tuning


In order to make the SCMR able to power a device with changes in the position where it is placed, the frequency tuning bases on the frequency splitting phenomenon. According to this strategy, the system is configured to operate in the overcoupled region. Alternatively, if the system is going to work with predefined and set spatial conditions, the undercoupled region is the best option as it avoids the control equipment.



Thus, the frequency tuning control adjusts the frequency of operation so that it is one of the peaks that reveal themselves when there are frequency splitting. In particular, for the efficiency, the frequency splitting in SCMR system described with Table 1 leads to a maximum that is not placed in the free resonant frequency    w o   . Figure 7 shows how the efficiency is greatly improved when the frequency tuning is executed for this SCMR system with three different    K  D T    .



Figure 7 shows the capability of the frequency adjustment to achieve a nearly constant efficiency in SCMR circuits. For the SCMR system described in Table 1, we have varied the distance between the transmitter and the receiver coils, that is, their mutual inductance. For each particular distance, we have computed the efficiency of the system for a range of potential operational frequencies in which the SMCR system may operate if properly adjusted. The most convenient frequency, referred to as the optimal frequency, is identified as the one in which the efficiency of the system is the greatest one. With the metrics associated to this optimal frequency, we have derived the performance of the SCMR system referred to as ‘frequency adjustment’. Figure 8 reflects how the optimal frequency is constant for low mutual inductances, but it needs to be adjusted when the distance between the resonant coils decreases if we want to achieve a high efficiency. This behavior is observed for the three different 4-coil topologies tested in this paper. The frequency from which the optimal frequency is not constant is related to the    K  c r i t i c a l    . It can be observed that the    K  c r i t i c a l     depends on the coupling coefficient    K  D T    . The optimal frequency could be computed to maximize other performance metrics such as the power transferred to the load. For this metric, the behavior will be similar as the need for adjustment is related to the occurrence of the frequency bifurcation. The frequency bifurcation leads to peak values in other frequencies different from the resonant one.



Figure 8 shows that the variations on the frequency required by the control adjustment are not considerable so this control system can be implemented with conventional power converters. The work in [19] proposes the first relevant control for SCMR systems based on frequency tuning. For the implementation, they incorporate a directional coupler in the driver loop. With this component, they measure the incident and reflected power. Consequently, the frequency is adjusted according to these measurements.




4.2. Impedance Matching


As we have demonstrated previously, compensation systems are necessary to transfer a convenient power to the load. Pure-resonant systems usually aim at being efficient as they manage a kW-power transfer. However, impedance matching structures in SCMR systems can be used to maximize the efficiency or the power delivered to the load.



The works in [13,23] presents a comprehensive analysis about the value that the load should take to achieve maximum efficiency or maximum power in the load. The electrical features of the load cannot be always adjusted so that additional components should be inserted in the source to achieve any of these two goals. The impedance matching network consists of the connection of capacitors, inductances and resistances so that the global impedance corresponds with the one demanded.



Basing on the maximum power transfer theorem, the source impedance (   Z S   ) should be the complex conjugate of the impedance of the rest of the system if the power delivered to the load is expected to be maximized. As we are working with coupled coils, we can use the reflected impedance concept in the equivalent circuit of a SCMR presented in Figure 2.



Under resonant conditions, the impedance reflected from the load to the primary (   Z r   ) is:


   Z r  =    K  D T  2     K  T R  2       K  R L  2   L L   L D   ω 2     (   R L 2    +    X L 2   )     (   R L  − j  X L   )     



(22)







According to the maximum power transfer theorem,    Z s  =  R s    +   j  X s  =  Z L *   . So:


   R S  =      K  D T  2     K  T R  2       K  R L  2   L L   L D   ω 2     (   R L 2    +    X L 2   )     R L     



(23)






   X S  =    K  D T  2     K  T R  2       K  R L  2   L L   L D   ω 2     (   R L 2    +    X L 2   )     X L     



(24)







The system needs to incorporate impedance matching structures so that these two conditions are verified. The most popular scheme for SCMR system is the Series connection in the driver of the matching network. As can be observed, the optimum values for    R S    and    X S    depend on the coupling coefficients. So, if dynamic conditions occur while the system is working, these coefficients are expected to vary and, in turn, the optimal matching structures need to be adjusted to obtain an optimal performance. The work in [24] evaluates the use of adaptable matching structures. Although it demonstrates the utility of this type of blocks, the practical implementation requires complex measurements. Reference [22] includes a set of capacitors and resistances in the transmitter and the receiver coils. One of the capacitor and a resistance is elected to work close to the optimal operating point established by the maximum power transfer theorem. Reference [25] includes a tunable matching structure in the driver and the load loops. The most relevant feature is that there are a set of driver and the load loops so that one of them is switched on according to the instantaneous conditions of the system.



An alternative is proposed in [26]. Based on Equations (23) and (24), the maximum power transfer can also be achieved by altering the coupling coefficients (   K  D T     and/or    K  R L    ) when the distance between the resonant coils is modified. This is referred to as the coupling matching. Particularly, in [26] the distance between the driver and the transmitter coil is mechanically varied to approximate to the optimal condition set by the maximum power transfer theorem. In this way, the receiver, which may have more restrictions for the adjustment, do not require any control system. This restriction is also considered in [27], where    K  D T     is varied to adapt to the changes on the position between the transmitter and the receiver. Specifically, the driver loop is selected among a set of two coils and connected to the circuit accordingly. In this experiment, the receiver follows a conformal implementation. As shown in Figure 8, the variation of the    K  D T     may impact on the critical coupling coefficient so the frequency splitting phenomenon should be considered in the design of the systems that implement this control method.





5. Coil Design in SCMR Systems


They key component of a SCMR system is the coil, as their self-inductance and quality factor determines if it is feasible to work in the overcoupled region. Their topology and features also impact on the capability of the system to work under misalignments. Moreover, the type of coil defines the parasitic capacitance and, in turn, the resonant frequency.



In SCMR circuits, the coils are air-core. They can be classified into two main groups according to their topology: flat and 3-D. The flat coils can further be spiral or circular. Alternatively, the 3-D coils can be helical with or without distance between two consecutive turns. This distance is referred to as the pitch. An illustration of this kind of coil topology is presented in Figure 9.



Conformal solutions constitute a particular case of circular coils in which the transmitter coil is in the same plane than the driver loop so that the dimensions of the transmitter equipment is reduced [27,28]. A more popular approach for conformal implementations searches the compact structure in the receiver, which may have more restrictions about the place to occupy. This is typical in biomedical applications.



For the design of SCMR systems, it is important to count with the electrical characterization of the coil. Although a numerical-based analysis is possible to derive the equivalent electric circuit of a coil, the use of a model requires less computational resources. Thus, models can be incorporated in the design process based on the selection of a configuration among a space of potential solutions as the space of solutions can be computed in a reasonable time. The most popular model for coil includes a self-inductance ( L ), a resistance ( R ) and a capacitance ( C ) as shown in Figure 10.



The values of these elements depend on the coil topology and on the material it is composed of. Moreover, the resistance is also affected by the operational frequency whereas the inductance and the capacitance are assumed to be constant in a wide range of frequencies. Specifically, the self-inductance of a coil may be approximated by Wheeler’s model or Waters’ model [29].



As exposed in [30], the stray capacitance ( C ) of an air-core coil is the result of two effects. The first one is related to the capacitance between adjacent turns whereas the second one is due to the capacitive effect between the turns and the shield. In SCMR applications, the used conductors are typically without shield so this contribution is neglected. The general approach to model this parameter initiates by estimating the capacitance between two adjacent turns, the referred to as the capacitance turn-to-turn (   C  t t    ). Then, for a coil of  N  turns, the capacitance ( C ) is computed as the series association of the    C  t t     between the (  N − 1 )   turns. A more accurate but more complex model is presented in [31]. The work in [32] proposes a model for spiral coils to estimate the self-inductance and the capacitance. The model, which is based on transmission line theory, is complex to apply. An alternative procedure to determine the self-capacitance consists of computing the self-resonant frequency of the coil. The work in [33] presents a method to estimate the self-resonant frequency of spiral coils. As described, this parameter depends on the pitch, the cable width, the radius and the number of turns of the coil. The relationship between the self-resonant frequency and the coil structural parameters is determined basing on a particle-swarm optimization problem.



Finally, the resistance is due to the power losses that all practical inductances exhibit. This resistance increases with the indictor operating frequency, mainly because of the skin and proximity effects. The total resistance is then computed as the sum of the ohmic resistance (related to the skin effect) and the radiation resistance (due to the proximity effects). As previously commented, this two types of resistances depend on the frequency. High-power applications, such as the ones for EV wireless chargers, opt for coils based on Litz wire [34] as they operate in the interval of tens of kHz. However, this work demonstrates that for the typical operational frequency of SCMR systems (some MHz), the resistance associated to the copper coils is lower than the ones basing on Litz wire. On the other hand, the component due to proximity losses reflects how some current densities are induced in the winding because of the magnetic fields involved in the system. This implies that variations on the magnetic field will alter this term. The work in [35] demonstrates how the mutual coupling impact on the resistance of the coils.



Concerning the material of the coils, they are usually built with copper. However, recent works show how coils built with superconductor present a reduced internal resistance and a high quality factor [36]. The cost of a coil made of a superconductor is higher, though.



As previously said, the use of a model to characterize the coil is especially convenient for the design phase. In order to decide the exact parameters of the coil (topology, number of turns and pitch), it is necessary to take into account the application requirements, that is, the power that needs to be transferred, the common distance between the transmitter and the receiver, the size that the transmitter and the receiver equipment could acquire and the range of frequencies in which it could operate. An iterative algorithm should then be applied in order to know which combinations of electrical features satisfies all the requirements. Among them, the costs or the size diminution could be the criterion to select the final coil structure to be built.




6. Commercial Products for Wireless Power of Home Appliances


The first approaches for wireless power for home appliances were provided by the Qi and Rezence technologies. They rather require direct-contact or minor separations up to 5 cm. As an alternative, other wireless power technologies extend the distance between the power transmitter and receiver up to several tens of cm. In this sense, there exist some companies that offer commercial solutions for wireless power transmission in a home environment at the moment. The most relevant ones are:




	-

	
Energous (San Jose, CA, USA). Their product, named WattUp, consists of an array of antennas in the transmitter and multiple antennas in the receiver [37]. Multiple receivers can be powered with just one transmitter. By implementing an array of antennas in the transmitter, it is possible to control the beam directionality so the power transfer can be transmitted to the receiver in a more efficient way [38]. On the other hand, the receiver is equipped with multiple antennas to capture more waves and, in turn, extract from them more energy. They offer two kinds of products: the one for far-field (the distance between the two extremes can be up to 5 m) and for mid-field to cover devices in an area of 1 m. The waves are generated at the same frequencies that IEEE 802.11 technology uses (2.4 GHz and 5 GHz). The hardware is controlled with software while the data exchange between the transmitter and the receiver is supported by Bluetooth. The company states that the efficiency can be of 70%.




	-

	
Wi-Charge (Revohot, Israel). This Israeli company has developed products to power devices without conductors. Specifically, they can charge up to 3 W in 1 km [39]. The technology behind this product is the infrared light. Once that the device to be charged has been detected, the transmitter generates the infrared light in the direction where it is placed. The receiver is equipped with a photovoltaic cell to transform the wave into a DC signal, which is able to power it. The company states that the power transfer is interrupted when an obstacle between the transmitter and the receiver is detected. As it is based on light signals, no obstacles can be between these two devices. Thus, the transmitter is recommended to be installed in the ceilings.




	-

	
Ossia (Bellevue, WA, USA). Based on RF signals generated with an array of antennas, Cota allows for wireless power transfer [40]. The transmitter generates the signal in such a way that the obstacles or human beings are avoided. Thus, paths to transmit the power are dynamically negotiated between the transmitter and the receiver to protect human beings from the radiation. The electrical features of the Cota product are very similar to the WattUp product. RF signals are used for the power transfer whereas Bluetooth supports the communication channel between the transmitter and the receiver. The products developed by this company are specially designed to be easily integrated into already produced devices.









The review of these commercial solutions reveals that the technology is proprietary. It includes hardware and software to control the power transmission. It can be observed that there is a lack of standardization about both types of components in order to achieve interoperability and, as a consequence, expand this technology. Concerning the hardware, an agreement should be decided about the frequency for the radio waves. In this sense, it is particularly relevant to ensure that systems working with arrays of antennas are fully compatible with the ones based on only one antenna. Software issues should be defined too. Similarly to Qi or Rezence, a protocol to control the power transmission is needed. This englobes the negotiation about the power transmission, the initiation, the dynamic control while the power transfer occurs and the finalization. Data codification for these operations should be specified too. A first attempt towards this standardization has been made by Ossia with the Cota standard 1.0 released in October 2017. However, this work is intimately related to the specific technological solution designed for Cota, that is, the array of antennas generating RF-signals. Other solutions such as the one developed by Wi-Charge are excluded.



As can be noticed, none of the products described previously are supported by the SCMR technology. SCMR technology allows for the increase of the power levels and they can work with intermediate objects between the transmitter and the receiver. Similar features should be provided by SCMR-based solutions if they want to become real technological competitors.




7. Conclusions


Wireless Power Transfer encompasses a group of technologies that allow for the power transmission from a power source to a load through an air gap, without any wire connecting both. SCMR systems are a WPT technology especially suitable for home appliance due to the distance allowed between the power transmitter and the receiver.



This paper has described the technology associated to SCMR systems, paying special attention to the technological implications that the four-coil topology structure has. This physical behavior constitutes the basis of the control strategies developed in the related work. Control systems become necessary to cope with misalignment between the transmitter and the receiver. This is a requirement that needs to be satisfied in order to allow a user to place is device anywhere in a room. Dynamic control schemes are also desirable so that the device can move its position while it is being powered.



There are mainly three types of control schemes: frequency adjustment, impedance matching and coupling matching. Although this paper has reviewed the most relevant contributions in this field, there is still much work to do in order to support a wider range of variations between the transmitter and the receiver without the use of complex measurements acquired by expensive instruments. Thus, control systems in SCMR circuits has been identified as a topic on which further progress is expected.



SCMR circuits also lack from a design procedure which helps engineer to decide the topology and configuration of the components of the circuits. Models to extract the main electrical parameters of the coils have been reviewed in this paper but there is still the need for defining a comprehensive method that includes all the steps required in the design process.



Comparing SCMR technology with other commercial products working in a similar field, we can conclude that this technology still requires further works from the industrial and the research groups to ease its use in home-environments. In this sense, a standard which defines the coil topology is a need to obtain compliant transmitter/receiver equipments.







Author Contributions


The need for this review was identified by the two authors. J.A.A.S. proposed the methodology and structure of the paper. The analysis of the fundamentals and control systems for SCMR technology was done by A.T.-C. A.T.-C. and J.A.A.S. wrote the paper.




Funding


This research was funded by University of Málaga grant number PPIT.UMA.B1.2017/27.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lu, X.; Wang, P.; Niyato, D.; Kim, D.I.; Han, Z. Wireless Charging Technologies: Fundamentals, Standards, and Network Applications. IEEE Commun. Surv. Tutor. 2016, 18, 1413–1452. [Google Scholar] [CrossRef]

	



Liu, S.; Tan, J.; Wen, X. Dynamic impedance compensation for wireless power transfer using conjugate power. AIP Adv. 2018, 8, 025210. [Google Scholar] [CrossRef][Green Version]

	



Popovic, Z. Cut the Cord: Low-Power Far-Field Wireless Powering. IEEE Microw. Mag. 2013, 14, 55–62. [Google Scholar] [CrossRef]

	



Karalis, A.; Joannopoulos, J.D.; Soljačić, M. Efficient wireless non-radiative mid-range energy transfer. Ann. Phys. 2008, 323, 34–48. [Google Scholar] [CrossRef][Green Version]

	



Barman, S.; Rez, A.; Kumara, N.; BakarMunir, K. Wireless powering by magnetic resonant coupling: Recent trends in wireless power transfer system and its applications. Renew. Sustain. Energy Rev. 2015, 51, 1525–1552. [Google Scholar] [CrossRef]

	



Ahmad, A.; Alam, M.S.; Chabaan, R. A Comprehensive Review of Wireless Charging Technologies for Electric Vehicles. IEEE Trans. Transp. Electrif. 2018, 4, 38–63. [Google Scholar] [CrossRef]

	



Cirimele, V.; Diana, M.; Freschi, F.; Mitolo, M. Inductive Power Transfer for Automotive Applications: State-of-the-Art and Future Trends. IEEE Trans. Ind. Appl. 2018, 54, 4069–4079. [Google Scholar] [CrossRef]

	



Waffenschmidt, E. Wireless power for mobile devices. In Proceedings of the 2011 IEEE 33rd International Telecommunications Energy Conference (INTELEC), Amsterdam, The Netherlands, 9–13 October 2011; pp. 1–9. [Google Scholar]

	



Wei, X.; Wang, Z.; Dai, H. A Critical Review of Wireless Power Transfer via Strongly Coupled Magnetic Resonances. Energies 2014, 7, 4316–4341. [Google Scholar] [CrossRef][Green Version]

	



Eteng, A.A.; Rahim, S.K.A.; Leow, C.Y.; Jayaprakasam, S.; Chew, B.W. Low-power near-field magnetic wireless energy transfer links: A review of architectures and design approaches. Renew. Sustain. Energy Rev. 2017, 77, 486–505. [Google Scholar] [CrossRef]

	



Cheon, S.; Kim, Y.-H.; Kang, S.-Y.; Lee, M.L.; Lee, J.-M.; Zyung, T. Circuit-Model-Based Analysis of a Wireless Energy-Transfer System via Coupled Magnetic Resonances. IEEE Trans. Ind. Electron. 2011, 58, 2906–2914. [Google Scholar] [CrossRef]

	



Jonah, O.; Georgakopoulos, S.V. Wireless Power Transfer in Concrete via Strongly Coupled Magnetic Resonance. IEEE Trans. Antennas Propag. 2013, 61, 1378–1384. [Google Scholar] [CrossRef]

	



Dionigi, M.; Mongiardo, M.; Perfetti, R. Rigorous Network and Full-Wave Electromagnetic Modeling of Wireless Power Transfer Links. IEEE Trans. Microw. Theory Tech. 2015, 63, 65–75. [Google Scholar] [CrossRef]

	



Huang, R.; Zhang, B. Frequency, Impedance Characteristics and HF Converters of Two-Coil and Four-Coil Wireless Power Transfer. IEEE J. Emerg. Sel. Top. Power Electron. 2015, 3, 177–183. [Google Scholar] [CrossRef]

	



Moorey, C.; Holderbaum, W.; Potter, B. Investigation of High-Efficiency Wireless Power Transfer Criteria of Resonantly-Coupled Loops and Dipoles through Analysis of the Figure of Merit. Energies 2015, 8, 11342–11362. [Google Scholar] [CrossRef][Green Version]

	



Zhang, Y.; Zhao, Z.; Chen, K. Frequency-Splitting Analysis of Four-Coil Resonant Wireless Power Transfer. IEEE Trans. Ind. Appl. 2014, 50, 2436–2445. [Google Scholar] [CrossRef]

	



Wang, C.-S.; Covic, G.A.; Stielau, O.H. Power Transfer Capability and Bifurcation Phenomena of Loosely Coupled Inductive Power Transfer Systems. IEEE Trans. Ind. Electron. 2004, 51, 148–157. [Google Scholar] [CrossRef]

	



Hwang, H.; Moon, J.; Lee, B.; Jeong, C.; Kim, S. An analysis of magnetic resonance coupling effects on wireless power transfer by coil inductance and placement. IEEE Trans. Consum. Electron. 2014, 60, 203–209. [Google Scholar] [CrossRef]

	



Sample, A.P.; Meyer, D.A.; Smith, J.R. Analysis, Experimental Results, and Range Adaptation of Magnetically Coupled Resonators for Wireless Power Transfer. IEEE Trans. Ind. Electron. 2011, 58, 544–554. [Google Scholar] [CrossRef]

	



Johari, R.; Krogmeier, J.V.; Love, D.J. Analysis and Practical Considerations in Implementing Multiple Transmitters for Wireless Power Transfer via Coupled Magnetic Resonance. IEEE Trans. Ind. Electron. 2014, 61, 1774–1783. [Google Scholar] [CrossRef]

	



Liu, D.; Hu, H.; Georgakopoulos, S.V. Misalignment Sensitivity of Strongly Coupled Wireless Power Transfer Systems. IEEE Trans. Power Electron. 2017, 32, 5509–5519. [Google Scholar] [CrossRef]

	



Hadadtehrani, P.; Kamalinejad, P.; Molavi, R.; Mirabbasi, S. An adaptive magnetically coupled wireless power transmission system. In Proceedings of the 2015 IEEE 13th International New Circuits and Systems Conference (NEWCAS), Grenoble, France, 7–10 June 2015; pp. 1–4. [Google Scholar]

	



Minnaert, B.; Stevens, N. Single variable expressions for the efficiency of a reciprocal power transfer system. Int. J. Circuit Theory Appl. 2017, 45, 1418–1430. [Google Scholar] [CrossRef]

	



Sample, A.P.; Waters, B.H.; Wisdom, S.T.; Smith, J.R. Enabling Seamless Wireless Power Delivery in Dynamic Environments. Proc. IEEE 2013, 101, 1343–1358. [Google Scholar] [CrossRef]

	



Kim, J.; Jeong, J. Range-Adaptive Wireless Power Transfer Using Multiloop and Tunable Matching Techniques. IEEE Trans. Ind. Electron. 2015, 62, 6233–6241. [Google Scholar] [CrossRef]

	



Duong, T.P.; Lee, J.-W. Experimental Results of High-Efficiency Resonant Coupling Wireless Power Transfer Using a Variable Coupling Method. IEEE Microw. Wirel. Compon. Lett. 2011, 21, 442–444. [Google Scholar] [CrossRef]

	



Rozman, M.; Fernando, M.; Adebisi, B.; Rabie, K.; Kharel, R.; Ikpehai, A.; Gacanin, H.; Rozman, M.; Fernando, M.; Adebisi, B.; et al. Combined Conformal Strongly-Coupled Magnetic Resonance for Efficient Wireless Power Transfer. Energies 2017, 10, 498. [Google Scholar] [CrossRef]

	



Hoang, H.; Lee, S.; Kim, Y.; Choi, Y.; Bien, F. An adaptive technique to improve wireless power transfer for consumer electronics. IEEE Trans. Consum. Electron. 2012, 58, 327–332. [Google Scholar] [CrossRef]

	



Waters, B.H.; Mahoney, B.J.; Lee, G.; Smith, J.R. Optimal coil size ratios for wireless power transfer applications. In Proceedings of the 2014 IEEE International Symposium on Circuits and Systems (ISCAS), Melbourne, Australia, 1–5 June 2014; pp. 2045–2048. [Google Scholar]

	



Ayachit, A.; Kazimierczuk, M.K. Self-Capacitance of Single-Layer Inductors with Separation between Conductor Turns. IEEE Trans. Electromagn. Compat. 2017, 59, 1642–1645. [Google Scholar] [CrossRef]

	



De Gutierres, L.F.; Cardoso, G. Analytical Technique for Evaluating Stray Capacitances in Multiconductor Systems: Single-Layer Air-Core Inductors. IEEE Trans. Power Electron. 2018, 33, 6147–6158. [Google Scholar] [CrossRef]

	



Breitkreutz, B.; Henke, H. Calculation of Self-Resonant Spiral Coils for Wireless Power Transfer Systems With a Transmission Line Approach. IEEE Trans. Magn. 2013, 49, 5035–5042. [Google Scholar] [CrossRef]

	



Lee, G.; Yun, H.-C.; Park, W.S. Formula for self-resonant frequency of Archimedean spiral coils. Electron. Lett. 2014, 50, 1974–1975. [Google Scholar]

	



Deng, Q.; Liu, J.; Czarkowski, D.; Kazimierczuk, M.K.; Bojarski, M.; Zhou, H.; Hu, W. Frequency-Dependent Resistance of Litz-Wire Square Solenoid Coils and Quality Factor Optimization for Wireless Power Transfer. IEEE Trans. Ind. Electron. 2016, 63, 2825–2837. [Google Scholar] [CrossRef]

	



Carretero, C. Coupling Power Losses in Inductive Power Transfer Systems with Litz-Wire Coils. IEEE Trans. Ind. Electron. 2017, 64, 4474–4482. [Google Scholar] [CrossRef]

	



Jeong, I.-S.; Choi, H.-W.; Choi, H.-S.; Chung, D.-C. Analysis of S-Parameter Using Different Materials for the WPT Resonance Coil. IEEE Trans. Appl. Supercond. 2018, 28, 1–5. [Google Scholar] [CrossRef]

	



Energous—WattUp® Wire-Free Charging Technology. Available online: http://energous.com/ (accessed on 12 September 2018).

	



Tseng, V.F.-G.; Bedair, S.S.; Lazarus, N. Phased Array Focusing for Acoustic Wireless Power Transfer. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2018, 65, 39–49. [Google Scholar] [CrossRef] [PubMed]

	



Technology—Long Range Wireless Power Transmission|Wi-Charge.com. Available online: https://www.wi-charge.com/technology/ (accessed on 12 September 2018).

	



Ossia: Proven Wireless Power Technology You Can Use Today. Available online: http://www.ossia.com/ (accessed on 12 September 2018).








[image: Energies 11 02844 g001 550] 





Figure 1. Scheme of an indirect-fed link for SCMR system with generic compensation systems in the driver and in the load. 
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Figure 2. Common four-coil topology in SCMR circuits. 
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Figure 3. Power delivered to the load in a SCMR system with and without compensation systems in the driver and the load circuits. 
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Figure 4. Model of a four-coil scheme as a two-coupled coil scheme operating at resonance. 
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Figure 5. Comparison of the efficiency of a WPT system with two and four coils at a set operational frequency. 
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Figure 6. Power delivered to the load versus frequency for a range of frequencies. 






Figure 6. Power delivered to the load versus frequency for a range of frequencies.



[image: Energies 11 02844 g006]







[image: Energies 11 02844 g007 550] 





Figure 7. Effects on the efficiency due to the frequency tuning in a SCMR system. 
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Figure 8. Tuned Frequency adjusted by the frequency control system to maximize efficiency in a 4-coil topology. 
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Figure 9. Topology of coils in SCMR systems. 
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Figure 10. Equivalent model of a coil. 
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Table 1. Features of the SCMR system used for the experiments.
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	Component
	Value





	Inductance of the driver loop (   L D   )
	4.1   μ H  



	Inductance of the transmitter coil (   L T   )
	30.5   μ H  



	Inductance of the receiver coil (   L R   )
	30.5   μ H  



	Inductance of the load loop (   L L  )  
	4.1   μ H  



	Parasitic capacitance of the transmitter coil (   C T   )
	55.45 pF



	Parasitic capacitance of the receiver coil (   C R   )
	55.45 pF



	Internal resistance of the transmitter coil (   R T   )
	2.3  Ω 



	Internal resistance of the receiver coil (   R R   )
	2.3  Ω 



	Internal resistance of the voltage source (   R S   )
	5  Ω 



	Equivalent resistance of the load (   R L   )
	400  Ω 



	Mutual inductance between the driver loop and the transmitter coil (   M  D T   )  
	1.87   μ H  



	Mutual inductance between the load loop and the receiver coil (   M  R L   )  
	1.87   μ H  



	Operational frequency
	3.87 MHz



	Source voltage (   V s   )
	50 V
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Table 2. Performance of the WPT systems.






Table 2. Performance of the WPT systems.





	Performance Metric
	CASE-A

4-Coil System

   (  K  D T   = 0.335 ,   

      K  e q   = 3.97 )     
	CASE-B

4-Coil System

   (  K  D T   =   0.1678 ,   

      K  e q   = 1 )   
	CASE-C

4-Coil System

   (  K  D T   =   0.0839 ,   

    K  e q   = 0.25 )   
	2-Coil System





	Efficiency
	0.7928
	0.5823
	0.1619
	0.1289



	Power delivered to the load
	4.99 W
	37 W
	43.98 W
	38.41 W



	Induced voltage
	44 V
	121.66 V
	132.63 V
	124.67 V
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