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Abstract

:

The paper briefly discusses the most important standards and regulations established for high-power wireless power transfer systems and introduces the main issues concerned with the conceptual design process. It analyses the electromagnetic design of the inductive magnetic coupler and proposes key formulas to optimize its electrical parameters for a particular load. The method applies to both the resistive load and the battery charging. It also suggests basic topologies for conceptual design of power electronics and discusses its proper connection to the grid. The proposed design strategy is verified by experimental laboratory measurement including analyses of the leakage magnetic field.
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1. Introduction


In addition to regulations on wireless charging and its commercialization, it is necessary to consider a number of other important technical issues in the design of the system. Energy efficiency and power density are the most important qualitative indicators [1,2] of any power electronic system and key factors leading to their continual increase have an environmental as well as an economic character. Nowadays, in the industrial and consumer electronics market, the international standards and regulations are determined by international organizations like, U.S Energy Star, 80 Plus, Climate Savers, German Blue Angel, etc. Therefore, wireless power transfer (WPT) systems will face contradictory requirements imposed on their individual construction components (power converter, coupling coils, compensation capacitors etc.…). The regulations concerning qualitative indicators of semiconductor power systems are completely different from the regulations defined for WPT operation; hence, it is a complex task to design a high-performance WPT system that will comply with all technical and safety regulations at once.



Another important issue is WPT system lifetime. It is known that several configurations [3,4,5,6] of the resonant tank can be used according to the target application. When talking about battery charging in the automotive industry, the series–series compensation topology is the best choice [7,8,9]. In that case, the compensation capacitors are stressed [10] with a relatively high voltage (usually several kilovolts) and, therefore, either a series–parallel connection of individual capacitors or bulky high-end capacitors need to be used. However, both options have their pros and cons and are closely related to the thermal stability and consequently to the relative tolerance of component values. This has a direct impact on the lifetime performance and, therefore, the most suitable solution for targeted applications must be found. The commercial uses of WPT systems have also been widely discussed due to biocompatibility issues [11,12,13,14]. Several standards are now available [15,16] as guidelines for safety when the interaction between the EM field and living organisms is considered. Therefore, EM field shielding [17,18,19,20] is also a very important component that must be included in the system design. The literature proposes several analyses focused on this topic, but only a few of them are supported by leakage field measurements.



This paper gives an outline of design process for high-power wireless chargers suitable for e-mobility and points out some technical issues and possible solutions. It recapitulates basic standards and regulations and discusses issues concerned with EM field shielding. It further proposes key formulas to optimize the electrical parameters of inductive couplers and suggests basic topologies for conceptual design of power electronics, including proper connection to the power grid.




2. Wireless Power Transfer Standards and Regulation


As wireless charging becomes an increasingly discussed issue, addressed not only by academic researchers but also by industrial subjects, standardization is required for smooth and reliable commercialization.



This should allow interoperability between different chargers and increase safety. Therefore, the standards must include safety and efficiency criteria, EM field limits, and interoperability targets along with wireless charging testing. Among the most important standards for WPT is SAE TIR J2954/2 [21], which is concerned with alignment methods, interoperability, and frequency band and power levels. It establishes an efficiency greater than 90% when using matched coils and higher than 85% when using interoperable systems.



Since wireless charging is accompanied by a high-frequency electromagnetic field, it is also necessary to control the EM field levels. ICNIRP 2010 [15] specifies guidelines for the protection of humans exposed to electric and magnetic fields in the specific frequency range of the electromagnetic spectrum. Another guideline is established in the IEEE standard for safety levels with respect to human exposure to radio frequency electromagnetic fields of 3 kHz to 300 GHz (IEEE Std C95.1a™ 2010) [16]. The reference level for exposure to time-varying EM fields (RMS values) is shown in Figure 1.



To meet these standards, it is necessary to keep levels of the EM field below 27 µT and 83 V/m at a resonant frequency of 85 kHz (81.39 ÷ 90 kHz).




3. Magnetic Coupler Design


In the case of inductive coupling wireless power transmission, the system acts as an air-cored transformer achieving very low mutual inductance. To achieve high voltage-gain and high efficiency, it is desirable to operate the system at resonance. Therefore, the external capacitor is connected to the coupling coil on the primary and the secondary to compensate the inductive reactance.



The literature [3,4,5] involves four typical compensation topologies. These could be classified as series–series, parallel–parallel, series–parallel and parallel–series compensation. As many authors have already presented [7,8,9], the series–series topology (see Figure 2) provides us with numerous important benefits, particularly for battery charging, so it is usually used for this purpose.



Here, the parameters R1 and R2 represent the equivalent series resistances; L1 and L2 introduce self-inductances; M forms the mutual inductance measured between both coils; and ω is the angular frequency of the supply voltage.



The secondary-side capacitor is usually selected according to the required operational resonant frequency f0 = ω0/2π, so it completely compensates self-inductance of the secondary coil. Its value is given by (1).


   C 2  =  1   ω 0 2   L 2     



(1)







Then, the primary-side capacitor is calculated based on (2), using a cancellation of the imaginary part of total reflected impedance.


  ℑ  {    Z ¯   i n    }  = 0 →  C 1  =    C 2   L 2     L 1     



(2)







With the application of (1) to (2), we get (3).


   C 1  =  1   ω 0 2   L 1     



(3)







Hence, both capacitors are independent of mutual inductance, which prevents the system from tuning the capacitors when changing the position between magnetic couplers. Moreover, they are of exactly the same values when the coupling coils are identical. Based on this, we may assume (4).


       R 1  =  R 2  = R        L 1  =  L 2  = L        C 1  =  C 2  = C      



(4)







In that case, the secondary current is calculated as (5).


    I ¯  2  = j     U ¯  1   ω 0  M    R 1   (   R 1  +  R L   )  +  ω 0 2   M 2     



(5)







Additionally, as we want to minimize I2R losses, we need to design the coupling coils so that they have the least series resistance. In the first approximation, we can consider the resistance to be zero. This assumption simplifies (5) into (6).


    I ¯  2  = j     U ¯  1     ω 0  M    



(6)







From (6), we may conclude that the secondary current is proportional to the input voltage and inversely proportional to the product of    ω 0  M  . In other words, the secondary current is independent of the load, which is particularly beneficial to high-power battery charging.



The highest theoretically achievable efficiency is defined as (7).


   η  m a x   =    k 2   Q 1   Q 2       (  1 +   1 +  k 2   Q 1   Q 2     )   2    ≈ 1 −  2  k    Q 1   Q 2       



(7)







Here, k represents the magnetic coupling coefficient measured between coils, and Q1 and Q2 represent their quality factors.



Equation (7) means that the larger the product, (8), the higher the achievable efficiency is. Therefore, the product, (8), represents the figure-of-merit (FOM) of the system.


  k    Q 1   Q 2    =      ω 0 2  L    R 2      = k Q  



(8)







Considering (7), we know there is an existing maximum of efficiency that could be reached, but, in general, only the value of the load determines the efficiency. Therefore, it is necessary to find the optimal value of the load which will lead to efficiency maximization.



The searched value is defined by (9).


   R  L − o p t   =    R 2  +  M 2   ω 0 2     



(9)







Assuming zero I2R losses, we get the simplest equation, Equation (10).


   R  L − o p t   ≈  ω 0  M ≈  ω 0  k L ,       f o r   R = 0  



(10)







In previous work [21], the authors demonstrate that a load (ohmic value) lower than the optimal load causes a significant decrease in efficiency and transmitted power. This might be partially compensated by frequency tuning, but still we are limited by the frequency band recommended by the SAE TIR specification [22].



On the other hand, the higher loads work well with the system and cause no additional problem. Therefore, it is reasonable to design the system such that it operates with load defined by (9) or higher. As an example, we can consider a typical battery charging cycle (see Figure 3) of the EV Nissan Leaf [23].



Another possibility is to use a dc/dc converter on the secondary side for direct active regulation of the equivalent load (see Figure 5).



As seen in Figure 3, during the first two hours, the charger supplies the battery with a constant current (full power) to reach the nominal voltage, and then the current falls down slightly while the voltage is kept constant. This charging diagram might be recalculated in equivalent load, which is continuously rising. Thus, it is possible to design the couplers for the load being observed by the system during the constant-current interval (the first two hours). This will lead to a high operational efficiency during the whole charging cycle.



According to situation seen in Figure 4, the equivalent operational load is also determined from the battery voltage Ubatt and the charging power P2.



Moreover, the secondary-side rectifier reflects the resulting load impedance from the dc side to its ac value and must be therefore recalculated according to (11).


   R  e q   =  8   π 2     U  b a t t  2  /  P 2   



(11)







Comparing (10) to (11), it is easy to find the value of mutual inductance (12) necessary to reach the required charging power for a given battery pack.


   ω 0  M =  8   π 2     U  b a t t  2  /  P 2  → M =  8   π 2       U  b a t t  2     ω 0   P 2    =  4   π 2       U  1 a m p  2     ω 0   P 2     



(12)







As we come out of the optimal load, it also gives us high efficiency for transferring power. Formula (12) could also be derived from the input current I1, so we have relation (13).


  M =    U 1     ω 0         R  e q      P 2      =  8   π 2       U 1 2     ω 0   P 2    =  4   π 2       U  1 a m p  2     ω 0   P 2     



(13)







As stated by (8), mutual inductance together with frequency both predefine the maximum system efficiency. Sometimes, the input voltage U1 is limited and, consequently, the resulting FOM may be too small for power applications. In that case, it is possible to increase the voltage on the primary and decrease it on the secondary by using two additional dc/dc converters connected according to Figure 5.



Either way, the voltage measured across the coupling coil must be considered carefully with respect to the EM field limits referred to in INCNIRP 2010 [15]. The same holds also for the magnetic field. Hence, it is about balancing the electric and the magnetic field levels. With a higher voltage, we reduce the flux density, and vice versa.



The method described above gives us all the necessary electrical parameters needed for the magnetic design (real geometry of the coils). The goal is therefore to design the geometry of the couplers so they will form the mutual inductance according to (12) or (13) and have the series resistance as low as possible.



The mounting dimensions are usually restricted by assembly space available on the vehicle. Together with presumed working distance, we can estimate the coupling coefficient k and consequently the self-inductance L.



Based on the chosen coupler design (coil structure, shielding, materials …), it is possible to calculate a proper number of turns. An interesting analytical approach is shown in [22].



The coils should be wound with a gap between each turn to prevent high parasitic capacitance, which would significantly decrease the quality factor. The spatial distribution of current (i.e., proximity effect) within neighboring wires must also be considered since it strongly affects the series resistance of the coils. Hence, the insulated high-frequency cables with strands whose diameter is smaller than the skin depth are usually used for windings.



Several coupler designs are very popular and most commonly used for power EV charging, e.g., single-coil structure or multi-coil structures [25,26,27,28,29,30]. They are usually organized as follows: the windings sit above the ferrite shielding which guides most of the flux under the coil. Then, the aluminum shield is added to the back of the ferrites to protect surrounding objects from any effects of leaked EM field. This is particularly important for EV charging because the vehicle floor is typically made out of steel.



Without the shielding, the leakage flux would induce eddy currents into the vehicle and consequently would increase the losses as well as influence the coil quality factor.



A single-coil structure, as seen in Figure 6a, can be designed as a circular or rectangular shape, and is most often discussed and reported in literature [28,29,30] because it is simple and cheap. Its main disadvantage lies in the shape of the fundamental flux path. The flux goes from the transmitter to the receiver through their geometrical center and then it returns back through the leakage path (outside the couplers). As a consequence, the configuration introduces a lower coupling coefficient then other types of similarly sized coils and puts higher demands on shielding against EM fields.



An improved topology is shown in Figure 6b. It is known as the Double D (DD) configuration [28,29,30] because of the ideal D shape of the coils sitting back to one another. The two coils are connected in series magnetically and, therefore, they guide the flux into a closed path. This single-sided flux pattern significantly reduces the leakage flux and simultaneously increases the coupling coefficient.



The next evolutionary step (Figure 7) is a polarized coupler labeled as DDQ [28,29,30], which is derived from the DD configuration by adding the quadrature Q-coil. Both coils are magnetically decoupled and, therefore, they could be used independently. The strong advantage is that the DDQ can capture both the direct component and the quadrature component of the flux, so it features higher tolerance to misalignment and is fully interoperable with a circular coil or DD coil. However, the size of DDQ coils is increased approximately three times relative to the circular or the square coils.



The literature involves several other derived topologies, but they are not so often discussed or actually used as those we have mentioned here.




4. Power Electronics Configuration


Most designers assume a standard network connection and, therefore, the goal is to achieve the power consumption with highest possible power factor. This, in addition, requires a fully symmetrical three-phase current having as low a total harmonic distortion THDi as possible.


  T H D i =       ∑   μ = 2  ∞   i  a c  ( μ )   2       i  a c    ( 1 )      100  



(14)







In (14), iac (μ) represents the μ-th harmonic component of the power grid current. Thus, the active input rectifier or the combination of passive rectifier with the power factor correction (PFC) must be used on the system primary side.



The second proposed configuration has a complex structure, consisting of input active or passive PFC, active or passive total harmonic distortion correction (THDC), a diode rectifier, a dc/dc converter (step-up or step-down) and a voltage source inverter. Such configuration is robust and verified by many similar applications, while the only drawback lies in its higher price and build-in dimensions along with an increase in power rating. This topology should therefore be recommended for low- or medium-power WPT systems.



For medium- or high-power WPT systems, it is recommended to use the configuration consisting of input inductance (formed by distribution transformer or by external one), the active rectifier and the voltage source inverter. This topology can provide a smooth input current, having almost sinusoidal shape, quite low THDi, an excellent power factor and a controllable output voltage. Thus, no additional dc/dc converters are needed.



Besides the fact that these circuits affect the quality of the power drawn from the grid, their next task is to prepare the voltage for the input inverter according to FOM (see Figure 5). This is the most critical component of the power electronic system for wireless charging and can be constructed in two different topologies: the half-bridge inverter and the full-bridge inverter. The full-bridge inverter requires a more complex structure and more complicated control algorithms than the half-bridge inverter, but it provides better performance, especially for high-power WPT systems.



The recommended topologies are summarized in Figure 8 according to system dedicated power level. The secondary side is usually designed according to the type of load and includes either the passive or the active rectifier. Finally, the system connection to the grid considering all the power levels established as WPT categories by SAE TIR J2954 is seen in the conceptual layout shown in Figure 9, valid especially for central Europe.



A practical example of a solution that could meet all necessary technical requirements for high-power applications while having excellent operational properties is seen in Figure 10.



In Figure 10, the input dc filter Crec is added to improve any voltage fluctuation ΔUdc caused by principle of rectifier operation and its actual regulation settings. The optimal value of Crec depends on the power consumption conditions. Regarding power grid frequency f1, expected voltage ripple ΔUdc (maximum 10% of UDC max) and maximum value of dc bus voltage Udc max (continues regulation of UDC considered), we may write (15).


   C  r e c   =    I  1   R M S     2 π  f 1    Δ  U  d c       ≈      P 2      2 π  f 1     U  d c   m a x     Δ  U  d c        



(15)







The input inverter capacitor (Csw & Cinv) is composed of two types of capacitors connected in parallel; first, the switching capacitor Csw (low capacitance, fast in operation) and, second, the filtering capacitor Cinv (high capacitance, not slow in operation). The resulting capacitance should be designed as (16).


   C  i n v  ′  =  C  i n v   + 2  C  s w    



(16)







If the active rectifier (having m input phases) operates at the switching frequency facdc, we can write (17) with respect to the specific voltage ripple ΔUCinv (at maximum 10% of UDC max) measured on the input of the inverter.


   C  i n v  ′  ≥    (    Δ  U  d c   m a x      m 2     ω  a c d c  2     L  d c     +   2    I  1   R M S      f 0     )   1  Δ  U  C i n v      



(17)







The value of inductance Ldc is then given by (18).


   L  d c   ≈    |  Δ  U  d c   − Δ  U  C i n v    |     ω 0       I  1   R M S      



(18)







Since the inverter draws impulse power due to the second harmonic component of the current flowing through the coupling coil, a resonant filter (Lf and Cf) tuned to the frequency 2f0 must be installed in the DC bus. Thus, the filter capacitance Cf equals    C  i n v  ′    and the inductance Lf must fulfill (19).


   L f  =  1  2  ω 0 2   C f     



(19)







Finally, the input inductance LL, which must cover requirements on any increase of dc bus voltage, is determined from modulation index mi and demanded current ripple ΔIac as (20).


   L L  =  3     U  d c       2 m i  π  −   m  i 2   2           ω  a c d c     Δ  I  a c     ,       m i =  6     U  a c   R M S      U  d c        



(20)







The inverter supplies the resonant circuit at the resonant frequency, which means that it is operated in the current soft switching mode. This fact also has a direct impact on the selection of used semiconductor devices (usually fast SiC or GaN).



The secondary side of the system, shown in Figure 10, is drawn in more detail in Figure 11. Looking at the circuit from the left to the right, it comprises a magnetic coupler, diode rectifier including filter CS, dc/dc step-down converter (SD) and on-board battery pack.



To maintain a defined voltage ripple ΔUCs measured on the diode rectifier output, the filter Cs has to be designed according to Equation (21).


    C S  =    I  b a t t      ω 0    Δ  U  C s       ;     Δ  U  C s     ≈ 10 %    U  C s     



(21)







The smoothing inductance LSD can significantly improve the charging process, and, for any setting of the step-down converter, duty cycle s and the battery current ripple ΔIbatt can be determined from (22). Here, fSD represents the switching frequency of SD.


   L  S D   = s    (  1 − s  )       U  d c 2     2  f  S D     Δ  I  b a t t      



(22)







Finally, the capacitance CSD must be added to prevent any unwanted parasitic resonance with the battery capacitance. Its approximate value is given in (23).


   C  S D   ≥    1     (   ω  S D   / 4  )   2   L  S D      



(23)







According to the required high system efficiency (required more than 90%) and high switching frequency (especially for inverter and rectifier—85 kHz band) a new generation of semiconductors were taken into account. In our calculations, we consider SiC semiconductors (full SiC MOSFETs and SiC diodes). The GaN semiconductors are also usable; however, there is a problem with high blocking voltage according to the FOM design. SiC semiconductors have very a small turn-off and very small losses (hundreds of micro-joules), with a very low switching time (less than ten nano-seconds). This rapidly decreases switching loses and rapidly increases possible switching frequency. The on-state power loses are also small (ones of mwcm-2), which reduces conduction loses and contributes to great efficiency as well.




5. Control and Drive Methods


The proposed system configuration makes it possible to safely operate the traction battery within a wide range of CCCV (constant current–constant voltage) charging cycles. However, the charging itself is just one of the three main tasks of a wireless charger. The second important task is to reach very high efficiency, even under different operating conditions. Finally, the third is to maintain a high-quality connection to the power grid. Therefore, the control system usually includes algorithms designed to meet all these requirements simultaneously.



The charging station is usually connected to the power grid through an active voltage pulse rectifier (ideally, three-phase VPR). It controls the power consumption quality in terms of zero phase shift angle measured between leg-voltage and current to keep the THD very low while keeping stable voltage of DC link. The voltage is driven by a higher control level or by a combination of FOM and coupling element design.



Another very important device is the inverter. The output frequency and the voltage must be controlled independently. As the frequency may change a little with changing load, the key part of inverter control is the current–voltage phase lock loop (PLL).



The last controllable part is DC–DC converter (based on FOM), designed as the voltage step down topology. This holds the output voltage in the battery voltage operating area. Of course, based on the higher control level, this should secure battery charging in CCCV mode.



The mentioned low-level controls are covered by an upper level control which respects the transfer efficiency control and CCCV requirements of the battery. The communication between transmitter and receiver (and battery) wireless battery charging station is also important because of the mutual interconnection of low-level controls under the high-level control. The separate receiver and transceiver parts of the wireless charging station lead to the two microcontroller and blocks interfaces (the measure and semiconductor drive). Problems related to proper control have already been discussed in detail in [31], while the described techniques are relevant for the proposed design of the WPT system.




6. Experimental Prototype and Validation Measurements


To demonstrate the validity of the proposed conceptual design strategy, an experimental prototype of wireless charging system utilizing circular shaped coupling coils was designed (Figure 12). The couplers are wound of litz wire (38 AWG) containing 330 insulated strands of diameter 0.1 mm. In order to reduce the parasitic capacitance as much as possible, both coils are wound with a constant turn-to-turn air gap (5 mm long). The inner/outer coil radius is 20/200 mm. The winding has 36 turns, which have a series resistance R1 = R2 = 0.3 Ω, and, together, with the EM field shielding (Figure 12) form the self-inductance L1 = L2 = 218 µH.



Figure 13 shows a block diagram of experimental WPT charger configuration, which reflects the generalized proposal given in previous discussions. Due to initial laboratory performance investigations, a low/medium-power alternative (WPT 1) is considered (Figure 8). The main aim of experimenting is to show that the generalized proposal makes it possible to design WPT systems, which achieve the required qualitative parameters relevant for power density, efficiency and EM compatibility levels.



The supply grid is replaced by a configurable DC input source (Magna-Power TS 600), which is connected directly to the primary side inverter, which is designed as a full-bridge converter with SiC switching devices. In order to obtain good operational properties and to reduce the complexity of control, the output rectifier is based on SiC bridge technology supplying a programable electronic load (EA-EL 9400-100). If a practical target application is considered, then it is possible to utilize a secondary side DC/DC converter connected to a bridge SiC rectifier in order to control output voltage/current based on the parameters that are required by the load. The laboratory test stand is shown in Figure 14.



Experimental measurements were focused on precise determination of the efficiency of the coupling coils as well as the efficiency of whole system concept (input-to-output).



The system configuration (Figure 14) enables us easily to evaluate either the overall system efficiency (25), including the power electronics, or the partial efficiency, corresponding to the power transmitted through the magnetic couplers. The input and the output power were measured with a power analyzer ZIMMER LMG 500, having a declared precision of 0.018% of the scale used for currents and 0.034% of the scale used for voltages.


   η  d c − d c   =    P  l o a d      P  s o u r c e     =    U L   I L     U S   I S     



(24)







At resonance, the system operates with unity power factor, and then (26) can be used to derive the ac-to-ac efficiency. Here, voltages u1 and u2 represent the amplitudes of the square wave signal. Consequently, they must be recalculated into the RMS values of their fundamental harmonics to obtain the correct powers.


   η  a c − a c   =    P  1 a c      P  2 a c     =    4 π     |   u 2   |    2      |   i 2   |    2      4 π     |   u 1   |    2      |   i 1   |    2     =    |   u 2   |   |   i 2   |     |   u 1   |   |   i 1   |     



(25)







The system was tested with a 20-cm distance arranged between the coupling coils. The resulting mutual inductance M = 24 μH corresponds to the inductive coupling coefficient k = 0.11 [-]. Thus, by using resonant capacitors C = 15.6 nF, we obtain the resonance at frequency f0 = 86.5 kHz. The experimental data are given in Table 1. For better understanding, the ac and the dc values are listed and compared to each other.



The efficiency dependent on the power transmitted to the load is shown in graphical form in Figure 15.



As is obvious, low transmitted power requires a weaker EM field, resulting in very low EM field shielding losses. Consequently, the efficiency of the magnetic coupler is very high. At the same time, the power electronics losses are significant compared to the transmitted power, which results in low overall efficiency. Further, the increasing power makes the EM field stronger and the losses produced by the shielding are higher. Thus, the efficiency of the magnetic coupler decreases continuously. On the other hand, the transmitted power becomes larger compared to the power electronics losses and, therefore, the overall system efficiency is slightly increased (Figure 15).



To evaluate the EM compatibility levels, we analyzed the leakage magnetic field (see in Figure 16) around the coupling coils in the cutting plane with a defined array 180 cm × 180 cm, as defined by ICNIRP 2010 (Figure 1). The leakage field was measured with an exposure level tester ELT 400 Narda when delivering 4.5 kW to the load.



The limiting field level (27 μT) defined by ICNIRP 2010 for public exposure is outlined with the dashed red line. As is obvious, the proposed EM field shielding efficiently suppresses the magnetic field component that could affect the cabin of the vehicle. Its shielding capability will further be improved by assembling it on a vehicle, having a floor fabricated from the metal sheets. Optimization is also possible, either by using thicker ferrites or aluminum plates.



The previous experimental testing has confirmed the proposal of a generalized design of WPT chargers in order to meet efficiency and EM compatibility standards required by international norms. It was found that, for the low-power-level WPT concept, the system efficiency was above the required 90% from 5% of nominal power up to the full load. EM compatibility performance was reached above 40 cm of axial and 60 cm of radial distance from the coupling coils center. These results can be further optimized and are valuable for practical design of WPT chargers for automotive or industrial applications.




7. Conclusions


The paper has given a brief recapitulation of most important standards and regulations related to high-power wireless charging systems. It has proposed the magnetic couplers to be designed exactly according to optimal operation to the specific load given by the battery voltage and the charging power. Additionally, it has discussed a solution to improve the FOM of the system with dc/dc converters used on the primary and the secondary sides, relevant especially to low- or medium-power wireless chargers.



For medium- or high-power wireless chargers, we recommend the system composed of input inductance, an active rectifier and a voltage source inverter, which can provide low THDi, excellent power factor and controllable output voltage. Thus, no additional dc/dc converters are needed.



The experimental prototype has proven the validity of the presented physical principles and confirmed the proposed conceptual design strategies. It has also compared ac/ac and dc/dc system efficiency related to loss-to-power-transfer ratio.



Additionally, measurement of the leakage magnetic field has shown the real flux density distribution observed around the circular coupling coils. This could be used for further optimization.
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Figure 1. Reference level for exposure to time-varying electric (a) and magnetic (b) fields [15,16]. 
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Figure 2. Series-series compensation topology. 
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Figure 3. Battery charging cycle of Nissan Leaf [24]. 
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Figure 4. Typical WPT system configuration. 
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Figure 5. Typical WPT system configuration including dc/dc converters. 
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Figure 6. Flat circular coil coupler (a); Double D coupler configuration (b). 
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Figure 7. Double D&Q (DDQ) coupler configuration. 
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Figure 8. Power electronics configurations on the primary. 
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Figure 9. WPT system categories—connection to the grid. 
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Figure 10. Recommended system configuration for high-power applications. 
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Figure 11. Recommended system configuration for high-power applications. 
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Figure 12. Coupling coils with positioning mechanism (a) and EM field shielding (b). 






Figure 12. Coupling coils with positioning mechanism (a) and EM field shielding (b).



[image: Energies 13 02697 g012]







[image: Energies 13 02697 g013 550] 





Figure 13. Schematic diagram of laboratory wiring. 
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Figure 14. Experimental laboratory setup of the tested WPT system. 
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Figure 15. System efficiency dependent on power delivered to load. 
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Figure 16. Leakage magnetic field (RMS values) at 20 cm and 4.5 kW. 
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Table 1. Measured experimental data.
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	P1AC [W]
	P2AC [W]
	HAC-AC [%]
	PSOURCE [W]
	PLOAD [W]
	ΗDC-DC [%]





	100.7
	100.0
	99.0
	103.3
	90.2
	87.3



	398.5
	395.5
	99.0
	400.9
	362.1
	90.3



	886.6
	877.3
	98.9
	892.2
	882.5
	92.2



	1495.1
	1463.7
	97.9
	1544.6
	1437.2
	93.0



	2324.4
	2258.7
	97.1
	2358.0
	2200.7
	93.3



	3315.0
	3210.6
	96.8
	3319.8
	3105.2
	93.4



	4470.4
	4307.6
	96.4
	4549.0
	4258.4
	93.5



	5781.7
	5550.3
	96.2
	5899.5
	5541.8
	93.9











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
double D coil





media/file4.png





media/file30.png
+ 77ac-ac
_._ ndc-dc
95 I
S
<
90 I n
85 I I 1 I I 1 I I

] ]
500 1000 1500 2000 2500 3000 3500
P\ ag W]

load

4000 4500 5000 55

]
00





media/file18.png
)

Transmission grid Distribution grid
High Voltage Low Voltage: 3x400 V.

TN-C-S: 3~ | | TN-C-S: 1~ |

prm—

Multiple Stand Allone -
Charging Spots Charging spot -
low power
- medium power
high power WPT1-3.7 kW; WPT2=7.7 kW; WPT 311 kIV;

WPTA=22 kW; WPT5>22 kW





media/file21.jpg
regulation setting
CC; CV mode

i
|| battery

and
BMS






media/file26.png
Tektronix
MDQO3054

. ELT—400

L L L

U,

HAMEGHZIIS HAMEG HZI115
ZIMMER LMG - 500
= . -
R
“ ee.a cm W
=

;
XGA Bridge

Tektronix
MDO3054

EA-EL 9400-100






media/file27.jpg
vy it





media/file3.jpg





media/file22.png
diode rectifier step-down conv.

__I_b_tztz-

battery | U,
and | ’
BMS £4JX>

regulation setting
CC; CV mode





media/file19.jpg
power grid

Vac

il
=<

igh o
voltage

power rectifier.

A

power inverter

e s
Uemin
6U,

regulation setting

ot
THDI 20%

regulation setting

T
i
suarewaveouput L
i power duy e~ 05

otdingpower dts cele & (0105 7.

coupling elements
and secondary side





media/file7.jpg





media/file28.png





media/file10.png





media/file32.png
y [cm]

80

60

40

20

20

40

60

80

500

450

400

350

300

250

200

¥ 150

100

Brus [UT]





media/file14.png
Q-coil

Aluminum sheet
Ferrite shielding
Winding

double D coil





media/file11.jpg
Al sheet \Aluwmum sheet
e Foiohotdng
i s

(@) (b)





media/file6.png
Ypar [V]

time [hour]






media/file15.jpg
Diode.
Rectifier

step-down
delde
converter

High Pover





nav.xhtml


  energies-13-02697


  
    		
      energies-13-02697
    


  




  





media/file16.png
Low Power ‘( Active or Passive
Medium Power'L PFC & THDC

Medium Power
High Power

Diode
Rectifier

N\

step-up
dc/dc
converter

step-down
dc/dc
converter

Half/Full
Bridge

input
Voltage
Inverter

H





media/file2.png
Electric Field (kV/m)

102

HHI T va”l

public exposure (ICNIRP 2010) 1
occupational exposure (ICNIRP 2010) | -
public exposure (IEEE C95.1)

1 01 = = =occupational exposure (IEEE C95.1)

\ B I 83 V/m
10° |
107" \

81.39 kHz 90 kHz
LDl e T
10° 102 10* 10° 108
Frequency (Hz)

(a)

Magnetic Flux Density (uT)

5 public exposure (ICNIRP 2010) ]

\ occupational exposure (ICNIRP 2010) | ;
10% |

oML 27y
10% | N
100 ¢

81.39 kHz 90 kHz
121 e e e Tl
10° 102 104 10° 108
Frequency (Hz)

(b)





media/file20.png
power grid power rectifier power inverter

[Tt 7 Sttt |
- = ® |
Uac | B U : |
T R L L L | recj" T, red" T;'ec 5 II: Udc max Cl va I Tinv 3 II: :
h ph
I - d\ I Do :
3| —— RL L[_ ! Iac, Crec \/g UC = L |3Cmv P(jsw !PCsw :
*——Y N[ » ’
ac RMS I
. RL LL : - : 'IE Tmﬁ@ lll T;'nv2 @ :
—MY\_D_NW\ L & : —t——e—— | b
high / low , Tree s [N Trec o[ N Trec 2 ;{Z& : a C, L,
|
voltage : . . 0. | regulation setting I el
) . square wave output C, L,
regulation setting high power duty cycle = 0.5
cosp — I holding power duty cycle € {0.1 ; 0.5} R,,
THDi — 0 % coupling elements

and secondary side





media/file23.jpg





media/file5.jpg
10

ic
o

o0,
—

™

time [hour]





media/file24.png
(b)





media/file29.jpg
100,

[0
N
%
)
=
%0
8

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Pross W1





media/file1.jpg
" eops o o0 |
]

’ gl 8]

ol - ccupatonar : g \
: st ST ) -
: ; 1 -]
v i
g . L 1
: | = nm\ s
2 ok - |
i e
"‘[ n: - 108 100 0° Lo

“ » L Frequency (Hz) -

(a)





media/file31.jpg
ylem]

823 ¥B88888

Brus 1T





media/file25.jpg
ELT- 400

NARDI *q F
K ﬂ | Bridge  EA-EL09400-100
u

1650}

207

Tektronis s sz Totaronic
MDO30SI V03051






media/file12.png
Aluminum sheet
Ferrite shielding
Winding

Aluminum sheet
Ferrite shielding
Winding

(a) (b)





media/file9.jpg





media/file0.png





media/file8.png





media/file17.jpg
Transmission grid
High Voltage






