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Abstract:



The inductive power transfer (IPT) system for electric vehicle (EV) charging has acquired more research interest in its different facets. However, the misalignment tolerance between the charging coil (installed in the ground) and pick-up coil (mounted on the car chassis), has been a challenge and fundamental interest in the future market of EVs. This paper proposes a new coil design QDQ (Quad D Quadrature) that maintains the high coupling coefficient and efficient power transfer during reasonable misalignment. The QDQ design makes the use of four adjacent circular coils and one square coil, for both charging and pick-up side, to capture the maximum flux at any position. The coil design has been modeled in JMAG software for calculation of inductive parameters using the finite element method (FEM), and its hardware has been tested experimentally at various misaligned positions. The QDQ coils are shown to be capable of achieving good coupling coefficient and high efficiency of the system until the misalignment displacement reaches 50% of the employed coil size.
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1. Introduction


The inductive power transfer (IPT) system has proved to be a successful technology for wireless charging of electric vehicles (EVs) [1,2,3,4]. Due to the reasonable electrical isolation between charging coil (paved in the road) and pick-up coil (embedded in the car chassis), the IPT system has the capability to operate in grimy conditions [5]. The IPT system is viable because of its inherent advantages of safety, cleanliness and its operation in the dirt, underwater, and harsh weather conditions [3,6]. For wireless charging of EVs, it is necessary to have a reasonable ground clearance of a few hundred millimeters between the road and the EV chassis, and the ground clearance is also known as the air gap between the charging coil and the pick-up coil [7].



In both dynamic and static charging of EVs through the IPT system, there are certain chances of alignment displacement between the charging and the pick-up coil. The position of EVs hampers magnetic coupling [3,8,9]. Thus, the IPT system should be capable of transferring the power under maximum possible misalignment between the coils [10,11]. At any misaligned position, the power transmission is substantially contingent on coupling coefficient [4,8,12]. The coupling coefficient is characterized by magnetic coupling between the coils and their geometric design [4,12,13,14,15,16,17].



Considering higher coupling coefficients initial coil designs with U-cores, E-cores, and pot cores were perused, but these were incompatible with EV due to their greater thickness. Mecke et al. in [18] used circular coils to transfer 1 kW at an air gap of 300 mm. They achieved 80% efficiency for the overall charging system but did not consider the misalignment. A 2 kW 700 mm diameter circular charging pad with 200 mm air gap was proposed [19]. The circular pads have exhibited good coupling but poor tolerance to misalignment because, when misalignment offset approaches ±40%, the output power reduces to zero [19]. To solve the issues of circular charging pads, the oval shape pads were presented. The oval charging pads were slightly more tolerant to misalignment than circular charging pads; however, they did not transfer high power transfer with the same specifications as those of circular pads. Budhia et al. [20] introduced and optimized a new polarized coupler called the Double D Quadrature (DDQ) that produced a flux path height twice that of circular charging pad together with a single sided flux path completely interoperable with circular pads.



Since the IPT has been a successful technology for EV charging, it draws considerable attention for the researchers to find high misalignment tolerant coils to see a future with the massive manufacture of EVs. This paper presents a new coil design named as QDQ (Quad D Quadrature) has been proposed to enhance the misalignment toleration of coils to a reasonable limit. The proposed design consists of four neighboring small circular coils (forming the slight shape of D) surrounded by a large square coil (forming Quadrature shape) that make a large single coil. Each time, all circular and square coils on charging and pick-up side are turned on to contribute to the resultant magnetic field. The proposed design supports a possible high coupling coefficient at different misaligned positions. To get accuracy in results, the inductive parameters have been calculated using finite element method (FEM) in JMAG software (version 14.0, JSOL Corporation, Tokyo, Japan) and also compared with measured values. Extensive experimental tests have been carried out to validate the functionality of the proposed coil at different misaligned positions of coils with respect to each other. The results have promising efficiency at reasonable misalignment




2. Proposed Coil Design


Figure 1 presents the design structure of the proposed air cored coil. As shown in the figure, each coil consists of four small adjoining circular coils surrounded by one large square coil. The diameter of each circular and square coil is 10 cm and 30 cm, respectively. The charging coil and the pick-up coil have identical dimensions and number of turns. For inductance analysis in JMAG software, the geometry editor tool enables the drawing of both identical coils of dimension, i.e., 30 cm × 30 cm, square coil with circular coils inscribed in it, at an air gap of 15 cm between them. Once the geometry of coils is given a shape, the coil material and FEM (finite element method) boundary conditions are defined. The circuits of both coils are linked to their respective geometry. For the analysis of self-inductances and mutual inductance, the charging coil is fed with a constant current source feeding 1 A, and the resistive load of 1 Ω is connected on the pick-up side. The parameters are calculated using real and imaginary parts of respective current and voltages of the coils.


Figure 1. Quad D Quadrature (QDQ) coil design model in JMAG software (version 14.0, JSOL Corporation, Tokyo, Japan).
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The energy transfer from charging coil (Tc) to pick up coil (Rc) changes with the position and shape of the coils. The coils of any shape, having a complex geometry with a current source, generate electromagnetic fields that can be assessed by considering the contributions of each basic part of the coil. A uniform current distribution is presumed in each small part of the coil [21]. Both of the coil geometries, i.e., square and circular, are accounted in the power transfer from the charging coil to the pick-up coil.



On both the charging and pick-up sides, the circular and square coils are connected in series magnetically and in parallel electrically. Since each coil on both sides share the same terminal, i.e., their dot (.) connection; thus, the polarity of mutual voltage becomes additive. The circular coil forms magnetic flux loops like an arc; however, the square coil makes a magnetic flux loop of the toroidal form [22].



To simplify the expression for evaluation of both the charging and pick-up side coils, we focus on one circular and one square geometry coil. To evaluate the magnetic field across the circular shape geometry shown in Figure 2, it is possible to assume them with homocentric circular geometry for fundamental analysis.


Figure 2. Circular coil geometry set.
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The induced voltage in the whole pick-up coil can be calculated by using Faraday’s law as the sum of induced (electromotive force) EMF of all homocentric loops. Thus, the pick-up coil (RC) with n number of homocentric loops with different radii can be evaluated. The same approach will be applied to charging coil (TC).



The geometry of the square shape is shown in Figure 3. The performance of the square geometry coil is entirely different from the circular coil when considered for near-field application. Each turn of the square coil is a homocentric loop, which is divided into four magnetic poles, i.e., dl1, dl2, dl3 and dl4 as shown in Figure 3. The turns are with different lengths for both the charging and pick-up sides.


Figure 3. Square geometry coil set.
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Applying Ampere’s law across the charging coil (Tc), the magnetic field strength at the pick-up coil may be found as:


[image: there is no content]



(1)







The magnetic field intensity (H) is obvious here and depends on the shape of charging coil and the location, size, and shape of the pick-up coil. The voltage induced across the pick-up coil can be found by applying Faraday’s law as the rate of change the flux B over the effective surface area S:


[image: there is no content]



(2)







Equation (2) can be expressed as


[image: there is no content]



(3)




where [image: there is no content] is the active area of the pick-up coil, and µo is the permeability of the free space. A constant magnetic flux intercepting over the active area of the pick-up coil is required by Faraday’s law (3) to be valid.



We proceed here for calculation of magnetic field in the centre of single circular and square coil from charging and pick-up sides. The misaligned positions of circular and square coils have been shown in Figure 2 and Figure 3, respectively. The evaluation of magnetic coupling includes the calculation of the induced voltage across circular and square geometries of the pick-up coil (RC) with the use of Equation (3) and field strength generated by circular and square geometry on charging coil (TC) by using Equation (1).



For the circular charging coil, the element of magnetic field intensity can be computed as:


[image: there is no content]



(4)




where i is the radial length of a circular coil of the charging side (TC). The total EMF induced across the pick-up coil can be determined by the addition of discrete contributions of each homocentric loop provided by (3):


[image: there is no content]



(5)




where j is the radial length of a circular coil of the pick-up side. Subsequently, the efficiency includes the coupling between circular coils can be represented as the following:


[image: there is no content]



(6)







With the same approach, the efficiency for a set of loosely coupled square spiral coils is provided by expression:


[image: there is no content]



(7)







Here, i is the magnetic length per pole of charging coil and [image: there is no content] in Equation (7) is the active area of the square coil of the pick-up coil, and it can be derived as the accumulation of the field of every succeeding turn of the coil and calculated as:


[image: there is no content]



(8)




where N is the number of turns, din is the internal span of the square coil, and s is the distance concerning each consecutive turn.



The Equations (1)–(8) help in determining the efficiency of power transfer from coil to coil. However, to calculate the efficiency of Inductive Power Transfer (IPT) system, the circuit includes resonant component IPT circuit components on charging and the pick-up side and the load resistor connected to the pick-up coil. A T-equivalent circuit of IPT system is drawn in Figure 4. [image: there is no content] and [image: there is no content] are the self-inductances of the charging and pick-up side coils, respectively, and M is mutual inductance. [image: there is no content] and [image: there is no content] are the compensating capacitances of the charging and pick-up side coils. R1 and R2 are the internal resistances of the charging and pick-up coils respectively and RL is the load resistance.


Figure 4. T-equivalent circuit of series-series inductive power transfer (IPT) system.
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The coupling coefficient (k), that defines the extent of coupling of the charging and pick-up side coils, is given by:


[image: there is no content]



(9)







The total impedance of the equivalent circuit for given parameters can be calculated as:


[image: there is no content]



(10)







The current absorbed from the supply is given by:


[image: there is no content]



(11)
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(12)







Now, the circuit is operating at a resonant frequency f and the LC components cancel out their reactance and I1 is given by:


[image: there is no content]



(13)







The input power can be calculated as:


[image: there is no content]



(14)




or:


[image: there is no content]



(15)







Likewise, the output power can be obtained as below:


[image: there is no content]



(16)




and the efficiency of the system can be represented by the following equation:


[image: there is no content]



(17)




or


[image: there is no content]



(18)








3. System Overview


The capacitors are connected to both charging and pick-up side coils to compensate for the effect of leakage flux. The arrangement of capacitor connection makes four topologies—series-series (SS), series-parallel (SP), parallel-series (PS) and parallel-parallel (PP). The selection of the topologies depends upon their suitability for specific applications satisfying the respective requirements, as SS and SP topologies can transfer higher power than the rated, but these offer an uncertain behavior to the supply [23], and the PS and the PP compensated IPT systems are safe for the supply in the absence of pick-up coil, but these are unable to transfer the rated power if the coils are somewhat misaligned. The characteristics of these configurations are summarized in Table 1, which helps in selecting one them for specific application.



Table 1. Characteristics of compensation topologies.







	
Topology

	
Power Factor at Longer Distance

	
Total Impedance at Resonant State

	
Suitability for Power Level

	
Sensitivity to Alignment






	
Series-Series (SS)

	
Significantly High

	
Low

	
High Power

	
Less Sensitive




	
Series-Parallel (SP)

	
High

	
Low

	
High Power

	
Less Sensitive




	
Parallel-Series (PS)

	
Medium

	
High

	
Low Power

	
Sensitive




	
Parallel-Parallel (PP)

	
Medium

	
High

	
Low Power

	
Highly Sensitive










To validate the proposed coil design, a prototype of series-series (SS) compensated IPT system using QDQ coils is developed as shown in Figure 5. There are two prominent advantages of SS topology of IPT system. The reflected impedance of pick-up coil to the charging coil does not constitute the imaginary part. It quantifies that it will draw active power when operated at the resonance frequency and maintain unity power factor. The other advantage is the pick-up coil compensation is independent of resistive load and mutual inductance. According to [16,24], the SS topology is considered as the most suitable for EV charging because the pick-up coil side capacitance is unimpeded from both the magnetic coupling coefficient and the load. It may also act as a constant current and voltage source that is desirable for battery charging [25].


Figure 5. Experimental set-up of the inductive power transfer (IPT) system.
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A small figure showing the misaligned position of the coils is also embedded in Figure 5 and marked as “Position B”. The schematic circuit diagram of the experimental set-up is shown in Figure 6. The DC power from the supply is converted to high-frequency AC power with a high-frequency inverter that uses dSPACE (DS1104, dSPACE GmbH, Paderborn, Germany) for high-frequency switching. The high-frequency AC is fed to the compensating capacitor and IPT coils. A resistive load is connected to the receiving side. The SS compensated topology is selected for testing, as it has constant voltage characteristics and that is suitable for charging of EV. To establish the resonance phenomena across coils with their respective capacitances, the resonant frequency f (ωo) has to be maintained [26].


Figure 6. Schematic circuit diagram of experimental inductive power transfer (IPT) system.
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The proposed coil design consists of 10 turns of enameled Litz wire with 0.125 mm strand diameter for each circular and square coil for both charging and pick-up side. The Litz wire is selected to avoid the losses due to the skin effect, as the system circuit will be operated at high frequency. The parameters details are given in Table 2. All of the inductive parameters of charging coil and pick-up coil are measured with PINTEK-900 LCR meter (LCR-900, PINTEK ELECTRONICS CO., LTD, New Taipei City, Taiwan) and verified with accurate values calculated from JMAG software.



Table 2. Parameters of the inductive power transfer (IPT) system.







	
Symbol

	
Quantity

	
Value






	
LTC

	
Charging coil inductance

	
46.46 µH




	
LRC

	
Pick-up coil inductance

	
30.99 µH




	
M

	
Mutual inductance

	
12.27 µH




	
k

	
Coupling coefficient

	
0.33




	
f

	
Resonant frequency

	
33 kHz




	
CTC

	
Charging coil compensating capacitance

	
0.5 µF




	
CRC

	
Pick-up coil compensating capacitance

	
0.75 µF




	
A

	
Physical dimensions of the coil

	
30 cm × 30 cm










During the operation of the IPT system, the voltage across capacitors and coils, in series LC circuit, can be significantly greater than supply voltage, and this is termed as “resonant rise in voltage”. The selected air cored coils can sustain the assigned voltage; however, the capacitors need to be carefully selected to achieve accurate value of capacitance and sustain the assigned voltage level. For resonant frequency operation, the capacitor chosen for the charging coil side is 0.5 µF, and, for the pick-up side coil, is 0.75 µF. The rating of capacitors and their arrangement of connections is done carefully keeping in view the resonant rise in voltage, and, thus, these can sustain the voltage stress. The detailed information of selected power switches and resonant capacitors used in the experimental verification are in Table 3. The series arrangement of the selected capacitor on charging coil and pick-up coil sides enables to acquire desired capacitance and also reduced voltage stress.



Table 3. Selected Electronic components.







	
Component

	
Product Number

	
Specification






	
MOSFET

	
IPW60R041C6

	
VDS

	
ID

	
fmax

	
RDS (ON)




	
650 V

	
44 A

	
100 kHz

	
0.041 Ω




	
Capacitors

	
105PHC700KN

	
Type

	
C

	
fmax

	
VAC




	
Film

	
1 µF

	
100 kHz

	
380 V








Note: VDS, IDand RDS are drain to source voltage and drain current and drain to source resistance of MOSFET switch respectively.









4. Experimental Results


4.1. Coupling Coefficient


The effect of coupling coefficient variance has significant role for the charging of electric vehicles. The design of coils makes a valued coupling between the coils and results promising performance of the IPT system. In the proposed coil design setup, the coils are arranged in such a way that these can be moved in back and forth directions as well as to the left and right sides. The coupling coefficient is measured at different air gaps and is plotted along with measured mutual inductance between charging coil and pick-up coil as shown in Figure 7. The turns of coils are fixed in proper proportion having slight inter-turn gaps, and it helps to create larger active areas of the coil. The slight gap in inter-turns of the coils increases their coupling coefficient, and subsequently their inductances [27].


Figure 7. Mutual inductance and coupling coefficient of QDQ coils.
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4.2. Misalignment Tolerance Analysis


Misalignment is the displacement of the pick-up coil with respect to the charging coil that leads to a decline in both the efficiency and power transfer of the IPT system. The IPT system for EV charging requires maximum alignment between the coils to avoid inefficient power transfer due to driver mistake while parking the vehicle at the desired position [28]. The car weight may slightly change the air gap between the EV chassis and the ground, and, thereby, coupling; consequently, it would affect the power transfer efficiency [29]. The IPT charging system with perfect alignment will reduce the leakage flux, and, as a result, it reduces the electromagnetic interference emission from the system; however, an IPT system that could offer good tolerance for misalignment to give maximum freedom to the driver, is desirable [16].



To resolve the misalignment issue, the researchers have proposed control method to tune the IPT coils at the resonance frequency [30,31]. However, this method requires additional electronic components and complex control. In [32], the addition of supplementary coils on both charging and pick-up sides has been considered to reduce the effect of misalignment to a certain limit. However, this requires a large area because of extra coils, hence is not suitable for EV charging application. In addition, it increases the cost and weight of the IPT system.



The prototype of the proposed design has been tested at various positions of coils and power level is set to 700 watts. During misalignment tests, the air gap is fixed to 15 cm, and the pick-up coil is moved in back and forth direction until 30 cm, which is also the length of the coil. Likewise, the pick-up coil is moved in the left and right directions until 30 cm offset. It can be observed from Figure 8 at the centered position, i.e., 0 cm is the power transfer high and begins to decline in both directions at the same rate as the dimensions of the coils are square and identical. The coil maintains excellent efficiency until 15 cm displacement in either direction. The system exhibits an efficiency of 91.8% at 0 cm offset and 78% efficiency at 15 cm offset; the arrows in Figure 8 pointing the power transferred at 15 cm misalignment. At 100% misalignment offset, the efficiency of the IPT system drops drastically. With proposed coil design, the misalignment tolerance is extended to 50% of the coil size and can be considered as a significant improvement [33,34]. There has been work on different designs of coils for the IPT system in which magnetic coupling is sensitive to the position of coils with respect to each other [35,36]. In this proposed IPT system, frequency remains fixed to 33 kHz for all the tests conducted for misaligned positions. The QDQ design of the coil enables maintaining high coupling even when the coils are misaligned to 50% of their sizes, thus it helps to transfer the power. In addition, the SS compensated IPT system is selected, and operating frequency in this topology is not mainly contingent on the coupling coefficient.


Figure 8. Power transferred during misalignment in across side and longitudinal direction.
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The output voltage and current at resistive load are recorded with a power analyser when the coils have zero offset and also when the coils are misaligned to 50% of their size. Figure 9a presents the output current and voltage waveforms of the IPT system with 15 cm air gaps at different misaligned positions of the coils. The difference in the output current and voltage waveforms in Figure 9b is evident and is recorded under 50% misaligned position of the coils. In addition, the efficiency of the IPT system drops from 91.4% to 78% when the coils are misaligned.


Figure 9. Output voltage and current (a) at perfect alignment; and (b) at 50% misalignment.
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It is important to follow the electromagnetic compliance described by safety regulation authorities. The reference value of the magnetic field, for operating frequencies of 1 Hz–100 kHz, for general public exposure is set by the International Committee on Non-Ionizing Radiation Protection (ICNIRP) to 27 µT [37,38]. In this research, to avoid the effects of the magnetic field, a tesla meter (ME 3830B) has been used to check the magnetic field intensity in the vicinity. The maximum magnetic field is recorded in the centre of the air gap between coils, i.e., 247 nT; thus, the magnetic field around the prototype can be considered as safe and lies within the limits prescribed by safety regulation authorities for wireless charging.



The magnetic flux density across the charging coil and the pick-up coil are shown in Figure 10. It is evident from Figure 10a, representing the perfect alignment of the coils, that the magnetic field captured across the pick-up coil is high. However, when the coils are moved horizontally from each other as shown in Figure 10b, the field captured by the pick-up coil reduces. As a result, the power received at the pick-up coil gets reduced.


Figure 10. Magnetic Flux density (a) coils are perfect alignment; and (b) coils are misaligned to 50% of their size.
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5. Conclusions


A Quad D Quadrature (QDQ) coil design has been proposed to cope with the misalignment toleration concern of the IPT system for the application of electric vehicles. The analytical evaluation of the magnetic field of circular and square geometry coil has been added. The coil design has shown the capability to capture maximum magnetic coupling at different positions of coils. It uses the resultant magnetic field developed from each of four adjacent circular coils and one square coil on both the charging and pick-up sides. The inductive parameters of the coils have been evaluated through FEM in JMAG software and validated with practically measured values. An IPT system prototype has been tested for misalignment tolerance until a 30 cm offset, and the proposed coil design has shown the capability to overcome the issue. The IPT system exhibits a maximum efficiency of 91.4% at the perfectly aligned position of the coils and also maintains an efficiency of 78% at 50% misaligned position of coils. The reported findings encourage the consideration of the proposed design for commercialized EV charging.
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