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Higher Winding Efficiency in the WPT System Thanks to Homogeneous Current Distribution in the Litz Wire

The design of the Litz wire has a strong influence on the performance on wireless power transfer systems. The number and arrangement of the bundles are important factors, whose influence on the distribution has so far been complex to study. This paper presents a new method to easily analyse the current distribution in the Litz wire as a function of these factors. The effect of frequency on the observed phenomena will be explored in simulations and validated experimentally.

INTRODUCTION

The development of electric vehicles (EVs) is leading to a growing need for chargers. EVs are largely charged with plug-in chargers. However, a large amount of research is being done on wireless chargers, which are reported to be over 95% efficient [START_REF] Onar | Modeling, Simulation, and Experimental Verification of a 20-kW Series-Series Wireless Power Transfer System for a Toyota RAV4 Electric Vehicle[END_REF]- [START_REF] Sarrazin | Bidirectional Wireless Power Transfer System with Wireless Control for Electrical Vehicle[END_REF]. One of the interests of inductive charging is the vehicle-to-grid operation (V2G), allowing a bi-directional energy transfer to charge and discharge the EV battery, or to support the grid with energy stored in the battery. The development of intermittent renewable energy sources requires storage resources, which can be provided by EVs equipped with V2G chargers. Maximising the efficiency of these systems becomes more important than that of unidirectional chargers because of the higher amount of energy transferred. A V2G wireless power transfer system (WPTS) for EV charging consists of converters, resonant capacitors and a coupler as shown in Figure 1. The coupler itself is very often composed of windings, magnetic materials and component to ensure the magnetic shielding of the system. Conductors constituting the windings are the most expensive and loss-making of all these components for systems operating in the 20 kHz-200 kHz frequency range [START_REF] Shekhar | Economic Viability Study of an On-Road Wireless Charging System with a Generic Driving Range Estimation Method[END_REF]. These windings are often made of multi-stranded conductors called Litz wire to overcome the skin effect. Figure 2 shows a Litz wire with a 5x5x16 structure, composed of 5 bundles, each composed of 5 sub-bundles, each composed of 16 elementary strands.

The present paper proposes a new method to study the impact of the Litz wire design at the bundle level on the current distribution.

Part 1 establishes the Litz wire model showing the role of the inter-bundle mutual inductances on the impedance of the bundles. Part 2 introduces the proposed method using simple electromagnetics (EM) simulation with finite element method and electrical circuit simulations. The mutual inductances calculated with the EM simulation are used in the simulation of the Litz wire electrical circuit to observe its current distribution. The 2D simulations will allow to understand the effect of twisting on the current distribution without having to perform 3D simulations. Part 3 presents the results obtained on the distribution for different study cases. The influence of the twist, the number of bundles, the presence of bundle in the centre of the Litz wire, and the working frequency on the current distribution is presented. Part 4 presents the experimental results on two 20 kW WPTS using different Litz wires. The influence of the frequency on the phase shift of the current between bundles is measured. 

LITZ WIRE MODEL

Litz wire is an assembly of conductors insulated from each other and arranged electrically in parallel. The electrical circuit developed here is on the bundle scale. The approach is possible at the scale of a sub-bundles or strands.

A. Notations

Let us consider the inductance and the resistance of bundle i of an n-bundle Litz wire, noted 𝐿 and 𝑅 respectively, where n is an integer greater than or equal to 2, i is an integer from 1 to n. The impedance 𝑍 of bundle i is therefore described by equation ( 1) if no coupling is considered.

𝑍 _ = 𝑅 + 𝑗. 𝜔. 𝐿 (1) 
In the case of electric vehicle chargers, the reactive part is much higher than the resistive part due to the relatively high inductance and frequency. At low frequencies, the impedance is resistive, with a resistance close to the DC resistance. With these considerations and to simplify the analysis, the bundle resistance considered is the DC resistance, noted 𝑅 . The bundles also have the same selfinductance noted 𝐿 due to their identical geometry. Equation (2) below repeats equation ( 1) with these notations.

Z _ = R + j. 𝜔. L (2) 
Let us now consider the inter-bundle couplings. The mutual inductance and the coupling between bundles i and j are respectively noted 𝑀 and 𝑘 , i and j being two different integers between 1 and n. The expression for the mutual inductance 𝑀 is given by equation (3). The mutual flux shared by the bundle i and j noted 𝜙 is defined by the equation (4). It is generally agreed that 𝑀 = 𝑀 . In order to simplify the model, a three-bundle Litz wire is considered, i.e. n = 3. The notations T1, T2 and T3 refer to bundles n°1, n°2, and n°3 respectively.

𝑀 = 𝑘 . 𝐿 . 𝐿 = 𝑘 . 𝐿 (3) 
𝜙 = 𝑀 . 𝐼 (4) 

B. Bundle impedance

First, the total impedance of the T2 bundle is calculated. The impedances induced by bundles T1 and T3 on bundle T2, are respectively noted 𝑍 and 𝑍 . The expression of 𝑍 is given by the Lenz-Faraday law in receiver convention. The mutual flux 𝜙 emitted by the current 𝐼 from bundle T1 and seen by bundle T2 induces a voltage 𝑉 in bundle T2, whose the complex expression is given by the equation [START_REF] Lemaitre | Efficiency-Oriented Design of Litz Wire for Several kW Power Experimented on 20 kW Prototype[END_REF]. The expression for the voltage induced 𝑉 by the current 𝐼 is given by equation [START_REF] Sullivan | Simplified design method for litz wire[END_REF]. The electrical diagram of this three-bundle Litz wire is shown in Figure 3. The influence of the mutual inductances on the bundle impedances and thus on the current distribution in the Litz wire is established. We saw that different coupling coefficients and thus different mutual inductances cause different impedances in the bundles. As the voltage is the same across the bundles, current heterogeneities appear.

The following section presents a method to study the relationship between the current distribution and the number of bundles, their assembly and frequency.

PROPOSED METHOD

We will first look at the steps in the study of the current distribution in the Litz wire. The geometrical considerations will then be presented.

Principle of the method

The EM simulation of the Litz wire allows the calculation of the mutual inductances between the bundles. The number of simulations required is equal to the number of bundles. It is indeed necessary to impose 1 A in each bundle, one after another, in order to be able to deduce from the magnetic fluxes obtained the mutual inductances between the fed bundle and the others. An example of the
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EM and electrical circuit simulations of the Litz wire is given in Figure 4 (a) and (b) in the case of three bundles.

Once the mutual inductances between the bundles have been obtained, a simulation of the Litz wire electrical circuit is required to obtain the current distribution.

Considering a Litz wire with n bundles, the electrical circuit is composed of n coupled inductances, each in series with a resistor. A current source is used to simulate the total current in the Litz wire at the working frequency.

The self-inductances and mutual inductances obtained from the previous simulations define the introduced coupled inductances.

(a) (b) Figure 4 : EM (a) and electrical circuit (b) simulations of a Litz Wire composed of 3 bundles.

Geometric considerations

The resulting current distribution depends on the couplings between the bundles, and therefore their representation in the EM simulations. Three cases can be distinguished and are shown in Figure 5 using the example of a 3-bundle Litz wire. The case Figure 5 (a) represents an ideal Litz, the bundles are equidistant and undeformed. The coupling coefficients are therefore equal in this case: 𝑘 = 𝑘 = 𝑘 . Figure 5 (b) introduces the case of a different distance between the bundles, which results in different coupling coefficients. If the deformation of the bundle cross-section during twisting is considered, case Figure 5 (c) could be one of the possible results obtained after manufacturing. The bundles are however compacted during the twisting phase, so studying the influence of the distance between bundles would not be relevant. The experimental results obtained in part 4 show that the current distribution in the Litz wire respecting the state-of-the-art design recommendations remains rather homogeneous despite the deformation of the bundles. It is also difficult to define which deformations the bundles have undergone. The simulations carried out in part 3 thus follow Figure 5 (a) type constructions.

(𝑎) (𝑏) (𝑐) Figure 5 : Arrangement of the three bundles constituting the Litz wire in the ideal case (a), the case of nonequidistance between the bundles (b) and the case of bundle deformation (c).

Twisting considerations

Only a 3D simulation can represent a twisted Litz wire, which is however time consuming and would increase the complexity of the proposed method. As the objective of twisting is to allow each bundle to be subjected to the same magnetic field, a 2D plane simulation allows the same conditions to be applied. This assumes that the twisted pitch has been carefully chosen. Under this assumption, it is possible to compare a perfectly twisted Litz wire simulated in 2D plane with a non-twisted Litz wire represented in an axisymmetric 2D simulation.

SIMULATION RESULTS

The influence of twist, number of bundles and frequency on the current distribution of the Litz wire is studied in this section. These studies are carried out with the objective of providing a better understanding of which wire to select for a WPTS application for EV charging. Therefore, the working frequency of 85 kHz recommended by the SAE standard is chosen, except for part 3.3 on frequency dependence. Litz wires consisting of 2 to 7 bundles are studied.

Twisting influence on current distribution

In order to evaluate the influence of the twist on the current distribution in the Litz wire, two simulations are performed. The first simulation in 2D plane of straight bundles is based on the hypothesis of a Litz wire with a sufficiently small twist pitch to neglect the influence of the external magnetic field on the current distribution. This assumption is valid in the windings on condition that the twist pitch is suitable for the application. The second 2D axisymmetric simulation allows to simulate a coil made of a non-twisted Litz wire. Figure 7 (a) and (b) show the current distribution of a fivebundle Litz wire. Its representation in the 2D axisymmetric simulation is shown in Figure 6. The same representation is used for the 2D plane simulation. The values are available in Table 1.

(𝑎) (𝑏) Figure 7 : Current distribution in the Litz wire simulating bundle twist (a) and without twist (b) Similar results are obtained for different numbers of bundles as long as they are arranged at the periphery as shown in Figure 6 and not in the centre of the Litz wire. Increasing the number of bundles often means that the bundles end up in the centre of the Litz wire, which causes amplitude and phase heterogeneities between the bundle currents, as shown in the following section.

High Numbers of Bundle

This study is carried out on two 7-bundle Litz wires, arranged as shown in Figure 8 (a) and (b). The second structure uses a non-conductive material in the centre so that the bundles can be arranged on the outside as proposed by some manufacturers. The simulations are performed in 2D axisymmetric.

(𝑎) (𝑏) Figure 8 : Litz wire consisting of 7 bundles with (a) and without (b) a bundle in the centre of the wire.

The current distribution obtained for the Litz wire illustrated in Figure 8 (a) shows a phase shift between the current in the central bundle and those in the peripheral bundles of 180°. The waveforms are available in Figure 9 (a). This phase shift is not apparent in the absence of a central bundle as shown in the waveforms in Figure 9 (b). The total current in the Litz wire is imposed at 27 A in both cases. However, the absolute sum of the bundle currents is 31.8 A , compared to 27 A in case Figure 9 (b). An increase in the bundle current is indeed necessary to guarantee the total current set at 27 A . Case Figure 9 (a) thus presents 39 % more losses than case Figure 9 (b), considering the difference of the total current only, at equivalent resistance.

(𝑎) (𝑏) Figure 9 : Current distribution of a 7-bundles Litz wire with a bundle in the centre (a) and without bundle in the centre (b).

The effect of these amplitude and phase heterogeneities are related to the different induced impedances in the bundles of the Litz wire as shown in the model presented in part 2. The frequency is therefore a key parameter, and the following section is dedicated to its influence on the current distribution.

Frequency dependence

The 7-bundle Litz wire with a central bundle is used in this study. The current distribution is studied for a working frequency varying from 1 Hz to 1 MHz. The natural and induced reactances of the bundles are proportional to the frequency, which is why the resistive part noted 𝑅 is dominant at low frequency. For this reason, the current distribution is perfectly homogeneous at low frequencies. The phase shift between the current of the central bundle and those at the periphery is represent as a function of frequency in Figure 10. The phase shift quickly becomes very pronounced, reaching 76° at 100 Hz and 164° at 1 kHz. The distribution shown in Figure 9 (a) is therefore very close to the maximum phase disparity, being at a frequency of 85 kHz. In order to compare these theoretical results with reality, the current distribution of two different Litz wires was measured. The results are analysed in the following section.

EXPERIMENTAL VALIDATION

Setup

The tests in this section were carried out on two 20 kW WPTSs, designed for a resonant frequency of 81 kHz. These WPTSs differ only in the Litz wire used to make up their coupler windings. The characteristics of Litz wires are presented in previous work [START_REF] Lemaitre | Efficiency-Oriented Design of Litz Wire for Several kW Power Experimented on 20 kW Prototype[END_REF].
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Results on current distribution

The current distribution was measured in paper [START_REF] Lemaitre | Efficiency-Oriented Design of Litz Wire for Several kW Power Experimented on 20 kW Prototype[END_REF] for Litz wires n°1 and n°2 of 16 bundles and 5 bundles respectively. The current distributions obtained in measurements and in simulation for the Litz wire n°2 are presented in Table 2. The measurements and simulations of the currents show a homogeneity of phase for the Litz wire n°2. Even if the heterogeneity of the amplitudes is similar between the measurements and the simulation with an average relative error of 4.1 %, the causes are different. These causes are the non-consideration of twisting in simulation, while the mechanical deformation of the bundles seems to be the reason for this heterogeneity of the measured current amplitudes. [START_REF] Lemaitre | Efficiency-Oriented Design of Litz Wire for Several kW Power Experimented on 20 kW Prototype[END_REF]. These phase shifts reach near phase opposition with values of 162°, 178° and 165°. The bundles 9, 10 and 14 seem to be effectively located in the centre of the Litz wire. This confirms the results obtained in simulation on the phase shift obtained between the current of the central and peripheral bundles.

Results on the frequency influence

Further measurements were made to observe the frequency dependence of the phase shift of the bundle currents. It should be noted that the power supply we used did not allow for more than 2,600 Hz. The measurements of the phase shift between the bundle current n°14 and the Litz wire n°1 current are available in Table 3. An evolution similar to the results in Figure 10 can be observed. 

LITZ WIRE DESIGN

The recommended structures [START_REF] Sullivan | Simplified design method for litz wire[END_REF] have at the first stage of twisting a number of elementary strands fixed by the frequency and the diameter of a strand. The number of bundles at the higher stages of twisting should be less than or equal to 5, in particular to avoid the phenomena seen previously. For instance, at the 85 kHz frequency recommended by the SAE standard, wires with a 3x4x20, 5x5x20, or 4x5x5x20 design would be suitable, depending on the copper cross-section of interest. As each stage of twisting involves an additional cost, a structure with a nonconductive material in the centre allows the number of bundles to be increased at the last stage of twisting without the appearance of a phase shift between the currents. This design can be an intermediate solution between a design with n stages of twisting lacking copper cross-section and a more expensive wire with n+1 stages of twisting. The possibility and economic interests of making such a structure remains to be studied with the manufacturer as it is not very common until now. The additional crosssection and volume induced by the non-conductive material is also to be considered.

CONCLUSION

A new method that is easy to implement dedicated to the analysis of the current distribution in the Litz wire was presented. The amplitude and phase heterogeneities of the currents in the bundles were simulated and experimentally validated for several designs. Based on these results, an additional design to the existing recommendations is proposed.

Figure 1 :

 1 Figure 1: Electrical schematic of a WPTS between the grid and the vehicle battery with a Series-Series resonant topology.

Figure 2 :

 2 Figure 2 : Example of a LW design that consists of 5 bundles, each consisting of 5 sub-bundles, each consisting of 16 strands: 5x5x16.

  𝑉 = 𝑗. 𝜔. 𝜙 = 𝑗. 𝜔. 𝑀 . 𝐼 (5) 𝑉 = 𝑗. 𝜔. 𝜙 = 𝑗. 𝜔. 𝑀 . 𝐼(6)By dividing the induced voltages 𝑉 et 𝑉 by the current 𝐼 , the expressions for the induced impedances 𝑍 and 𝑍 appear: of the T2 bundle given by equation (9) is then obtained by summing 𝑍 and 𝑍 to the expression (2). Impedances 𝑍 and 𝑍 of bundles T1 and T3 are obtained in similar ways. 𝑍 = 𝑅 + 𝑗. 𝜔. 𝐿 + 𝑗. 𝜔. 𝑀 .

  Figure 3 (a) represents the electrical circuit of the Litz wire at the bundle scale, considering their couplings. The latter are translated using the induced inductances in Figure 3 (b).

Figure 3 :

 3 Figure 3 : Electrical circuit of a three-bundle Litz wire at the scale of the bundle showing couplings (a) and induced impedances (b).

Figure 6 :

 6 Figure 6 : 2D simulation of a 5-bundle Litz wireIn order to be able to compare with the experimental results, the total current in the Litz wire imposed in the simulation of the electric circuit is identical, i.e. equal to 27 A root mean square (rms), i.e. 38.2 A in amplitude. A perfect current distribution results in a current of 7.6 A in each bundle. This is shown in the waveforms in Figure7(a) for a properly twisted Litz wire. A non-twisted Litz wire constituting a coil shows instead a heterogeneity of current in amplitude as shown in Figure7 (b). The magnetic field generated by the coil differs slightly depending on the bundle position.

Figure 10 :

 10 Figure 10 : Phase shift between central and peripheral bundle currents as a function of frequency.In order to compare these theoretical results with reality, the current distribution of two different Litz wires was measured. The results are analysed in the following section.

Table 1 :

 1 Simulated current distribution in a 5-bundles Litz wire. The differences with the total current divided by the number of bundles is given.

		T1	T2	T3	T4	T5
	Current	7.6 A	6.2 A	6.7 A	8.5 A	9.1 A
	Difference 0.7 % 18.6 % 12.1 % 11.7 % 19.7 %

Table 2 :

 2 Comparison of the measured and simulated current distribution of Litz wire n°2 (5x5x51) at 82 kHz.

	Bundle	Measures	Simulation	Error
	T1	4.77 𝐴	4.43 𝐴	7.2 %
	T2	6.19 𝐴	6.40 𝐴	1.5 %
	T3	4.77 𝐴	5.21 𝐴	9.2 %
	T4	5.48 𝐴	5.40 𝐴	1.5 %
	T5	5.80 𝐴	5.86 𝐴	1.1 %
	Significant phase shifts were measured at 82 kHz in 3 of
	the 16 bundles of Litz wire n°1	

Table 3 :

 3 Phase shift measured as a function of frequency of bundle n°14 of a 16-bundles Litz wire.

	Frequency	0.1 kHz	1 kHz	2.6 kHz 82 kHz
	Phase shift	3.1°	19.5°	47.9°	165°