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Abstract

Wireless Power Transfer (WPT) from a few kW to hundreds of kW is the future in order to simplify the
recharging of electric vehicles (EVs). For ensuring high current ratings in the magnetic couplers used for
this transfer, Litz wire conductors are used to deal with the skin effect due to the 85 kHz operating
frequency imposed by SAE standards. These conductors are made by paralleling a more or less large
number of strands of Litz wires. Depending on the Litz wire design, inhomogeneous current distributions
between these strands can be observed. This article highlights this phenomenon by real measurements
carried out on two 20 kW WPT prototypes and study the relevant parameters to propose solutions. Tests
on different designs, different connectors at the ends, as well as an easy way to perform Litz wire test
method are provided. Finally, the proposals developed and validated experimentally made it possible to
obtain a new prototype with a 20% reduction in winding losses while dividing the necessary quantity of
copper volume by 2.5.

1 Introduction

1.1 Context

Wireless power transfer system (WPTS) for EV
charging has great potential in V2G application

thanks to its very easy connection with network.
The use of these devices is also envisaged in the
development of autonomous EVs because they
make it possible to avoid human intervention in
the recharging phase. Fig 1 and Fig 2 show
respectively a picture of the principle of static
WPTS and the electrical schematic that can be
used in a series-series resonant compensation
(SS) converter for WPTS.
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Fig 1: WPT principle of an EV static charging

Fig 2: Schematic of a series-series resonant DC-DC
converter

SS topology has very interesting characteristics
for WPTS thanks to the independence from load
and magnetic coupling of primary capacitors [1]—
[6]. Performances reached at high power make
SS topology suitable for several KW WPTS [5],
[7]. Combination of resonant compensation
capacitor, high efficient converter [8]-[10], zero
voltage switching (ZVS) made possible to reach
very high efficiency.

It has been proved thanks to prototypes in [11]-
[14] with following output power and efficiency
between DC bus: [5 kW; 96.5%], [10.4 kW;
94.4%], [20 kW; 95.0%], and [20 kW; 95.5%]
respectively. Losses analysis of the introduced
prototypes shows important losses in windings
and converters.



The latter are performing better year after year
thanks to ever more efficient switches.
Improvements in the method for reducing
winding losses are, however, necessary due to
complexity of the phenomena involved in Litz
wire (LW) losses.

Improving winding efficiency is therefore one of
the biggest challenges in WPTS [15].

1.2 Previous work

Previous work [14] shows that 51% of the total
losses in the WPT prototype come from windings
as described on Fig 3. Windings are made with
LW that are widely used in WPTS, as [11]-[14],
to reduce skin effect (SE) losses. This first
prototype uses LW n°1, presented in Table 1.
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Fig 3: Losses distribution of 20 kW WPT prototype
n°l, using LW n°1 at 81 kHz, with 96.2% efficiency
between DC to DC.

The loss distribution in Fig 3 is obtained by
measuring the input and output powers.
Subtracting the total losses from the calculated
losses in the converters and capacitors gives
coupler losses. The losses in the ferrite and
aluminium shielding are then calculated by a
finite element method (FEM) to obtain the losses
in the Litz wires.

Fig 4: 3D Simulation of 20 kW prototype 1

Simulated ferrite losses are calculated using
Steinmetz equation and are evaluated at 3.5 W.
This result is consistent due to the large ferrite
thickness of 28 mm, which significantly reduces
the amplitude of the induction in the ferrite. In
addition, ferrite losses are almost cubically
proportional to the induction level.

Shield losses for primary and secondary are
evaluated at 45 W. The analyses of the current
distribution in a LW guided the choice of an
adapted LW which permitted to reduce the
winding losses by 20% while reducing copper
volume and cost by a factor 2.5 and 3.4
respectively, as validated below in part 3.3.

2 Litz design

2.1 Construction

LW design aims to reduce skin effect (SE) losses
by using a stranded wire with individually
insulated conductors to constitute a bundle. The
bundles can then be joined together to form
another bigger one of a higher level, see Fig 5.

Level 3

Strand Level 1 Level 2 (Conductor)

Fig 5: Example of a LW design that consists of five
bundles, each consisting of five sub-bundles, each
consisting of 16 strands: 5x5x16 (LvI3 x LvI2 x Lvl1).

Strands and bundles interactions generate
proximity effects resulting in extra losses due to
heterogeneous induced current distribution.
Many parameters are involved in LW design,
which are:

e Strand, Bundle and LW copper cross
section diameter

Number of strands/bundles per level
Number of levels

Pitch length and direction (S or Z2)

LW fil factor and shape (round, square...)
braided or twisted LW

Twist/braid imperfection

All of these parameters influence price and
efficiency of the LW. The results on the LW 1
used on prototype 1 show a very heterogeneous
current distribution, described in Table 1.



Comparing with the ideal case of a
homogeneous current distribution, the additional
DC losses generated are higher than 50%. A
design to improve power distribution is therefore
a priority in order to reduce losses in the
windings.

2.2 Improvements

Current distribution is related to the LW design
as presented in [16]-[18] and because the
current in the centre bundle I, could be phase
shifted compared to current in peripheral
bundles L,. This phase shift depends on the
frequency as it is shown in [16] and becomes
higher than 150° at the frequencies above
80 kHz. 1t is therefore recommended to limit
bundle number per level to a maximum of five as
illustrated on Fig 6 (b). If not, a heterogeneous
current distribution due to the presence of a
central bundle as shown in Fig 6 (a) is obtained.
The tests carried out on LW n°1, n°2 and n°3
presented in Table 2 have confirmed the
importance of this rule for currents of around ten
amperes.
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Fig 6: (a) Litz wire design breaking bundles position
rule, introducing phase shift current Ic. (b) Litz wire
design respecting bundles position

LW n°1 LW n°2 LW n°3

Copper section 25 mm2 10 mm2  10.2 mm2
LW section 53.9mm2 19.4 mm2 20.3 mm2
Strands number 3184* 1275 1296

Strand Diameter 0.1 mm 0.1 mm 0.1 mm

Bundles number

Level 1 16 5 6
Level 2 10 5 6
Level 3 20* 51 6
Level 4 / / 6

Table 1: Characteristics of LW design tested, LW n°1
(16x10x20), LW n°2 (5x5x51) and LW n°3 (6x6x6x6).
* One of the 10 bundles of level 2 of the LW n°2 has
19 strands instead of 20.

The connectors of LW also seem to have an
influence on the current distribution [19], [20].

An experimental test illustrated in Fig 9 is carried
out to study changes made by dividing the
connectors. Following part presents the sizing
method used to design prototypes.

3 Experimentations on Litz Wire

In this part, tests protocol and results are
described. Influence of two connectors, LW
design, and LW test method are evaluated.

WPTS 20 kW output power system used to
make experimentations is described in [14] and
presented on Fig 7. Primary and secondary
windings number of turns, and outer diameters,
are N1 = 24 and N2 = 13, Doutl = 560 mm and
Dout2 = 360 mm. Both windings have the same
inner diameter of Din = 50 mm. Air gap between
windings is E = 21 cm. Resonant capacitors C1
and C2 used for primary and secondary
compensation are Celem CSM 150/200 with
capacitance value and withstand voltage per unit
of 100 nF and 1,000 V. Their values are 12.5 nF
and 50 nF respectively.
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Fig 7: Overall experimental setup

Many simulated results and experimentations at
low currents to analyse the influence of LW
design are present in the literature but no
comparison of LW design on WPTS of several
tens of kW showing the influence of this design
were found. It is the reason why we have
focused on this point and following results in
order to show the importance of rules on bundles
number for high power WPTS and to propose
guidelines for their improvements.

3.1 Demonstrators

The two demonstrators on Fig 8 have been
tested to achieve this goal. Windings of the first
one Fig 8 (a) and of the second one Fig 8 (b) are
realized with LW n°1 and LW n°2 respectively.
Table 1 presents characteristics of LW used.



The two tested WPTS are similar from DC to DC
at the exception of LW to have a conclusive
comparison. It means the same converters, the
same command and the same capacitors are
used. Couplers of the two prototypes have the
same N1, N2, E, Din, Dout, shielding and ferrite
dimensions. Only inter-coils space is changing
to obtain the same inner and outer winding
diameters due to the different LW diameters.

(b)

Fig 8: Prototype n°1 with LW n°1 (a) and prototype
n°2 with LW n°2 (b) to constitute windings of the
coupler.

Measuring tools used for following measures are
the current probes. The latter are connected to
LeCroy waverunner HRO 66Zlis for display and
data processing.

3.2 Tests on connectors influences

3.2.1 Theory

A first test to improve current distribution in the
LW n°l consists in dividing terminal at LW
ending by two terminals to increase the number
of peripheral bundles as represented in Fig 9. In
fact, the connectors could have no negligible
impact on current distribution due to the melting
process to link connectors and LW [19], [20].

Fig 9: LW n°1 with two connectors at each end. The
16 bundles of the level n°1 are divided in two groups
of 8 connectors.

Bundles at level 3 of LW n°1 used for this test
(characteristics Table 1) are divided in two
groups of eight bundles, each with its own
connector. It enables to have only two centre
bundles instead of three in the case of one

connector for the 16 bundles of LW n°l. Skin
effect described in [20] at the connectors is thus
supposed to be reduced.

3.2.2 Results

The observed current distribution is the same in
each LW bundle whether using one or two
connectors per termination. This results differ
from those of [19], [20] and could find
explanations in the different soldering process.
The recommended one in [21] has been followed
to realize the presented LW connections. Steps
of method followed here consist of immersing
the Litz wire in a tin bath at 400°C for a duration
depending on the LW cross section. The tin
plating must be carried out over a length greater
than the last level bundle pitch, see Fig 5. Similar
process is recommended in [22]. The way used
in [19], [20] to solder the connectors seem to be
different. In fact, it seems that the method used
leaves the insulation on the outside of the LW.
However, this is not the case by immersing the
wire in the soldering pot as described by LW
manufacturers in [21], [22].

Obtaining the same current in each bundle for
the two cases studied shows that the influence
of the LW design is more important than the
influence of the connectors.

3.3 Litz Wire design tests

In this section, the current distributions obtained
in the three LW, shown in Table 2 are compared.

3.3.1 Comparison Method

A simple and efficient method for measuring the
power distribution of a LW has been
implemented. A small length is required for this
test avoiding the need of a coupler to observe
the current distribution in the LW. Influences on
the current distribution between primary and
secondary and between windings can be
neglected due to the influence of the LW design.
The assumption was made that the influence of
design is dominant over the inter-spiral influence
on current distribution. This method has been
experimentally validated with prototypes n°1 and
n°2. The protocol followed to validate this
method consists in  measuring current
distribution in LW n°1 constituting the primary
winding of prototype n°1. Then a comparison is
made with current distribution in a sample of the
same LW connected between the inverter and
the resonant converter. By this way, both parts
of tested LW have the same current flowing



through them and they do not have any influence

Litz wire n°1
on each other.

Pout =5 kW, f=8247kHz, Iy = 27.5 Apms

The LW sample length is 10 times greater than

the bundle pitch of the tested LW to ensure that Bundle  ler (A) - Poc (W) Ery legs (%) Phase shift

each bundle sees the same field on average. 1 4.08 6.7 137 No
LW sample is hung up in the air as shown in the 2 2.76 3.0 60 No
Fig 11 to ensure that there are no source of 3 3.41 4.6 98 No
interference near the LW. Exactly the same 4 1.34 0.7 22 No
current distribution was found in the sample and
. L . 5 2.83 3.2 64 No
in the LW constituting the primary of the coupler.
6 1.34 0.7 22 No
7 3.46 4.8 101 No
8 3.04 3.7 77 No
9 1.48 0.9 186 162°
10 1.27 0.6 174 178°
11 3.61 5.2 110 No
12 2.12 1.8 23 No
13 1.98 1.6 15 No
_ B 14 1.91 15 211 165°
Fig 10: Measurements of current distribution in LW 15 0.61 01 65 No
n°2 sample.
16 1.63 1.1 6 No
Sum 36.87 40.2 Phase shift
Litz wire n°2

Poue =5 kW, f=81.99kHz, Iy = 27.0 Ayps

Bundle  Isr (A) Ppc (W)  Eplegr (%) Phase shift

1 4.77 6.8 8 No
2 6.19 11.5 20 No
&3 i ; 3 4.77 6.8 8 No
e S G —— . .\
Fig 11: Measurements of current distribution in LW 4 5.48 9.0 6 No
n°2 on the three metres long sample 5 5.80 10.1 12 No
3.3.2 Current distribution Sum 27.01 44.2 In Phase
Current distribution has been measured in LW
n°l, n°2 and n°3 with the method presented Litz wire n°3
previously. Results are given in Table 2. Pyt =5 kW, f=81.04kHz, Iy = 28.5 Appns

Measured currents in the 16 bundles at the first

level LW n°1 are very heterogeneous. Phase Bundle  ler (A) - Poc (W) Evy legy (%) Phase shift

shifts higher than 150° are observed in bundles 1 22 7.2 3 No
n°9, n°10, and n°14 compared to the Litz wire 2 6.7 11.9 41 No
current phase, as shown in Table 2. 3 6.7 11.9 41 No
The phase shift observed for bundles n°6 of 4 4.8 6.1 1 No
LW n°3, however, shows a phase shift of 78° 5 43 49 9 No
with the total current flowing through the LW. ’ '

This difference with the expected phase shift is 6 0.8 0.2 83 8
explained by the fact that bundle n°6 is partially Sum 28.5 42.2 Phase shift
in the centre of the LW. Indeed, LW n°3 has a Table 2: Measured of bundles currents in LW n°1,
rectangular structure and bundle n° 6 has a part LW n°2 and LW n°3 for the described output power

exposed to the external magnetic field. P,.., frequency f and LW total current I,,,.



The results obtained with LW n°2 show that
these current shifts are avoided by limiting the
number of bundles to a maximum of five. In
addition, the relative error between the current
value measured in each bundles and their
average value is much better, even for bundles
that do not show a phase shift with the total
current. These three tests show the great
heterogeneity of the current distribution in the
LW when the five-bundles limit is exceeded. The
average relative error of the bundles currents for
LW n°1, n°2, n°3 are respectively 86%, 11% and
47%.

However, limitations may appear in the design of
the LW and especially in WPTS where strong
currents flow at high frequencies. At a fixed
current density, an increase in current implies an
increase in copper surface area. However, the
frequency fixes the strand diameter. Knowing
the skin depth §, the latter is recommended to
be less than 0.76 in [23]-[25], less than 2§ in
[26], or calculated according equations given in
[17], [27]. An increase in copper surface area
therefore implies an increase in the number of
strands. For a good current distribution, the
number of strands per strand is limited to 1y 4y
given in [17].

We see that the recommendations may be
difficult to meet for high power WPTS while
avoiding high current density. However,
previous and subsequent tests show that it is
preferable to reduce the copper surface area in
order to achieve compliance with these design
rules. The current density will be higher, but will
still provide better efficiency. In addition,
significant cost savings can be made.

3.4 Prototypes comparisons

Fig 12 shows the efficiency curves as a function
of output power for prototypes 1 and 2. Prototype
n°2 shows a better DC to DC efficiency at 20 kW
of 96.5% instead of 96.2% for prototype n°1. A
better efficiency for the WPTS is therefore
achieved with the LW n°2 although its copper
surface is 2.5 times smaller than that of the LW
n°1. Characteristics of the two LW are compared
in Table 3.

98,00%
97,50%
97,00%
96,50%

96,00%
5 10 15 20

LW n®1: Scu =25 mm2 LW n®2: Scu =10 mm2

Fig 12: Efficiency DC to DC of the WPTS n°1 (Blue)

and n°2 ( ) as a function of output power in kW.
LW n°1 LW n°2
Copper section 25 mm2 10 mm2

Current density 1R 1.35 A/mm2 3.37 A/mm?2

Current density 2R 1.87 AImm2 4.67 A/mm2
Weight per meter 223 g/m 89 g/m
Price per meter 21.4 €/m 6.3 €/m
Total price 788 € 232 €
WPTS efficiency 96.2 % 96.5 %

Table 3: LW comparison on physical and economical
aspects.

Prototype n°2 allowed a 20% reduction in
winding losses while dividing their cost by a
factor of 3.4. This price reduction is achieved by
the less complex design of LW n°2 and by
reducing the copper surface by a factor of 2.5.

4 Outlook

The study and experiments in this article have
shown the performance and cost savings that
can be achieved by designing LW according to
the recommendations. Design limitations due to
high frequencies and currents in excess of
hundreds of amperes may occur. However,
Table 3 shows the strong interest in respecting
the design rules. The LW n°2 shows indeed a
current density 2.5 times higher and a better
efficiency at the same time than the LW n°1.

In addition, the rising price of copper from
1,897 €/t to 6,564 €/t between February 2000
and January 2021 shows the growing economic
interest in minimising the copper surface.



5 Conclusion

This article presents new comparisons of Litz
wires subjected to a root mean square current of
30 A. Tests are also carried out on two WPTS
with an output power of 20 kW. The considerable
impact of bundles number per level on current
distribution was measured, showing several
bundles current in phase opposition with the LW
current. The influence of LW design over current
distribution is dominant ahead of the connectors
and the external field as shown in the tests parts
3.2 and 3.3.

A good design respecting the following rules will
limit bundles skin and proximity effects. For this
purpose, five bundles maximum per level is
required, except on the first level where the sub-
bundles are made of strands. The maximum
strands number per bundles is indicated in [17].

The new WPTS prototype made with LW n°2
according to the recommendations allows:

e A cost saving of a factor of 3.4
A 20% reduction in winding losses

¢ A reduction in the quantity of Copper by a
factor 2.5
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