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Abstract

For optimal design of a wireless power transfer system, knowing the electrical resistance
of the coil modules is essential. For vehicle applications, a flux guidance and aluminum
shielding are used in addition to the winding. Beyond considering the individual compo-
nents, an understanding of the interactions between them is also necessary to determine
the coil module resistance. This paper first provides the theoretical background of the
relevant loss effects in litz wire and coil modules. Existing approaches are then analyzed
for their applicability for the application considered in this work. Based on this analysis, a
practical method is proposed that systematically combines established approaches from
the literature to calculate the electrical resistance of a coil module while accounting for
the effects of both flux guidance and shielding. In contrast to existing approaches, which
primarily address individual components or effects, the proposed method enables the
resistance of the entire coil module to be determined within a unified modeling framework.
The method is verified by comparison with measured results, showing good agreement
with a maximum deviation of 2%. The presented approach supports the efficient design
of wireless power transfer systems and substantially reduces the need for repeated coil
module prototyping and resistance measurements.

Keywords: wireless power transfer; inductive charging; wireless charging; inductive power
transfer; electric vehicles; resistance modeling; ferrite; shielding; skin effect; proximity effect

1. Introduction
The development of wireless power transfer (WPT) systems for charging electric

vehicles (EVs) is the focus of numerous current research projects, which have been steadily
increasing in number for many years [1–10]. By eliminating physical contact, the technology
is robust against all weather conditions, is low-wear, and offers the user a higher level of
comfort [11,12]. In addition, a future autonomous driving or automated parking concept
also requires an automated charging solution without any user interaction [13–16].

Power is transferred from the Ground Assembly (GA) to the Vehicle Assembly (VA)
via an alternating magnetic field as schematically shown in Figure 1. The GA is the
infrastructure component that is installed on the ground and connected to the grid. Due to
the integration of the VA in the underbody of the vehicle, suitable magnetic field shielding
is required for safety reasons. This ensures that the applicable limit values are not exceeded
inside and around the vehicle [17,18]. In addition, the efficiency of WPT can be increased
by shielding the vehicle components, which are usually made of steel, near the VA with
aluminum shielding [19]. In order to counteract the field-weakening effect of the shielding
in the vehicle and also to increase the magnetic coupling to the infrastructure coil, a
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flux guidance made of ferrite is used. This material is characterized by a high relative
permeability and at the same time a low electrical conductivity [20]. The setup consisting
of winding, flux guide, and shielding is referred to as a coil module in this paper.

Figure 1. Schematic setup of a WPT system in an EV with the Ground Assembly (GA) on the ground
and the Vehicle Assembly (VA) in the car underbody. Each coil module consists of winding, flux
guidance, and shielding.

An optimal design of the WPT system requires precise knowledge of the resistance
of the coil modules. In addition, a thorough understanding of the loss effects is needed to
identify optimization potential. Special high-frequency litz wires are used for the windings,
which consist of a large number of insulated individual strands. These in turn are twisted
in bundles on several levels to reduce the losses caused by skin and proximity effects. In
addition to the complex litz wire structure, the winding losses are influenced by the flux
guidance and shielding. Furthermore, losses occur within the flux guidance and shielding
themselves. Consequently, when determining the electrical resistance of a coil module, all
loss effects and interactions between the components must be considered.

One possibility of determining the electrical resistance of a coil module is its assembly
and measurement. However, this requires the procurement of the individual components
and the assembly of the coil module. Investigating design variations or conducting pa-
rameter studies requires mechanical adjustments. As a result, the process can be both
time-consuming and cost-intensive. Therefore, a modeling method for the resistance of
a coil module is required taking into account flux guidance and shielding effects. Fur-
thermore, the method should reduce the need for repeated coil module prototyping and
resistance measurements.

Several studies have already addressed this general topic with different methodologi-
cal and physical focuses. Without claiming to provide a comprehensive literature review,
selected representative contributions can be grouped as follows:

• Analytical approaches to determine the effects of eddy current in litz wires or windings,
as presented in [21–29];

• Numerical approaches like the Finite-Element Method (FEM), as presented in [30];
• Measurement-based approaches for characterizing litz wires and windings [31];
• Combined analytical, numerical, and measurement-based modeling approach for the

resistance of a winding with flux guidance as presented in [32];
• Analysis of the influence of conductive materials on the resistance of a winding as

presented in [25,28,33].

These studies provide important foundations and address relevant aspects of the
problem, as the detailed analysis of these approaches in Section 4 shows. However, each
approach covers only parts of what is required for the application considered here. A holis-
tic method for modeling the resistance of a coil module that simultaneously considers flux
guidance and shielding effects has not yet been introduced. Existing approaches typically
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focus on individual loss mechanisms, isolated components, or conductor characterization.
A methodology that combines these approaches into a unified workflow for determining
the resistance of an entire EV-WPT coil module including litz-wire effects, ferrite influence,
and shielding losses is currently lacking.

In the end, a practical method is key while achieving high accuracy. To achieve this,
the effort of costly and time-consuming measurement setups with coil module prototyping
as well as complex and time-consuming simulation models should be reduced. Therefore,
this gap is adressed in this paper.

In Section 2, the boundary conditions for a WPT system for use in an EV are specified,
and then the analytical equations for the loss calculation are derived in Section 3. After
analyzing the loss mechanisms and discussing various approaches from the literature
(Section 4), a practical method for modeling of the resistance of a coil module is proposed,
applied, and finally compared with measured values for verification (Section 5).

2. Boundaries for WPT in EV
Several standardization documents currently provide boundary conditions and design

guidelines for the development of WPT systems for EVs. Examples for this are the classifi-
cation of the systems into different WPT power classes for one maximum input power each
as listed in Table 1 and three Z-classes depending on the ground clearance of the vehicle as
listed in Table 2.

Table 1. WPT power classifications in [34].

WPT-Class WPT 1 WPT 2 WPT 3

Range of Input Volt-Amps 0 to 3.7 kVA 0 to 7.7 kVA 0 to 11.1 kVA

Table 2. Definition of the Z-classes in [34].

Z-Class Z1 Z2 Z3

VA Coil
Ground Clearance

Range
100 mm to 150 mm 140 mm to 210 mm 170 mm to 250 mm

For the VA, reference designs for the setup of a coil module are given in SAE J2954 [34],
IEC 61980-3 [35] and GB/T 38775.7 [36], whereby the first two documents are harmonized
and are used as a reference for the analyses in this paper. The nominal frequency for power
transfer is defined as 85 kHz in [34,35]. In this paper, analyses and verification of the
proposed method are carried out using the VA coil module of the WPT3/Z2 class from SAE
J2954 as an example.

Figure 2 shows the setup of the coil module schematically as an exploded view
consisting of winding, ferrite, backplate and shielding. The aluminum backplate forms the
top of the coil housing. An additional aluminum plate is centrally positioned directly on
the backplate to simulate the shielding in the vehicle and to take into account the influence
of the vehicle underbody.

The mechanical parameters for the setup of the coil module, such as the dimensions of
the components, their distances from each other, the length of the winding, and the number
of turns, are listed in Table 3.
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Table 3. Mechanical parameters of the WPT3/Z2 coil module setup [34].

Parameter Value

Winding Size (x, y, ∅) 320 × 320 mm, 5 mm
Ferrite Size (x, y, z) 334 × 334 × 5 mm

Backplate Size (x, y, z) 350 × 350 × 2 mm
Shielding Size (x, y, z) 800 × 800 × 1 mm

Distance Winding-Ferrite 1 mm
Distance Ferrite-Backplate 5.6 mm

Distance Backplate-Shielding 0 mm
Winding Length 7.8 m
Number of turns 9

Figure 2. Exploded view of the WPT3/Z2 circular VA coil module from SAE J2954 [34].

3. Fundamentals
This section provides an overview of the loss mechanisms that occur in conductors

carrying alternating current. The starting point is the frequency-independent DC resistance
RDC of a conductor with length l and cross-sectional area A. It can be calculated from the
conductor geometry and the electrical conductivity σ.

RDC =
l

σA
(1)

In addition to DC losses, alternating currents cause eddy-current losses as a result of
skin and proximity effects. The skin effect leads to a frequency-dependent concentration
of current at the conductor surface. As a result, the current distribution becomes non-
uniform while the total current remains constant. The proximity effect originates from
magnetic fields produced by neighboring current-carrying conductors. These fields induce
circulating eddy currents that further distort the current distribution. Both effects increase
the effective conductor resistance and associated losses.

Figure 3a schematically shows the cross-section of a circular conductor, including the
definition of the skin depth δ and the external magnetic field strength H⃗ext, with the latter
being responsible for the proximity effect. To reduce the additional losses caused by skin
and proximity effects, special litz wires are used at higher frequencies. Litz wires consist of
a large number of insulated strands that are twisted into bundles. As illustrated in Figure 3b,
the strands interact through the internal magnetic field strength H⃗int. Consequently, the
internal proximity effect introduces an additional loss component that must be considered.
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(a) Solid circular conductor (b) Litz wire

Figure 3. Schematic illustration of the cross-section including the eddy current effects for a circular
conductor and a litz wire.

Based on the explanations provided in [37–39], the skin and proximity effects are
discussed in Sections 3.1 and 3.2. These fundamentals are subsequently used to derive
the loss calculations for a circular conductor in Section 3.3 and for an ideal litz wire in
Section 3.4.

Due to the superposition of several physical effects, the analytical calculation of
conductor losses is highly complex and therefore requires simplifying assumptions. The
derivations presented in this work follow a quasi-static approach and neglect displacement
currents. Furthermore, cylindrical coordinates and infinitely long circular conductors
in the z-direction are assumed. Under these conditions, the relevant physical quantities
can be considered constant along the conductor without loss of accuracy [40]. Quantities
marked with a hat like Ĥ denote complex phasor amplitudes (peak values), whereas loss
calculations are generally expressed using RMS quantities.

3.1. Skin Effect

The skin depth δ defines the distance from the edge of the conductor at which the
current density has dropped to 1/e of the amplitude value and is dependent on the fre-
quency f and the properties of the material like the electrical conductivity σ and the relative
permeability µr [41].

δ =

√︄
1

σπ f µ0µr
(2)

The amplifying effect of the current displacement to the edge with increasing frequency
leads to a frequency-dependent increase in losses due to the skin effect Pskin. This additional
loss component can be calculated using the frequency-dependent skin factor Fs( f ), the DC
resistance and the squared RMS current Irms [41]. The calculation of Fs( f ) depends on the
geometry and is given for a circular conductor in (10) and for a litz wire in (18).

Pskin = RDC I2
rms(Fs( f )− 1) (3)

When analyzing the skin effect, only the radial dependence and thus the component
of the current density in the z-direction has to be taken into consideration [32]. With the
modified Bessel functions with zero order (J0) and first order (J1), a sinusoidal excitation
results in the current characteristic in (4) for the skin effect within a circular conductor with
radius r0 and peak current phasor Î.

Ĵ(r) =
Î

2πr02
αr0 J0(αr)

J1(αr0)
(4)
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The procedure for solving the resulting differential equations using Kelvin or Bessel
functions is derived and described in detail in [37,42]. The used auxiliary variable α can be
calculated via the skin depth δ from (2).

α =
1 + j

δ
= (1 + j)

√︁
σπ f µ0µr (5)

3.2. Proximity Effect

The additional losses due to the external proximity effect Pext,prox can be calculated
using the peak of the external magnetic field Ĥ, the conductor length l, its conductivity σ,
and the frequency-dependent proximity factor Ds [37]. The calculation of Ds( f ) depends
on the geometry and is given for a circular conductor in (11) and for a litz wire in (21).

Pext,prox =
l
σ

Ĥ2Ds( f ) (6)

For the influence on the current density, an unpowered circular conductor in an
alternating magnetic field is considered. Compared to the skin effect, the resulting current
density due to the external proximity effect is also dependent on the direction of the external
magnetic field amplitude Ĥ. Therefore, the current density Ĵ is not rotationally symmetrical
to the center of the conductor, and the calculation in (7) requires cylindrical coordinates
(r, ϕ) [41].

Ĵ(r, ϕ) =
2Ĥ
r0

αr0 J1(αr)
J0(αr0)

sin(ϕ) (7)

3.3. Loss Calculation for Circular Conductor

The individual loss components can be determined separately according to [31,39,43–45]
due to the orthogonality of the loss components. This simplifies the calculation of the
total losses. For a solid circular conductor, the total conductor losses Pcond can therefore be
expressed as the sum of three loss components:

Pcond = PDC + Pskin + Pext,prox (8)

The frequency-independent DC-losses PDC can be calculated with the squared RMS
current Irms and the ohmic resistance RDC from (1) for a circular conductor with radius r0.

PDC = RDC · I2
rms with RDC =

l
σπr02 (9)

Integrating the current density from (4) over the conductor cross-section results in
the frequency-dependent losses caused by the current flow in the conductor. The skin
factor Fs can be used to determine the additional loss component due to the skin effect Pskin

according to (3).

Pskin = RDC I2
rms(Fs − 1) with Fs =

1
2

Re
{︃

αr0
J0(αr0)

J1(αr0)

}︃
(10)

The calculation of the losses Pext,prox due to the external proximity effect is carried out
according to (6) with the proximity factor Ds.

Pext,prox =
l
σ

Ĥ2Ds with Ds = 2πRe
{︃

αr0
J1(αr0)

J0(αr0)

}︃
(11)
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3.4. Loss Calculation for an Ideal Litz Wire

The same losses as in a solid circular conductor occur in a litz wire. The structure
with several individual strands adds losses Pint,prox due to the internal proximity effect, as
shown in Figure 3b.

Plitz = PDC + Pskin + Pint,prox + Pext,prox (12)

The DC-losses of a litz wire can be calculated from its structure with the number of
strands Ns, the radius of the individual strand rs and the length l [32].

PDC = RDC · I2
rms =

l
σCuNsπrs2 · Irms

2 with RDC =
l

σCuNsπrs2 (13)

The copper fill factor kCu corresponds to the ratio of the electrically conduc-
tive copper area to the total cross-sectional area of the litz wire, resulting in an
adapted electrical conductivity.

σlitz = kCuσCu with kCu =
Nsπrs

2

πr02 (14)

The complex structure of the litz wire, consisting of individual strands, bundles,
the type of twisting and connection technology, makes it difficult to determine the loss
components. To simplify this, the two borderline cases of twisting are considered: ideally
twisted litz wire and litz wire with individual strands arranged in parallel. The latter has
the highest losses, as the parallel individual strands have no influence on the generation and
impact of the eddy current effects, whereas ideal twisting leads to the lowest losses [32,41].

According to [31], the equations for an equivalent circular conductor with the adapted
conductivity from (14) can be approximately adopted for the litz wire with individual
strands arranged in parallel. There are no losses due to the internal proximity effect,
and the losses due to the skin effect Ppar,skin can be calculated according to (10) with the
normalized skin parameter of a litz wire with parallel individual strands x0.

x0 = αr0 = (1 + j)r0
√︁

σlitzπ f µ0µr (15)

Ppar,skin = RDC · I2
rms ·

(︃
1
2

Re
{︃

x0
J0(x0)

J1(x0)

}︃
− 1
)︃

(16)

For an ideally twisted litz wire, the losses due to skin and proximity effects at the
bundle level can be neglected, so that only the losses occurring at the strand level need to
be considered. The current is divided equally between all individual strands in this case,
so that the losses can be calculated as the sum of the losses of all individual strands. This
results in the skin losses Pid,skin for an ideally twisted litz wire with the skin factor at strand
level Fs,strand and the normalized skin parameter of an ideally twisted litz wire xs.

Pid,skin = Ns · RDCNs ·
(︃

Irms

Ns

)︃2
· (Fs,strand − 1) = RDC Irms

2(Fs,strand − 1) (17)

Fs,strand =
1
2

Re
{︃

xs
J0(xs)

J1(xs)

}︃
with xs = αrs = (1 + j)rs

√︁
σCuπ f µ0µr (18)

The internal Hint and external magnetic field strength Hext are required to calculate
the losses due to the proximity effect. The internal magnetic field strength depends on the
position of a strand within the conductor. The magnitude of the internal magnetic field
strength Ĥint(r) can be calculated based on the excitation current. Assuming an ideal litz
wire, this current is distributed uniformly among all strands.
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Ĥint(r) =
Îr

2πr02 (19)

The losses Pid,int,prox of an ideally twisted litz wire can be determined by the internal
proximity effect when inserted in (6). The proximity factor at strand level Ds,strand becomes
zero for ideal twisting at all geometry levels [38].

Pid,int,prox = Ns
l

σCu

(︃
Î

2πr0

)︃2

2πRe
{︃

xs
J1(xs)

J0(xs)

}︃
=

1
2

RDCNskCuRe
{︃

xs
J1(xs)

J0(xs)

}︃
Î2 (20)

Ds,strand = 2πRe
{︃

xs
J1(xs)

J0(xs)

}︃
(21)

Assuming ideal twisting at the bundle level, the eddy currents arising there cancel
each other out, so that the calculation of losses due to the external proximity effect can take
place at the individual strand level. These are the same for each strand and can therefore
be added up for the total losses of the litz wire. This results in the losses due to the external
proximity effect Ppar,ext,prox for a litz wire with individual strands arranged in parallel and
Pid,ext,prox for the ideally twisted litz wire.

Ppar,ext,prox =
l

σlitz
Ĥ2

ext2πRe
{︃

x0
J1(x0)

J0(x0)

}︃
(22)

Pid,ext,prox = Ns
l

σCu
Ĥ2

ext2πRe
{︃

xs
J1(xs)

J0(xs)

}︃
(23)

4. Modeling of the Resistance in a Coil Module with Ferrite and Shielding
This section presents a method for the determination of the resistance of an entire coil

module consisting of a winding, a ferrite layer and aluminum shielding. In the first section,
the loss effects in a coil module are analyzed in order to gain a precise understanding of
the individual components. For the calculation of the different resistance components, the
appropriate method for the application considered in this paper is selected and explained in
the following sections after discussing various approaches. Finally, the presented modeling
method is summarized in a schematic workflow.

4.1. Analysis of the Loss Mechanisms in the Coil Module

A coil module used in a vehicle requires both a ferrite layer for flux guidance and
an aluminum shielding. This results in various loss effects, as illustrated in Figure 4. The
different effects can be considered separately due to the orthogonality. However, the
decomposition of the loss terms does not necessarily mean that there is no electromagnetic
coupling between the physical components.

The three loss components of DC, skin, and internal proximity effect shown at the
bottom are all dependent only on the structure and properties of the litz wire. It is therefore
useful to consider them together as presented in Section 4.2. By arranging the conductors
in a winding with several turns, they influence each other due to the external proximity
effect. In addition, the coil module contains soft magnetic materials with a high relative
permeability, such as ferrite. It also contains electrically conductive materials, such as
aluminum. Both influence the external H-field and thus the loss component caused by the
external proximity effect in the litz wire.
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DC Skin-Effect Internal Proximity-Effect

Eddy Currents

Hysteresis External 
Proximity-Effect

Dashed arrow = 
Can be neglected

Solid arrow = 
Has an impact

Figure 4. Overview of the loss effects in a coil module with ferrite and shielding.

Beside the loss mechanisms in the litz wire, the effects in ferrite and in aluminum
have to be analyzed as well. The alternating magnetic field generates eddy currents
in electrically conductive components and thereby creates losses. When measuring the
electrical resistance of the entire coil module, for example with an LCR meter connected
to both ends of the winding, these losses are inherently included in the measurement.
Therefore, they must be taken into account in the modeling.

The core losses in the ferrite are mainly composed of hysteresis and eddy current
losses [46]. Due to soft magnetic ferrite with its narrow hysteresis curve, core losses can be
reduced by selecting a material that matches the operating frequency [20,47]. In addition,
the conductivity is very low, so the eddy current losses in the ferrite can be neglected [43].
Therefore, this arrow is shown with a dashed line in Figure 4. A low-signal measurement
can be performed using an LCR meter, as described in Section 5.4. In this case, both the
excitation current in the winding and the resulting flux density in the ferrite are very low.
As a result, the hysteresis losses can be neglected for the application considered here [48]
and are therefore shown in dashed lines. In power-transfer operation, higher coil currents
result in a higher magnetic flux density in the ferrite material. Under these conditions,
hysteresis losses may become relevant and must be taken into account [49–51].

In summary, the loss components of (12) need to be extended by the component of
the eddy currents in the aluminum shielding Reddy. The total electrical resistance of a coil
module Rmodule is the sum of its individual resistance components.

Rmodule = RDC + Rskin + Rint,prox⏞ ⏟⏟ ⏞
section 4.2

+ Rext,prox⏞ ⏟⏟ ⏞
4.3

+ Reddy⏞ ⏟⏟ ⏞
4.4

(24)

Various options for determining the individual resistance components are analyzed
in the following sections as marked in (24) and a suitable method is identified for the
application being considered here.

4.2. Determination of the Resistance Considering DC, Skin and Internal Proximity Effects

The three resistance components associated with DC, the skin effect and the internal
proximity effect depend only on the structure of the litz wire. Consequently, these three
contributions are considered jointly in the following. The DC resistance of the litz wire can
be determined in the first step via (1) and the copper fill factor from (14). Various methods
for determining the resistance components due to the skin and internal proximity effects
can be found in the literature. Detailed approaches are presented in [23–25] to analyze the
influence of the twisting of the litz wire on these loss components. With the subdivision
of the loss components caused by the transverse and longitudinal magnetic field, ref. [26]
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presents an alternative approach. Due to the twisting, the individual strands in the litz
wire cross-section do not have the same direction vector as the overall litz wire. This angle
creates an additional component for the internal magnetic field, which must be taken into
account in the loss calculation [27,28].

With all these approaches mentioned here as excerpts, a deep understanding of the
loss effects within the litz wire can be achieved. However, the analytical approach requires
considerable effort when the entire litz wire structure is taken into account. In addition, the
deviation increases with the number of strands [29].

Numerical methods are an alternative to analytical calculations. In [30], for example,
it was shown that the effects of skin and proximity effects within the litz wire can be
calculated approximately using the Finite-Element Method (FEM). This was shown for a
sufficiently thin strand diameter, whereby the skin effect within the strand is negligible, and
for a low number of strands (≤80). However, the simulation effort increases exponentially
with the number of strands. It further increases when multiple twisting levels and several
bundles are considered. For the application considered here, in which a winding has several
turns and is not rotationally symmetric, a numerical method is therefore not suitable.

Another possibility is the measurement-based characterization of an existing litz wire.
For each real litz wire, its behavior for a certain frequency range lies between that of an
ideally twisted litz wire and that of a litz wire with parallel strands. These two extreme
scenarios can each be described analytically according to the description in Section 3.4.
By introducing the parameter λskin, the behavior of a real litz wire can be characterized.
The resistance of the real litz wire Rlitz is then described by a linear combination of the
resistance of the ideally twisted litz wire Rid and the resistance of the litz wire with parallel
strands Rpar [31].

Rlitz = λskinRid + (1 − λskin)Rpar = RDC + Rskin + Rint,prox (25)

An ideal litz wire has λskin = 1 and a litz wire with parallel strands has λskin = 0. A
suitable test setup for determining λskin is described in Section 5.1, in which the litz wire is
placed between two metal bars in a groove. By doing so, it is ensured that the influence of
magnetic stray fields from the environment is excluded and only the losses of the conductor
considering DC, skin and internal proximity effects are determined.

The determination of Rid and Rpar can be carried out using the equations derived
in Section 3.4, whereby the frequency-dependent resistance change has to be considered
instead of the power. Both the DC component and the resistance components consider-
ing skin and internal proximity effects are included in Rid. Therefore, the correlations
in (17) and (20) can be summarized in (26). The twisting increases the effective length of
the strands compared to the litz wire. This increase in length, expressed by the factor mtwist,
can be calculated based on the litz wire design and the stranding structure [23,52]. It is
taken into account via the adjusted resistance RDC,twist = mtwistRDC.

Rid = RDC,twist

(︄
1
2

Re
{︃

xs
J0(xs)

J1(xs)

}︃
+ NskCu

1
2

Re
{︃

xs
J1(xs)

J0(xs)

}︃)︄
(26)

A litz wire with strands arranged in parallel is represented by an equivalently sized
solid circular conductor. Therefore, the increase in length does not need to be considered.
Consequently, there are no losses due to the internal proximity effect, and therefore Rpar is
calculated based on (16).

Rpar = RDC
1
2

Re
{︃

x0
J0(x0)

J1(x0)

}︃
(27)
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This procedure with the characterization by measurement considers the exact structure
of a real litz wire, including the effects of twisting and potential twisting errors during
production. For a real litz wire, the contacting method further influences the losses caused
by the skin and internal proximity effects, as shown in [30,53]. This influence due to the
contacting of the litz wire is included here in the measurement-based characterization. It is
recommended to carry out the characterization of the litz wire with the same contacting
method as in the later setup.

4.3. Determination of the Resistance Considering the External Proximity Effect

This resistance component does not depend on the magnetic field generated by the con-
ductor itself. Instead, it depends on the external field generated by neighboring windings
and influenced by surrounding materials.

The difference in the resulting magnetic field outside a conductor is negligible between
a litz wire and an equivalently sized solid circular conductor [32,54]. In both cases, the field
depends only on the current. Regarding the determination of the losses due to the external
proximity effect, a rotationally symmetrical distribution of the current density in the litz
wire can be assumed [32]. Therefore, the litz wire can be considered as a solid circular
conductor for this analysis.

The internal magnetic field strength Hint equals zero at the center of a conductor
with a round cross-section. This property can be used to determine the external magnetic
field strength Hext. In an FEM simulation model, a polyline is placed at the center of the
conductor along its winding path [32]. The magnetic field strength extracted along this
polyline corresponds to the desired field component Hext.

By dividing the polyline into n segments with length ∆l, the magnitude of the magnetic
field strength Hext can be calculated at multiple points. The sum of the losses of the
individual segments results in the total losses of a coil due to the external proximity effect.
Taking into account the selected current excitation in the simulation model, the calculation
of the resistance component due to the external proximity effect is performed using (23).
The polyline with its length does not correspond to the real length of the litz wire. Therefore,
the increase in length mtwist has to be considered due to twisting so that the actual length
of the wire exposed to the external field is taken into account.

Rext,prox =
NsmtwistDs,strand

σCu I2

n

∑
1
|Hext|2∆l (28)

With regard to losses due to the external proximity effect, the electrical behavior
of a real litz wire in an external magnetic field can be assumed to be ideal, as long as
the length exposed to the field is many times longer than the pitch [31]. Therefore, a
measurement-based characterization of the real litz wire is not necessary at this point.

4.4. Determination of the Resistance Considering Eddy Currents

The influence of electrically conductive materials on the electrical resistance of the
winding has already been discussed in [25,33]. Measurements in [28] show an additional
loss component when the material is approached, whereas the eddy currents reduce the
modeled losses in the litz wire due to the field attenuation. This emphasizes the importance
of considering the resistance component Reddy due to the eddy currents in (24).

The proposed method for this is to calculate the eddy current losses using an FEM
simulation. For this purpose, the complex peak phasor amplitude of the induced current
density Ĵ is determined in the material. The eddy current losses Peddy can then be calculated
by integrating the resulting current density distribution over the material volume.
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Peddy =
1

2σ

∫︂
V
| Ĵ|2dV (29)

This simulated power loss can then be converted into the equivalent resistance com-
ponent Reddy using the RMS excitation current in the simulation model.

Reddy =
Peddy

Irms
2 (30)

With this new approach for considering the shielding influence, all resistance compo-
nents can be determined and the modeling method is complete.

4.5. Summary of Modeling Method

To summarize the modeling method presented, Figure 5 shows the procedure for de-
termining the resistance of a coil module with ferrite and aluminum shielding via the three
different pathways. The novelty of the proposed method is not a new analytical loss equa-
tion, but the systematic combination of analytical, measurement-based, and FEM-based
approaches into a single workflow that allows the resistance of a complete coil module,
including ferrite and conductive shielding, to be determined with low experimental effort.

Figure 5. Schematic workflow of the presented modeling method for calculation of the resistance of a
coil module with ferrite and aluminum shielding.

5. Results
The new methodology is applied in this section using the example of the circular

coil from Figure 2. Three scenarios are considered here: the winding only; the winding
with ferrite; and the entire coil module consisting of winding, ferrite, and shielding. After
calculating the resistance components Rlitz, Rext,prox and Reddy, the modeled values are
then compared with the measurement results to verify the presented method.

The properties of the litz wire used for this are shown in Table 4. The litz wire has a
total diameter of 5 mm and is constructed from 1176 individual strands with a diameter of
0.1 mm. The insulation of the individual strands has grade 1.
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Table 4. Properties of the litz wire used for coil module setup.

Cross Section Number of Strands Strand Diameter Insulation

∅ 5 mm 1176 0.1 mm Grade 1

5.1. Calculation of Rlitz

For determining the losses due to DC, skin and internal proximity effects, an experi-
mental setup is required in which the litz wire under investigation can be characterized
without the influence of stray magnetic fields from the environment. For this purpose,
a tube is formed from two joined aluminum carriers, each containing a groove. The test
sample is inserted into the tube and positioned centrally by plastic spacers, which also
provide electrical insulation. The test setup based on [31] is shown schematically in Figure 6.
The aluminum carriers have a length of 1200 mm and the groove diameter is 8 mm. A
screw at the end of the holder creates electrical contact between the carrier and the test
sample. At the other end of the carrier, a screwed-on cable and the tinned end of the litz
wire form the connection points for an LCR measuring device.

Figure 6. Test setup for characterizing a litz wire to determine the losses due to DC, skin effect and
internal proximity effect based on [31].

The real part of the measured impedance represents the total resistance of the test
sample Rlitz and the test setup Rsetup consisting of the aluminum carriers, screw connection
and connection cable.

Re{Zmeas} = Rsetup + Rlitz (31)

The frequency-dependent resistance of the experimental setup can be determined by
a separate measurement using a solid circular conductor. Its resistance can be calculated
analytically using the equations from Section 3.3. Based on the litz wire properties listed
in Table 4, the resistances Rid for the ideally twisted litz wire and Rpar for the litz wire
with parallel strands can be calculated analytically using (26) and (27). Once Rlitz is known
from (31), the parameter λskin can be determined for the considered litz wire using (25). At
a frequency of 85 kHz, this results in λskin = 0.61.

This allows the calculation of the resistance due to DC, skin and internal proximity
effects of the coil module winding in the next step. Using the winding length of 7.8 m
from Table 3 results in Rlitz = 33.2 mΩ. This value remains constant for all three scenarios
considered here. The corresponding resistance component depends only on the mechanical
structure of the litz wire and is not influenced by surrounding components or neighboring
conductors in the winding.

5.2. Calculation of Rext,prox

An FEM simulation is performed to determine the resistance component due to the
external proximity effect Rext,prox. For this purpose, the coil module from Figure 2 is built
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in ANSYS Maxwell 2018 R2 using the material parameters listed in Table 5 for electrical
conductivity σ and relative permeability µr.

Table 5. Properties of the materials used in the FEM simulation in ANSYS Maxwell.

Material Electrical Conductivity σ Relative Permeability µr

Copper 58 MS/m 0.999991
Ferrite 0.01 S/m 2200

Aluminum 38 MS/m 1.000021

The magnetic field distribution is calculated with the “Eddy Current Solver” using
adaptive mesh refinement and a convergence criterion of 1%. For current injection, the two
ends of the winding are connected together and short-circuited. Here, a sinusoidal current
with Irms = 1 A is defined as a “stranded current” in the winding, which means that the
current density is constant across the conductor cross-section.

As described in Section 4.3, the external magnetic field strength Hext can be extracted
using the polyline in the center of the conductor. For the three considered scenarios, Figure 7
shows the course of Hext over the length of the winding from the inside to the outside.

Figure 7. Course of the external magnetic field strength |Hext| along the polyline in the center of the
conductor from the inside to the outside for winding only, winding with ferrite, and coil module.

The three courses of Hext show that the external magnetic field strength reaches its
maximum for the inner winding, then decreases successively before increasing again for
the outermost winding. In addition, local peaks occur in the curve areas due to the bending
radius. Using the relationship in (28), the resistance components can be calculated as
Rext,prox = 1.5 mΩ considering the winding only and Rext,prox = 7.6 mΩ for both the
combination of winding plus ferrite and for the entire coil module.

The effect of adding a flux guidance with ferrite on the external magnetic field strength
can be seen in the rise from the red curve to the blue curve. Due to its high permeability,
ferrite amplifies the entire magnetic field, resulting in a higher resistance value due to the
external proximity effect Rext,prox. Due to the closed ferrite layer, the aluminum shielding
of this coil module has very little influence on the external magnetic field strength in the
center of the conductor, leading to the same value for Rext,prox as without shielding.

5.3. Calculation of Reddy

To calculate the resistance component Reddy, the eddy current losses Peddy of the
two aluminum plates of the entire coil module from Figure 2 are calculated in the FEM
simulation from Section 5.2 according to (29). For high accuracy, a suitable meshing must be
ensured so that the mesh is sufficiently fine, especially in areas of high power loss density.
To achieve this, three dummy layers are inserted underneath the surface of the aluminum
on the side facing the magnetic field, spaced 0.1 mm apart. As a result of this action, the
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mesh becomes finer in areas of higher eddy current density. Using the relationship in (30),
the value of Reddy = 9.4 mΩ is calculated using the current excitation with Irms = 1 A.

5.4. Comparison of Modeling and Measurement

After calculating the individual resistance components, the comparison with the
measured values is made in this section. For this purpose, three different scenarios are con-
sidered to verify the presented modeling method with the winding only, the combination of
winding and ferrite, and the entire coil module consisting of winding, ferrite and shielding.

Starting from the left, Table 6 shows the three resistance components Rlitz, Rext,prox

and Reddy. The sum of these values results in the modeled resistance Rmodel. Next to it
the measured value Rmeas and last the deviation ∆R between these values are listed. The
Wayne Kerr 6500B impedance analyzer (Wayne Kerr Electronics Pvt. Ltd., Ghaziabad,
India) was used as LCR meter for the measurements. The litz wire ends are tinned and do
not have cable lugs, analogous to the characterization of the litz wire in the test setup in
Figure 6.

Prior to calibration and measurements, the impedance analyzer was allowed to reach
thermal steady-state conditions. Calibration was subsequently performed in accordance
with the manufacturer’s recommendations: open-circuit, short-circuit, and high-frequency
compensation were carried out using the complete measurement fixture, including the
four-terminal Kelvin clips. All measurements were conducted using the “Slow” measure-
ment speed setting to maximize measurement accuracy and with an excitation voltage of
1 V. Only digits that remained stable throughout the measurement process are reported in
Table 6. Repeated measurements were not documented as a formal measurement series
and therefore no statistical uncertainty or standard deviation is available. This represents a
limitation of the presented validation.

Table 6. Calculated resistance components with the presented modeling method and comparison
with measurement results.

Coil Type Rlitz Rext,prox Reddy Rmodel Rmeas ∆R

Winding only 33.2 mΩ 1.5 mΩ - 34.7 mΩ 34.1 mΩ 1.8%

Winding + Ferrite 33.2 mΩ 7.6 mΩ - 40.8 mΩ 40.0 mΩ 2.0%

Coil module 33.2 mΩ 7.6 mΩ 9.4 mΩ 50.2 mΩ 49.8 mΩ 0.8%

The resistance component Rlitz remains unchanged when ferrite or aluminum is added,
as it depends only on the structure of the litz wire and is not influenced by the surrounding
components. The situation is different for the resistance component due to the external
proximity effect Rext,prox. This resistance component increases when ferrite is used as a
result of its field-amplifying effect, which depends on the size of the ferrite layer and
the distance between it and the winding. In the shielding, the eddy currents generate
an opposing field in the electrically conductive material, which leads to a weakening of
the original field. Due to the closed ferrite layer, this effect is not noticeable in the coil
module considered here, and the resistance component due to the external proximity effect
remains constant.

The shielding does not further increase the resistance component Rext,prox in this
example. However, it causes the resistance component Reddy, which is newly introduced
in this paper. Without taking this proportion into account, the deviation between the
modeled and measured value would be around 18%, whereas by including it the deviation
can be reduced to less than 1%. This shows the need to model the eddy current losses in
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coil modules with expansive aluminum shielding and in compact structures with small
distances between winding and shielding.

Finally, it should be noted that the presented methodology is verified by comparing the
modeled and measured values for the three scenarios in Table 6. Differences of a maximum
of 2% can result from deviations in the mechanical structure or measurement inaccuracies
during the litz wire characterization.

6. Conclusions
In this paper, a practical method for modeling the electrical resistance of a coil module

with flux guidance and shielding was presented. First, the fundamentals of general and
frequency-dependent loss mechanisms in a conductor and a litz wire were investigated.
Then, the individual loss mechanisms in a coil module with flux guidance and shielding,
as well as their interactions, were analyzed in detail. As a result, it was found that the
individual resistance components can be determined separately due to their orthogonality.
After different approaches were discussed, a suitable calculation method was selected for
each resistance component.

The resistance components due to DC resistance, the skin effect, and the internal
proximity effect all depend on the mechanical structure of the litz wire and were therefore
considered together as Rlitz. The underlying idea is that the resistance of a real litz wire
lies between the two extreme cases of an ideally twisted litz wire and a litz wire with
individual strands arranged in parallel. For these two cases, the resistance can be calculated
analytically. The resistance of the real litz wire is then modeled as a linear combination
of these extreme cases using the quality parameter λskin, which is determined through a
measurement-based characterization of the litz wire.

The resistance component due to the external proximity effect Rext,prox was deter-
mined using an FEM simulation. Here, use is made of the fact that the internal magnetic
field strength is zero in the center of a circular conductor, which means that the external
magnetic field strength can be evaluated there. With the help of a polyline in the center
of the conductor, the external magnetic field strength can be extracted, and the resistance
component due to the external proximity effect can be calculated.

The FEM simulation was also used to determine the resistance component due to
shielding Reddy. A new approach was presented for this purpose, in which the eddy
current losses are simulated and then converted via the current excitation into an equivalent
resistance component. Together with the established approaches used for the remaining
resistance components, this enables a unified resistance model for complete EV-WPT coil
modules including conductive shielding.

The presented modeling method was verified by considering three different scenarios:
winding only; the combination of winding with ferrite layer; and, lastly, the entire coil
module with winding, ferrite, and shielding. A comparison of the modeled and measured
values showed good agreement between the results with deviations of 0.8%, 1.8%, and a
maximum of 2%. The investigated coil module was deliberately chosen as a representative
test case to validate the proposed methodology and to enable a systematic analysis of
the individual loss mechanisms. Nevertheless, the model is not restricted to this specific
geometry. Since it is based on the underlying physical loss mechanisms in the litz wire,
ferrite, and conductive shielding, it can be applied to other wireless power transfer systems
by adapting the corresponding geometric and material parameters. The presented vali-
dation demonstrates the accuracy of the proposed methodology for the investigated coil
module. Additional validation using further WPT topologies and geometries is a subject
for future work.
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The primary contribution of this work is the integration of established analytical, nu-
merical, and measurement-based approaches for the determination of individual resistance
components into a unified model for the resistance of an entire coil module. In particular,
the additional consideration of shielding-induced eddy current losses extends existing
approaches and enables accurate resistance prediction for practical EV-WPT coil modules
with conductive shielding.

Based on these results, the method is highly suitable to replace the prototyping process
of the coil module and the repeated resistance measurements. This makes the design
of a WPT system more time and cost efficient. Characterization of litz wires using the
dimensionless parameter λskin also allows an evaluation of the quality of the litz wire
structure, the identification of optimization potential, and the possibility of comparing
different litz wires for an optimal choice. In addition to the precise analysis of the litz wire
properties, the presented method also offers the possibility of splitting the coil module
resistance into its individual components and thus enables a targeted optimization of the
coil module design with parameter studies.

The presented method has been demonstrated and validated under the investigated
small-signal measurement conditions. In principle, the method can also be applied to
estimate losses at higher currents and during power transfer. In addition to calculating the
losses from the resistance components discussed in this paper, the additional hysteresis
losses in the ferrite that occur with increasing current amplitude need to be considered.
However, the application of the method under rated-power operating conditions requires
further experimental validation.

In the area around the coil module installed in the vehicle, other components consisting
of electrically conductive material can influence the resistance and generate losses during
power transfer. These effects can also be considered during the design and optimization
process of the coil module and shielding for vehicle integration using the presented method.

In summary, modeling the resistance of a coil module with ferrite and shielding
allows a prediction of the electrical properties of the coil module. By considering the loss
mechanisms, a targeted optimization can be carried out without repeated coil module
prototyping and resistance measurement series when using the presented method. This
paper thus contributes to the optimal design and accelerated development of a wireless
power transfer system.
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