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Abstract— In this paper the low frequency shielding behavior
of shielded high voltage cables for electric vehicles is analyzed
using analytical methods. First the basic theory on the operational
modes and modeling of cables is presented. Measurements and
numerical simulations are done to verify the models. The
powertrain of an electric vehicle is investigated using the
simulation models. A parametrical study determines the influence
of parameters such as height and distance of the cables and gives
information for an EMC compliant layout. The magnetic fields for
different cable setups are calculated and compared with values
from health protection standards.
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l. INTRODUCTION

To reduce the magnetic field from cable systems different
methods can be used, e.g. changing the order of the cables or
using shielded cables. Especially for the drive chain in electric
vehicles shielded cables are utilized. While communication
coaxial cables use the shield as the return path, for shielded
power cables the shield is not intended as the current return path.
Hence the shield cannot compensate the resulting magnetic field
to zero. All the mentioned effects have to be considered. In this
paper a low frequency model for shielded cables is presented.
With this model the current distribution and the shielding
efficiency can be calculated with a circuit solve. Assuming a
homogeneous cable configuration and the validity of the
superposition theorem the magnetic flux density can be
computed with analytical approaches.

The paper is structured as follows. In chapter Il the
calculation of per-unit-length (p.u.l.) parameters for low
frequency analyses of shielded cables is discussed. With these
p.u.l. parameters a low frequency model is generated. For
validation, measurements are done and the results are compared
with the simulation (chapter I11.B). In chapter IV the developed
model is used for determining the shield currents in a propulsion
system. Geometry parameters are varied to identify critical
configurations. The magnetic flux density is calculated for
different setups. With these investigations recommendations for
the layout of shielded cables were derived.

Il.  SHIELDED CABLES AT LOW FREQUENCIES

In this section a circuit model for a set of shielded cables is
presented. The model is explained exemplarily for a system with
two shielded cables above ground plane. A typical automotive

HV cable shield can be treated as solid shield up to
approximately 1 MHz. As seen in [1] up to this frequency range
the dc resistance is the dominant parameter. Shown results are
considered to be valid up to 1 MHz.

A. Derivation of the Cable Model

Figure 1 shows a two cable system above a ground plane
which is used for the return path. Therefore the system can be
divided into five conductors, the two inner cables, the two
shields, and the ground plane. Hence, the system can be regarded
as a multi conductor transmission line.

Figure 1.  System with two shielded cables above a ground plane
1) Calculating the Inductances
For a multi conductor system the p.u.l. self-inductance L;; of
each cable can be calculated according to [2]:

L; = r Ho, arccosh <E> 1)
2m T

The p.u.l. self-inductance of the shield L;; is calculated here
as the self-inductance of a solid wire, see equation (1), with the
outer radius of the shield for the radius r;. This approach can be
used because the magnetic flux density, needed for calculating
the self-inductance of a hollow cylinder, is the same as for a solid
cylinder. For the calculation of the mutual p.u.l. inductivity L
the coupling path has to be regarded. This is the same coupling
path as for the shield. Therefore the mutual inductance is the
same as the self-inductance of the shield [3].
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Considering a coaxial layout the mutual inductances
between the inner conductors L;; are the same for each wire.
They only depend on the location of the center and the distance
between the inner conductors s;; [3].
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2) Calculating the Capacities
For lower frequencies the shield can be regarded as perfect,
therefore some capacities can be set to zero. No direct capacitive
coupling is possible from the inner conductor to other cables or
to the ground plane. The capacity between the inner wire and the

shield can be calculated using [3]:
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With the assumption that the surrounding medium is
homogeneous the following relation can be used [2]:
[C] = poptrereoL] ™. 5)

3) Calculating the Resistance
The per-unit-length resistance can be calculated with
equation (6) depending on the conductivity g; and the cross
section A of the cable. The skin effect and the proximity effect
are neglected due to the considered low frequency range [4].
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With these parameters a low frequency simulation model can
be generated. The resulting equivalent circuit is shown in Fig. 2.
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Figure 2.  Circuit model of two shielded cables above ground

B. Calculation of the Magnetic Flux Density

In this paper the magnetic flux density is calculated with an
analytical approach to reduce the calculation time and simplify
parameter variations. For this approach it is assumed that the
current distribution is homogeneous. The magnetic flux density
is calculated with the common formula:
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In order to analyze a cable system above the metallic car
body the image theory was investigated with numerical
calculations using FEM [5]. For comparisons a single wire
above ground was considered. The configuration is shown in
Fig. 3.
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Figure 3. Schematic layout for numerical calculation
a) single wire above ground b) image theory

Several points around the cables were analyzed. In Fig. 4 the
deviation of the results for different frequencies for the magnetic
flux density for both setups is shown.
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Figure 4. Deviation “single wire above solid copper ground” - “image
theory”

For low frequencies the deviation is higher due to the current
density of an infinite long solid ground plane which is almost
zero. As shown in Fig. 4 for frequencies above 700 Hz the
deviation is smaller than 10 %. At several tenth Hz the deviation
is less than 3 dB so the image theory can be used for a wide
frequency range.

I1l.  VERIFICATION OF CABLE MODEL

In this chapter the results of the simulation are compared to
measurements. Two application cases are analyzed.

A. Measurement Setup

A vector network analyzer (VNA) is used to measure the
scattering parameters. The measurement is realized with the
setup shown in Fig. 5. The measurement setup is located on a
copper plane. The VNA is isolated from the ground plane.
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Figure 5.  Measurement setup



For the measurement the shield is connected to two metallic
brackets. To separate both circuits the brackets are directly
connected to the ground plane. Therefore the shields have the
ground plane as the return path. The inner conductors are short-
circuited. One port of the VNA is connected to the first port and
impresses a current. The inner wire is used as the return path.
The current probe is connected to the second port of the VNA.
All presented results are based on an excitation current of 1 A.

B. System of Two Shielded Cables

In this test case the setup described in part Il (Fig.5) is
analyzed. The comparison between the simulation and
measurement is shown in Fig. 6.
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Figure 6. Simulation vs. measurement — two shielded cables

The ratio between the inner conductor current [; and the
shield current I; can be calculated with the shield inductance Lg
and the DC resistance R of the shield.
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For lower frequencies the dominant parameter is the DC
resistance as seen in (8). With increasing frequency the influence
of the inductance grows. The shield current and the inner
conductor current are the same when the impedance of the
inductance is greater than the ohmic resistance (jwLg > Rpcs).
For the analyzed setup this frequency is f » 1 kHz. As shown
in Fig. 6 for frequencies above 7 kHz the current on the inner
wire is nearly the same as on the shield. Hence the field is well
compensated.

C. Three Shielded Cables

For the connection between the motor and the power
electronics three shielded cables are necessary. A setup with
three wires in a flat (Fig. 7 a)) or a triangular layout (Fig. 7 b))
can be used. The simulation models can be generated in the same
way as described in chapter I1.
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Figure 7. System with three shielded cables in a)flat and b)triangular

setup

To validate the simulation model with measurements a
current is impressed in one cable and the other two cables are
used for the return current. In the first case only the center cable
is excited. Therefore the system can be described as symmetric
and the currents on the other wires are the same. For the second
case one of the outer cables is connected to a current source
defining an unsymmetrical case.

1) Three Shielded Cables — Flat Layout
The first investigations are made with the symmetrical setup
as shown in the upper part of Fig. 7. The return current is carried
on two wires therefore the current on both wires is the same.
Fig. 8 shows the results of measurement and the simulation. Due
to the split of the return path the cables carry only half of the
current (—6dB).
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Figure 8. Simulation vs. measurment — excitation of middle wire

Due to the same geometrical structure the frequency is the
same as for the two cables. The difference between the
measurement and the simulation is small.

2) Three Shielded Wires — Triangular Layout
For the triangular layout (see Fig. 7)) an unsymmetrical case
is analyzed. One of the upper shielded cables is excited. The
currents in both return paths are different for lower frequencies.
Fig. 9 shows almost no deviation between the simulation and
measurement results.
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Figure 9. Simulation vs. measurement — excitation of left wire

IV. APPLICATION

A. Supply Line — Influence Of The Position

For the first application case a two cable configuration above
ground (Fig. 10) is considered as it can be found between the
battery and the power electronics.
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Figure 10. Application Case | — schematic

The influence of the arrangement of the wires is investigated
by analyzing a parallel to ground (left and right) and orthogonal
to ground (down and top) cable arrangements. The distance
between the two cables is 5 ¢cm. The excited cable is 5 cm
above ground and the position of the return path is varied.

For the two positions parallel to round plane (left and right)
the results are equal because the height above ground and
distance between the cables are the same. Switching the
excitation and return path of the cable dos not influence the
inductive coupling to the shield.
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Figure 11. Simulation of DC cables vertical position

For the vertical case (see Fig. 11) differences occur due to
the changing of the height. Is the return path located under the
cable the difference between both shield currents is the
maximum.

B. Powertrain

In the next application case a simple powertrain in electrical
vehicles, as shown in Fig. 12, is assumed. The cables between
the power electronics and the electric machine are investigated.

[

Figure 12. Application case Il-schematic

The output of the inverter is simulated with three current
sources with an amplitude of 200 A. The phases are shifted with
0° for the cable in the middle and 120° and 240° for the cables
on the left and right side.

1) Parametrical Studies

For the parametrical studies the two layouts (flat and
triangular) from section 111.C are analyzed. The shield current is
normalized to the inner conductor current. For each setup, cross
section, height, or distances of the wires are varied. In the
triangular order an isosceles triangle is generated. The height of
the wire in the middle is varied. Hence the height of the other
two cables is calculated depending on the height of the middle
cable. When varying the cross section the cables are located
5 cm above ground and the distance between the cables is 5 cm.
The simulation is done with four standardized cross sections
(16,25,35,50 mm?). Varying the cross section leads to a
maximal difference of 5dB. Hence it can be said that the
influence of the cross section is small.

The influence of the distance and height is investigated for a
35 mm? cable. To compare the results the cut-off frequency
(3 dB) is determined. The cut-off frequency is defined at the
point where the deviation of the inner wire and the shield current
is 3 dB. For both layouts the results (flat and triangular) are
similar. Hence only the simulation results for the flat order are
shown in Figure 13.
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Figure 13.  Cut-off frequency depending on distance and height

A greater distance between the wires generates a lower cut-
off frequency. When only the inner conductor and shield current
is considered the conclusion is, that minimum cut-off frequency
requires a great distance between and a great height above
ground.



2) Magnetic Flux
Thresholds

For comparing to health protection thresholds the magnetic
flux density must be known. Different investigations on the
magnetic fields for low frequency systems were published, e.g.
[6-9]. In most publications the ground plane is not considered
[7]. In [8] it was stated that the magnetic field generated from a
flat cable configuration is higher than of a triangular
configuration. For an electric vehicle a flat configuration may be
most likely because of the limited installation space in the
vehicle.
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Figure 14. Magnetic flux density

For calculating the magnetic flux density with the analytical
approach the conductor and shield current sum up to the
common mode current. This current is a line source current for
the magnetic field. In Fig. 14 the magnetic flux density for three
cables above ground is shown. The simulation is done with a
35 mm? cable with 200 A at a frequency of 2 kHz. Analytical
field computation was compared to a finite element numerical
computation [5]. The deviation is less than 3 dB.

The field in a distance of 50 c¢m is calculated and shown in
Fig. 15.
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Figure 15. Influence on magnetic field flat order

As shown in Fig. 15 a) for the flat cable configuration the
influence of the distance between the cables is higher than the
influence of the height. To minimize the magnetic flux density
around the cables the distance between the cables and the height
above ground has to be minimal. For the triangular structure both
parameters influence the resulting field in the same way.

Here it can be noted that the shield does not have to carry the
whole return current to minimize the electromagnetic emission.
The order of the cables also influences the resulting field. As
shown in Fig. 15 for the horizontal order with decreasing the
height and distance between the cable the resulting magnetic
flux density is also decreasing. This leads to the known
conclusion that the optimal layout requires small distances and
heights.

Thresholds for health protection could be found in several
standard, e.g. [10-13]. The operating frequency of a powertrain
system in an electrical vehicle is in the frequency range of 0 Hz
up to 2 kHz. The maximum threshold values are between
160 uT for 500 Hz and 41 uT for 2 kHz . The minimal
emission for the flat layout is generated when all wires are
directly positioned on the ground plane and directly next to each
other. The simulation is done with a 35 mm? cross section cable
and 200 A current in a distance of 50 cm from the ground plane.
The thresholds from [11] are the lowest limits so the simulation
results are compared with these values.
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Figure 16. Comparision of thresholds and simulated field at 50 cm
distance

In Fig. 16 the comparison of the calculated magnetic flux
densities are shown. The thresholds from [11] are not reached
for both setups with minimal height and distance between
cables. Using assumed maximal values for height and space
between cables the thresholds are violated. With the focus on the
whole frequency range, for the minimal flat order are not
reached up to 300 kHz. When using the maximal values the
limits are already reached at 200 Hz.

For lower frequencies the curve is constant for the flat cable
arrangement because the inducted shield currents are low and
only the inner conductor currents are visible. With increasing
frequencies the shield current rises which leads to a decreasing
B-field up to the point when the shield current is nearly equal to
the inner conductor current. For higher frequencies only the
return current influences the magnetic flux density. Therefore
the field is lower.

In the triangle order the interpretation is more complex. Due
to the fact of different heights the system consists out of different
inductivities. This leads to a compensation between the shield
and inner conductor currents at different frequency points.
Hence the resulting magnetic field is a superposition of these
effects.
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V. SUMMARY AND OUTLOOK

In this paper the theory of shielded cables for lower
frequencies is analyzed. Analytical simulation models for
currents and magnetic fields were created and verified with
measurements and numerical simulations.

In the simulation the shield currents and the return paths for
the shield currents were considered. Due to the special electric
vehicles operation mode, the shielded cables cannot ensure
significant magnetic field strength reduction in the cable
environment.

The analytical magnetic flux density calculation is based on
mirror theory. To validate this approach it was compared to a
numerical calculation. This comparison shows that for
frequencies above 700 Hz the analytical approach is
sufficiently accurate. For three shielded cables above ground as
used for a powertrain the best layout for the cables is directly on
the ground plane with minimum distance to each other.

The analytical approach allows to calculate the magnetic flux
density in a faster way than the numerical calculation. Hence
parameter variation can be done in shorter time.

In future work a not ideal ground plane should be analyzed
further. Moreover more parameter studies will be done. With the
result additional rules for routing of the shielded cables in
electric vehicles can be found.
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