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Abstract—With the electrification of vehicle propulsion sys-
tems, shielded cables were introduced for delivering the power
from HV-battery to inverter and/or from inverter to three-phase
motor. On the one hand the shield should improve EMC behav-
iour, on the other hand the shield should protect passengers and
service staff from the high voltage. While in typical communica-
tion application of shielded cables the shield carries the return cur-
rent from the inner conductor and the current sum is zero, the au-
tomotive power cable employs a second shielded, and, for three
phase applications, a third shielded cable, for the return currents.
There is no current injection into the shield. Shield currents are
mainly induced by inductive coupling. Knowing the shield cur-
rents is essential for evaluating the common mode current and
thus the relevant fields caused by a cable configuration. In this pa-
per an analytic approach for estimating the current distribution in
and the fields from a shielded cable system for EV for low frequen-
cies is presented. With this method typical systems are calculated
and discussed regarding the common mode currents and the mag-
netic fields.

Keywords—shielded cables; power electronics; EMC; auto-
motive; electric vehicles

I. INTRODUCTION

Shielded cables are commonly used in electric vehicles (EV)
for delivering the power from high voltage (HV)-battery to in-
verter and/or from inverter to three-phase motor (Fig. 1). Safety
demands and the high RF currents require usage of a shield. In
communication applications of shielded cables, the shield car-
ries the return current from the inner conductor and the current
sum should be zero. The automotive power cable employs a sec-
ond shielded, and, for three phase applications, a third shielded
cable, for the return currents. There is no injected shield current.
The shield currents are mainly induced by inductive coupling
and are not forced to be identical with the currents through the
inner conductors of the shielded cables. The mutual coupling be-
tween the different conductors must be taken into account. Fur-
thermore, connectors can affect significantly the shield currents.
Knowing the shield currents is essential for evaluating the com-
mon mode currents and this way the relevant electric and mag-
netic fields, caused by a power cable system.

While the electromagnetic fields from vehicle systems are
mainly measured according to CISPR 25 [1], magnetic fields for
health protection are limited by ICNIRP-recommendations [2].
In the first case the E-fields up to 30 MHz are most interesting.
In the second case, the magnetic fields generated by uncompen-
sated currents must be known.

Different investigations have analysed shielded cables for
EV, e.g. [3]. Mainly the transfer impedance and the termination
impedance were considered in the past. The multi-conductor
transmission line structure (MTL) and the special excitation
modes were not analysed. In [4] HV cables are treated as MTL.
The computation approach is similar to the one shown here.

The basic theory for shielded cables was developed by
Schelkunoff [5]. He introduced the surface and transfer imped-
ance of a cable shield as the per unit length impedance a shield
current must be multiplied with, in order to get the longitudinal
electric field on the shield surface nearest to the return path and
the longitudinal electric field on the adjacent surface. He did not
consider coupled shielded cables. In [6] coupling between
shielded cables over a ground plane was analyzed and discussed.
Here the transfer impedance is not considered. In [7] and [8] a
full model based on multi-conductor transmission line theory
(MTL) was considered. The mentioned papers have in common
that mainly immunity against disturbances is subject of analysis,
and the coupled termination voltage was analyzed, when the
shield carries the return current from the inner conductor. The
radiation from coaxial cables was analyzed e.g. in [9]. Here a
single coaxial cable driven in differential mode. It could be
shown that the external loop current is responsible for the an-
tenna field.
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Fig. 1. Power electronic system for vehicle propulsion.

As the currents in EV-cable shields are not impressed cur-
rents and not identical to the inner conductor currents the given
approaches must be extended. In this paper an analytic approach
for estimating the currents in a multi-conductor shielded cable
connector systems over a perfectly conducting ground plane is
presented. Two items are assumed to be relevant:

1. The field emissions from the EV cables are considered to be
based on the leakage current (radiating antenna current), i.e.
the sum current on cable shield and inner conductor [6].
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2. The longitudinal electric fields from shield current along the
cable outside of the shield, the outer loop (Fig. 1), affecting
electric antennas.

In both cases, the connectors have to be considered, adding an
additional voltage drop and influencing the shield currents.

After presenting the method, typical systems are calculated
and discussed regarding the currents and fields. A two-cable
configuration is analyzed that can be easily extended to a three-
cable configuration. The transfer admittance and the dielectric
conductor losses are assumed to be small and were not consid-
ered. This paper does not provide direct computations of radi-
ated fields in EV. It points out the general mechanisms, respon-
sible for field emissions from shielded cable connector systems.

II. CALCULATION MODEL FOR SHIELDED CABLES

A. Equivalent Circuit for Shielded Cables and Calculation
Approach

A basic vehicle power cable configuration made of shielded
HV-cables can be modeled as shown in Fig. 2. A cross section
of the cables is given in Fig. 3. This could be a connection from
HV-battery to DC/DC or DC/AC converter. The stimulating ter-
minations are modeled as uncoupled Thevenin sources. All ter-
minations are modeled as simple impedances. Shield currents
can only be generated by mutual coupling.
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Fig. 2. Circuit diagram of a shielded cable configuration over ground that can
be driven in DM and CM. This configuration is investigated.

Fig. 3. Cross section of the shielded cable configuration with conductor
indices.

The following analysis is based on [7] (applied also in e.g.
[10]). Here only the basic concept is summarized. Furthermore,
it is assumed here that all currents return through the ground
plane.

In general, the transmission line theory has difficulties to
handle the radial current distributions that must be considered
for shielding structures. The following points must be taken into
account:

1. 1In the configuration according to Fig. 2, there is no in-
jected current in the cable shield. A current can flow in

the shield only due to the induced voltage from the al-
ternating magnetic flux in the loop area between shield
and ground. With increasing frequency, the current rises
and will compensate the magnetic flux in the loop. Fi-
nally, the flux will be zero, when there are no additional
impedances, equilibrium is reached. In a balanced sys-
tem the current in the shield will be the same as the cur-
rent in the inner conductor. The current from mutual in-
duction in the shield is shaped by the magnetic flux from
the shield and the inner conductor. At the outer side of
shield the magnetic flux is strongly reduced with rising
frequency. L.e., the current density approaches zero. To-
wards the center of the conductor it increases with max-
imum on the inner shield wall.

2. The impedances of shielded cables are dominated by
skin effect. For thin solid shields, skin effect approxi-
mations can be used for inner and outer surfaces. Ana-
lytical approaches are available for pure triaxial config-
urations.

3. Transfer impedance is not required for calculation
of the currents in the conductors. Only when voltage
drop on outer surface must be known, transfer imped-
ance is needed. It considers the outer voltage drop in a
shielded cable, where the shield current is opposite to
the inner conductor current and the outside of the
shielded cable is free from magnetic fields.

Different cut off frequencies can be defined. Typical electric
vehicle HV-cable configurations show the following three dedi-
cated frequencies:

fersc-Around 1 kHz — 10 kHz mutual inductance generates a

shield current in the same order of magnitude as the cur-
rent in the inner conductor.

fCSE: Around 50 kHz skin effect becomes visible in shields
with typical thickness in submillimeter range.

fCTI: Around 500 kHz shield transfer impedance is not domi-
nated by DC value any more, current densities on inner
and outer shield walls are significantly different.

For further calculation the currents through the cables with
numbers 1 and 2 are given by the vector I where I; denotes a
current through the inner conductor and I5 denotes a current
through the shield. V is the vector with the voltage drops along
the cables:

Irlul V]
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2l
I,
The longitudinal voltage drop V = dV/dx is given by

V(x) = —(Z¢ + jwLgg)1(x). M

The inner impedance Z¢ of the shielded cable is:
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Here Zi is the impedance of the inner conductor of the
shielded cable and Z¢ denotes the shield impedance. Skin effect
and internal inductance should be considered here.

The external inductance matrix Ly, can be simplified, if
symmetry is assumed with two equal cables at same height to

[L1 Lm Ls
|Lm L1 Ly
Ls Lw Ls Ly

Lm Ls Lum Ls
With Lj and Ly are the self-inductances of the inner conduc-

!

tors and shields. Ly is the mutual coupling inductance. jwLpy,
dominates the impedance Z at higher frequencies.
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The capacitance matrix considering the same symmetry can
be written as

[ Cis 0 —Cis 0 1
C. = | 0, Cis ’ (3 , _€1's | “4)
|-Cis 0 Cis+ Cés+ Cl Css
0 —Cj Css Cis + Css + CSIOJ

Here (s is the capacitance between inner conductor and shield.
Cs is the capacitance between the shields and C3, is the capac-
itance between shield and ground plane.

The current change I = dlI/dx is given by
I(x) = —jwCL V(x). (5)
As mentioned above, isolation currents can be assumed to be
small and were not considered, i.e. G = 0.

B. Cable Parameters

A solid wire approximation for the impedance of an inner
conductor with conductivity o and radius 7;, neglecting proxim-
ity effect, gives for

.k JoGkr)
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With k = \/jwuo, ], and J; are the Bessel functions of first kind

and zeroth/first order. For the shield a thin sheet approach can
be used:

(6)

Zi= k th(kts) (7
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With rg is the radius of the shield and tg is the thickness.

For the symmetrical case with identical cables the cable pa-
rameters L, L5 and Ly can be computed using the following for-
mulas:

Li=cln (ﬁ>, )
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With ¢ = py/(2m). h and s can be found in Fig. 3.

The capacitance parameters Cjg, Cs, and Cg, can be found
using the following relations:
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C. Transfer Impedance

The transfer impedance Z1 will give the outer shield voltage
drop, when the same current in opposite direction flows through
the shield as the inner conductor current, and the outer space is
free from magnetic fields. The transfer impedance of a cable
with thickness tg can be computed e.g. with Demoulin’s for-
mula:

k T
Zh=——————+ KJwe"7 + jw(Ly — Lg)

= 10
T~ 2nr,0 sinh(kts) (10)

For a typical automotive HV-copper-cable from the cable
manufacturer Coroplast with inner conductor cross section of
35mm?, 1r,=57mm, Ly=3.65nH, Lg=23.78nH,
K =05-1077, Ry = 3.3 m{, and tg = 0.2 mm the transfer
impedance over frequency is shown in Fig. 4.
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Fig. 4. Transfer impedance and shield impedance of a 35 mm? Coroplast

automotive cable calculated with Demoulin’s formula and the thin
shield approach.

D. Connectors

Connectors, as shown in Fig. 5, with two and three poles and
shield for HV-applications can be modeled as equivalent circuits
considering the important properties like

e  connector resistance,



e self and mutual inductance, and
e self and mutual capacitance.

Mainly the connector contact resistance and the stray induct-
ance from missing symmetry, that is not compensated [11], in-
fluences the behavior. Thus, connectors here are modeled as an
resistor with 1 mQ and a serial inductance with 2 nH as stray
inductance (Fig. 6). Measurements have shown that the critical
shield resistance of typical HV-connectors degrades after sev-
eral connection/disconnection cycles. It quickly rises up to
10 mQ and more. Coupling is assumed to be weaker than in the
cables and is not considered here.
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Fig. 5. Typical HV-connector. Fig. 6. Equivalent circuit for

HV-connector.

When no other values are given Z¢y,=1 mQ+jw 2 nH.

III. CALCULATION OF CURRENTS AND VOLTAGES

As shown in Fig. 2, there are Thevenin sources assumed for
feeding the inner conductors. This way vectors for source volt-
ages Vg at the beginning and source voltages at the load side V|,
can be defined. The same can be done with impedances. As the
connector impedances for the inner conductors are assumed to
be much smaller than the termination impedances, the values are
neglected here. The following vectors and matrices can be for-
mulated according to Fig. 2:

Vs, 0 s, 0 0 0]
_|vs, 10 |0 Z, 0 0 |
s= 1= lol 2= 0 0 ze o
0 0 lo o 0 Zgl -
[ZT1 0 0 0 1
lo z., o o |
7, = 2
L5100 Zey O]
lo o 0 zgl

With the transformation matrix T for diagonalization of the
product YZ from Z = Z{ + jwLyy, and Y = jwC¢, [ is the
length of the cable, y? the eigenvalue matrix,
Z, = Y 'TyT ! = Y4, achain parameter matrix ® can be cal-
culated as described in detail in [12]:

1
(pll = EY_lT(eyl + e_yl)T_lY,
1
@, = _EZO(T(QW —e V)T,

1
D,y = —E(T(eyl —e VYT Y,,

1
4)22 = ET(eyl + e_yl)T_l.
Current and voltage vectors for beginning, denoted with 1, and

the end of the cable, denoted with 2, can finally be calculated as:

I = (@ — P Zs — 7, @y, + Z, Py Zg)
(V= (@14 — Z,@,,)Vs),

I = @, Vs + (@ — Py Z)14, (12)
Vi =Vs - Zgl,,
Vz = VL - Zle.

IV. APPLICATION TO EV-SHIELDED CABLE CONFIGURATIONS

A. General Approach

For investigation of shielding performance different proper-
ties can be calculated. As discussed above the normalized leak-
age current used e.g. in [6] can be expressive. It can be defined
as:

Ieax = (I — Is)/]; (13)

The leakage current shows, similar to the CM-current, the
lack of compensation and how large a magnetic field might be-
come. Adding both leakage currents, a CM-current for the whole
system can be defined. Furthermore, as discussed already above,
the longitudinal electric field Ej, on the external shield is an im-
portant property, how electric antennas like the 1 m-rod in
CISPR-25 or a vehicle antenna for AM radio reception will be
affected. It depends on the shield current I5 and the transfer im-
pedance of a cable Zr,

The positions of the cables are investigated as well. A com-
pact and a large distance configuration is investigated. Important
parameters are summarized in Table 1 according to Fig. 3.

Table 1: Properties of investigated cable (Coroplast 35 mm?)

Property Value

Radius of inner conductor 7, 3.34 mm

Radius of shield 7, 7.7 mm

Thickness of shield ¢ 0.2 mm

&, of dielectrics 3 (estimation)

Length of cable [ 1.5m

Thickness of isolation f 1 mm

Distance between shielded 2(rs+ ts + tiso) | 2.5 cm
cables s (compact | large dist.)

Distance above plate h (s +ts+ts) |5cm
(compact | large distance)

The power electronic devices generate CM and DM
disturbances. As the special disturbance behavior of a power
electronic system is not subject of this paper, a general pure CM
and pure DM excitation was investigated in most cases. In CM
Vs, = Vs,, in DM Vg, = —Vs,. The source impedances Zs, and
Zg, were choosen to be very large in order to reproduce the
behavior of an ideal current source.



As the currents in EV-shields are not impressed but
generated by induction depending on the frequency and other
parameters, an analysis is required.

B. Analysis of Geometry

In Fig. 7 the normalized currents for CM and DM excitation
are shown for the two geometry sets. The parameters are given
in Table 1 according to Fig. 3.
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Fig. 7. Shield current, normalized to current of inner conductor, for CM and
DM excitation for different distances between the cables and the

cables to ground.
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Fig. 8. Leakage current for CM and DM excitation for different distances
between the cables and the cables to ground.

The higher the shield current, the lower the magnetic fields
will be. It can be seen that larger distances reduce the cut-off
frequency for CM and DM excitation. As small differences
between excitation and shield currents can be responsible for
major problems, the leakage current was calculated and is shown
in Fig. 8. A small leakage current is preferred. The lowest leak-
age currents can be expected from the large cable distance con-
figuration. The highest leakage current has to be expected from
the compact configuration driven in differential mode. In the
AM frequency range (500 kHz - 1.7 MHz) only a little bit more

attenuation than 20 dB has to be expected for the magnetic field.
As space is limited in EV the compact parameter set is much
more likely to be applied.

C. Analysis of External Voltage Drop

Equation (14) can give the external voltage drop along the
shield, when the transfer impedance is given. In Fig. 9 it can be
seen that due to similar currents starting from 100 kHz the lon-
gitudinal E-field is more or less independent from the geometry.
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Fig. 9. External voltage drop for CM and DM excitation for different

distances between the cables and the cables to ground.

D. Influence of connectors

As connectors can significantly affect the behavior of a
shielded cable configuration two assumed connector imped-
ances were investigated.

1. Zcon=1 mQ+jw 2 nH, referred as “small”

2. Zcon=10 mQO+jw 20 nH, referred as “large”
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Fig. 10. Leakage current for CM and DM excitation for different connector
impedances, large: 10 mQ+jw 20 nH, small: 1 mQ+jw 2 nH



In Fig. 10, the normalized leakage currents are shown for the
“compact” geometry for the two presented connector imped-
ances. It can be seen that an increase of the impedance by a fac-
tor of 10 leads in the medium frequency range to a rise of the
leakage current by approximately 10 dB.

V. OPTIMIZING CABLE CONNECTOR SYSTEMS

The analytical method can be used to optimize cable and
connector systems. In order to reduce weight, thin shield ap-
proaches are very interesting. When the thickness of the shield
is reduced by a factor of 10 the cut-off frequency will rise. As
shown in Fig. 11, with a thinner shield the leakage current needs
higher frequencies to become low. Starting from 2 MHz there
are nearly no differences any more between “normal” and the
reduced shield.
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Fig. 11. Leakage current for CM and DM excitation for different shield
thicknesses, normal: 200 pum, small: 20 um
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Fig. 12. Leakage current for CM and DM excitation for different connector
impedances, large: 10 mQ+jw 2 nH, small: 1 mQ+jw 2 nH

Furthermore, the contact resistance of the connectors is often
assumed to be an important system property. In Fig. 12, the leak-
age currents for two different contact resistance values are
shown. Only in the frequency range between 1 kHz and 1 MHz

the contact resistance influence can be clearly seen. This means,
neither the low frequency nor the higher frequency emission
problems can be solved with lowering the contact resistance be-
low 10 mQ. A low leakage inductance is important.

VI. CONCLUSION

This paper has presented an analysis method for EV cable-
connector systems based on MTL-theory. A configuration with
two shielded cables, driven in DM- and CM-mode, was investi-
gated. The leakage current, i.e. the current difference between
the inner conductor and the shield, that is not compensated, was
considered to be the most significant parameter. This current
will dominate the external fields. The normalized leakage cur-
rent can be used as a value for the shielding attenuation. Com-
putations have shown that with realistic configurations attenua-
tions of more than 30 dB are difficult to reach without additional
special measures.

The presented analysis method can be an important step to-
wards a better understanding of EV cable-connector systems and
can be extended to three phase systems and more complex con-
nector models using additional/different chain parameter matri-
ces. EV cable-connector systems can be optimized with the
given approach.
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