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Cable modelling for electric vehicle drivetrains
ALAN CORDIC & AZKA WANITWIJAN
Department of Electrical Engineering
Chalmers University of Technology

Abstract

The ongoing electri�cation of electric vehicles is one of todays very hot topics. The
electric vehicle is composed of many parts, machine, converters and batteries just
to name a few. But it also contains things which are not thought about too much.
Even though the electric machine is very important, the cable modelling may be as
much important or even more important. The cable modelling, and the understand-
ing of todays both co-axial and twin-axial cable models are a must. The cables are
what connects and joins very important parts of the electric vehicle. It is thus a very
crucial part of getting the di�erent parts of the electric vehicle to work together in a
coherent and functional way. Many times when talking about cables, the conductor
is the main talking point, and many may forget the shielding. In this report the
shield as well as DM and CM currents has been given importance. The shield is
modelled as a separate conductor in this work, and the impedance of ground plane
is also investigated, just to name a few.

This work has also investigated the importance as well as problematics of deter-
mining and simulating functional cable models as a part of electrical vehicles. The
work has put its main focus in measurement techniques of electrical parameters as
well as cable modelling in the simulation software COMSOL. A comparison of the-
oretical and measured quantities for shielded coaxial cables as 1x50mm2, 1x70mm2

and 1x95mm2 as well as 2x4mm2 has been done. This work gives an insight in
how to obtain a cable model, and what physical factors that are determining each
electrical parameter. The most important electrical parameters in this report are
studied carefully and cable parameters are compared with each other.

The �nal outcome of this work can ensure for correct measurement techniques on
coaxial cables, as well as �nal cable models. The �nal result also includes most
of the values obtained of the measured parameters. This work takes into account
possible errors, and discussions regarding them as well as the outcome and method
of the report.

Keywords: Coaxial cable, Twin-axial cable, Electrical vehicle, Electrical parame-
ters, COMSOL simulation, Measurement, Techniques, LCR, EMI, EMC, Shielded,
Cables.
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1
Introduction

1.1 Background

In a traditional electric vehicle, the main important components are converters,
batteries and the cable system as well as the electrical machine. The cables could
be of di�erent type or size depending on where they are used in the vehicle and
what purpose they serve. However, one aspect when working with cables in electric
vehicles is that there is always a chance of the conductors interfering with each other
for higher frequencies. The cable modelling may not be as simple as one thinks it
is. It might not be a resistance in series with an inductance that is the solution, the
problem could be more complex than that. As the vehicle electri�cation keeps on
increasing, the demand for a working cable simulation model is a must. By having
so many parts working together in the electric vehicle, the switching of converters
for example, may a�ect other equipment as well. It is thus very important to make
a cable model that will account for these things. A cable model that can withstand
these requirements is a must in today's industry. How does one minimize errors
when measuring electrical parameters, and in what way can the cable parameters
be determined and analyzed, in a secure and correct way? These are some of the
important topics of today's electrical system (or in the topic of EMC in general),
and also some of the points that will be covered in this work. A working cable model
is very important for the rest of the functionality of the electric vehicle.

1.2 Problem description

The points below are tasks to be solved during the project:
ˆ Create usable circuit equivalent models of the cables that will be used in the

electric vehicles and tune the models to make them correspond to the behavior
of the real cable in frequency domain.

ˆ The impedance behavior should match as good as possible in both simulated
and measurements in up to 30 MHz in frequency.

ˆ Study how to measure using an LCR meter for each speci�c parameter in the
models.

ˆ Compare the values from the LCR measurement with simulation and theoret-
ical calculation.

ˆ Explain for the reason for a certain behavior in the measured impedance model,
and account for the parasitic elements.

1



1. Introduction

ˆ Investigate the CM and DM currents behavior in the cable at frequency do-
main.

ˆ Explain for any inaccuracies between the measured impedance model and the
simulated model at a certain frequency range.

1.3 Aim and purpose

The main goal of this project is to model two di�erent types of cables used in an
electric vehicle which are coaxial and twin-axial cables where di�erent dimensions
and lengths will be taken in consideration. The aim is to build a practical model in
three-phase that would be as close as possible to the real simulated and theoretical
case at high frequency up to 30 MHz. But also to implement the + and - battery
cables in a model. Therefore a 2 parallel coaxial cable set-up will also be studied.
Various methods of measuring each LCR parameters in the equivalent pi-model will
be studied by using both LCR and DC meters. The behavior of common mode and
di�erential mode currents in the cable in the frequency domain will be investigated
as well. This is to understand how the return path of each types of currents will
choose to �ow in a cable system of an electric vehicle drivetrain.

1.4 Delimitations

This project puts its focus on the impedance modelling of the cables, and any tests
to improve already existing equipment will not be done. The equipment that exists
will be used in the analysis, and the main focus is to model the existing system as
good as possible. The criteria is to have a simulated model from COMSOL and
PLECS that does not deviate from the measured tests more than 5%.
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2
Theory of transmission line

In order to properly simulate the cable and obtain its parameters, it is necessary
to know about the theoretical background of computing these parameters. In the
following sections the necessary knowledge needed to compute and analyze the cable
parameters will be explained.

2.1 Types of testing cable

In this project there will be two di�erent types of cables that will be tested and
simulated. Both of them are manufactured by HUBER+SUHNER.

2.1.1 Coaxial Cable

The �rst type of testing cables is a coaxial cable which consists of six layers which
can be seen in Figure 2.1. This coaxial cable is the cable model of FHLR91XC13X,
a single-core, shielded cable that is used in road vehicle applications.

The innermost layer of this cable is a conductor which consists of bunches of bare
copper strands. The conductor is designed to transmit electricity or signals through
the cable and it is important that this layer is well protected by the outer lay-
ers. Without a decent protection, aging, degradation and eventually breakdown can
occur. The next layer is tape that covers the conductor. The following layer is dielec-
tric insulation, an insulator that is made by RADOX where the dielectric properties
are exceptional [1]. The insulation layer is designed to keep the transmitted signal
�owing strongly with low interference from the outside i.e. from the outermost layer
of the coaxial cable as much as possible and also minimize the leakage from the
conductor. It acts as a secondary protection if something is leaking through the
outermost layer. The outer layer of the dielectric insulation is the shield also known
as EMC-screen which is a tin plated copper braid. The shield is used to prevent the
electromagnetic radiation of the conductor from emitting outside and not letting a
signal from outside interfere with the transmitted signal in the cable. The outside
of the shield is coated with a tape layer, the same as outside the conductor. The
�nal layer is a sheath that is made of RADOX Elastomer. The sheath (it can also
be called jacket) acts as the primary protection of the cable, where it protects the
inner layer of the coaxial cable from possible vulnerabilities that can damage the
cable such as humidity, surrounding contaminants, moisture and erosion.

3



2. Theory of transmission line

Sheath
Tape 2
Shield
Insulation
Tape 1
Conductor

Figure 2.1: Cross section of a coaxial cable

In this project, the layers of tape will neglected since they are extremely thin. Be-
cause of this, it will later simplify the cable model in terms of simulation and cal-
culation. In the tables below, the necessary variables of the cables that will be used
for obtaining the desired parameters are presented.

Table 2.1: Diameter for each layer of coaxial cable with di�erent thickness.

Diameter (D) 1x50mm2 1x70mm2 1x95mm2

Conductor 9.3mm 11.5mm 13.4mm
Tape 1 9.4mm 11.6mm 13.5mm
Insulation 11.5mm 13.7mm 16.2mm
Shield 12.6mm 14.6mm 17.4mm
Tape 2 12.7mm 14.7mm 17.4mm
Sheath 14.9mm 17.0mm 19.9mm

Table 2.2: Di�erent materials and values of relative permittivity ( � r ) that are used
in the coaxial cable.

Layer Material � r

Conductor Bare copper 1.0
Insulation RADOX 155S 2.8
Shield Tinned copper 1.0
Sheath REMS 4.8
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2. Theory of transmission line

2.1.2 Twin-axial Cable

The next type of testing cable is the twin-axial cable where the conductor's cross-
sectional area is4mm2 with di�erent lengths of 1m, 5m and 10m. The twin-axial
consists of four layers [1]. The innermost layer is the core where it is comprised
of two conductors where each conductor is made of bare copper strands and two
RADOX insulators. One of the conductors (red) is designed to transmit the input
signal while the other (black) is made to receive the returning signal. The following
layer is the shield which is made of braided tin-plated copper. Both conductors
and insulators are enclosed by a common shield. The outer layer of the shield is
called tape and the outermost layer is called the sheath. Each layer has the same
properties and behavior as a coaxial cable. The geometry of the twin-axial cable
can be illustrated in Figure 2.2.

Sheath
Tape

Shield
Insulation

Conductor

Figure 2.2: Cross section of a twin-axial cable.

In the same way as for the coaxial cable case, the tape layer will be neglected because
of its extremely thin thickness which will not a�ect the results even if it is included
in the model or not. In the following tables shown, the necessary dimensions of a
2x4mm2 twin-axial cable is presented.

Table 2.3: Diameter for each layer of 2x4mm2 twin-axial cable.

Diameter (D) 2x4mm2

Each conductor 2.46mm
Core 3.55mm
Shield 7.81mm
Tape 7.92mm
Sheath 10.20mm

5



2. Theory of transmission line

Table 2.4: Di�erent materials and values of relative permittivity that are used in
the twin-axial cable.

Layer Material � r

Conductor Bare copper 1
Insulation RADOX 155S 2.6
Shield Tinned copper 1
Sheath REMS 4.8

2.2 Shielded cable in electrical system

In an electrical system, electromagnetic interference (EMI) plays an important role
since it can be harmful and it can degrade nearby operation or other components of
the system [2]. By shielding the cables as an alternative, one can avoid and protect
the equipment from this undesirable e�ect. The shield which is surrounding the con-
ductor will reduce the interference from outside of the cable to reach the conductor
that is transmitting the signal. However, in reality there is still some energy that
go through the shield but it is extremely low. There will be no disturbances in the
transmitted signal at all because most of the EMI have in advance been mitigated
by the shield. In industrial applications, there are two types of shielding used for
protecting the cables which are foil and braided shielding [3]. In this project, the
braided shield will be used for testing.

Figure 2.3: Test cable with braided shield.

2.3 Ground reference plane for testing

In a test set-up when placing one or two shielded cables above a ground plane, the
ground plane will act as a reference point when measuring the voltages between the
points of interest. The voltage of the ground plane is de�ned as zero reference point
[4]. Afterwards, when the models are simulated in di�erent simulation platforms
such as COMSOL multiphysics and PLECS, the ground reference plane will be
required in the model. The ground plane can as well be used as a return path.

6



2. Theory of transmission line

Therefore, in this system, the ground plane will also be considered as a conductor
as well as the already existing inner conductor and the shield of the cable [5][6].

Figure 2.4: Ground reference plane for the test set-up made of a long aluminum
sheet.

2.4 Common mode and di�erential mode current

At the connection between the power inverter and the motor drive in an electric
vehicle system, there will occur some particular parasitic e�ects where the current
�ows through the parasitic capacitors which exists between di�erent parts of the
system. This undesired e�ect of current is called common mode (CM) current, it
will �ow via the parasitic capacitor down to the ground reference or the vehicle
chassis and return via the AC power supply through the connection to ground.
This can cause electromagnetic interference (EMI) which will damage the electrical
components in the system or even the vehicle [7]. By protecting such interference, a
shielded cable can be one of the solution. Because90%and 10%of the CM current
will �ow via the parasitic capacitor through the shield of the three-phase cable and
metallic vehicle chassis, respectively. Which means that the shield will be used as the
main path of the current �ow. The di�erential mode (DM) current will simply �ow
from the power supply into the load and return from the load to the power supply
[8]. Both paths of CM and DM current can be illustrated in the �gure below.

Power
supply

i cm

i dm
Motor
drive

Parasitic
capacitor

Figure 2.5: Common mode (blue) and di�erential mode (red) currents paths in an
electric vehicle system.
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2. Theory of transmission line

2.5 Pi-model in transmission line

The pi-section equivalent circuit of a transmission line is typically comprised of a
series-impedance and half the capacitance at each end of the circuit [9] which can
be shown as in the �gure below.

Figure 2.6: A nominal pi-model of transmission line.

2.5.1 Pi-model of single shielded coaxial cable laying on
ground plane.

When it comes to a shielded coaxial cable, the shield will also act as a conductor
since it is made out of tinned copper braid. Both of conductor and shield of the
cable will then contain series-impedance such as self-resistance (Rc & Rs) and self-
inductance (L c & L s) and coupling capacitance (Ccs) between each other. There will
as well be mutual inductance between the conductor and the shield (M cs). Since
the shielded cable is placed on a ground reference plane where the plane is made
of aluminium. Thus, there will be inductance (Lg) in it and a coupling capacitance
between the shield (Csg). But the capacitance between the conductor and ground
plane will not be taken in consideration because it is already composed ofCcs and
Csg. The whole model can be represented as in Figure 2.7.

Rc L c
Conductor

Rs L s
Shield

Ccs
2 M cs

Ccs
2

Lg
Ground

Csg

2
Csg

2

Figure 2.7: Equivalent circuit of single shielded coaxial cable
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2. Theory of transmission line

2.5.2 Pi-model of two parallel coaxial cables

A model for two shielded cables placed next to each other will be represented exactly
in the same way as an equivalent circuit of a single shielded cable but in addition
this model will have more parameters between each layer of both cables. The most
obvious one is the mutual inductance between each shield of the cable (M ss). While
the mutual inductance such as between the conductor in the �rst cable and the
shield in the second cable will be neglected for simplicity reason in the model, due
to the small value. The two shielded cables model can be shown as in Figure 2.8.

Rc1 L c1

Ccs 1
2 M cs1

Ccs 1
2

Conductor 1

Rs1 L s1
Shield 1

Css
2 M ss

Css
2

Rs2 L s2
Shield 2

Ccs 2
2 M cs2

Ccs 2
2

Csg 2

2
Csg 2

2

Rc2 L c2

Csg 1

2
Csg 1

2

Conductor 2

Lg
Ground

Figure 2.8: Total circuit representation of two shielded coaxial cables on an alu-
minium sheet.
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2. Theory of transmission line

2.5.3 Pi-model of three parallel coaxial cables

Lastly, a model of three shielded coaxial cables placed parallel to each other can be
presented below as Figure 2.9. All parameters will remain the same as in the model
of two parallel coaxial cables and apart from that the mutual inductance between
each shield (M ss12, M ss13 and M ss23) will also be included in the three phase model.

Figure 2.9: Total circuit representation of three shielded coaxial cables on an
aluminium sheet.

2.5.4 Pi-model of single shielded twin-axial cable

This type of cable will have two conductors which means that the model will remain
the same as in Figure 2.7 but an extra equivalent circuit of a conductor will be placed
between the �rst conductor and shield. As well as the coupling capacitance between
those two conductors (Ccc). The following �gure shows the twin-axial equivalent
pi-model.

10



2. Theory of transmission line

Rc1 L c1

Ccc
2 M cc

Ccc
2

Ccs 1
2

Ccs 1
2

Conductor 1

Rc2 L c2
Conductor 2

Ccs 2
2 M cs2

Ccs 2
2

Rs L s
Shield

Csg

2
Csg

2

Lg
Ground

Figure 2.10: Equivalent circuit of single shielded twin-axial cable

2.6 Impedance characteristic

2.6.1 Resistance

The resistance of the conductor in a cable when applying DC current into it can be
de�ned as

R =
�l
A

(2.1)

where� is represented as the conductor resistivity,l is the conductor length andA
as the conductor cross-sectional area. By applying AC current into the conductor,
it will occur a phenomenon called skin e�ect where the current distribution at the
cross-section of the conductor will no longer be homogeneous. The result is that the
current density becomes largest at the surface of the conductor [10]. This means
the current will mostly �ow on the `skin' of conductor where the distance between
the outer surface of the conductor and the level of current �ow is called skin depth
(� ). The skin depth can be calculated from

� =

s
2�
!�

(2.2)

where! is the angle velocity of the �owing current and� is the permeability. When
� is known the resistance for AC current can be calculated from (2.1) as

R =
�l

A � x
=

�l
A � (� (r � � )2)

(2.3)

this equation is valid whenr > = � . Where x is the area limited by � and r is the
conductor radius [11].
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2. Theory of transmission line

2.6.2 Capacitance

Between two voltage potentials, with di�erent values, lies an electric �eld, according
to following equation

E = �r V (2.4)

according to (2.4), there will exist an electric �eld as long as there is a potential
gradient between for example two bodies. This means, that if there exists between
two conducting objects or between a conducting object and ground a voltage gradient
then there exists and electric �eld. A capacitance can easily be formed between two
conducting medias with di�erent voltage potentials. Capacitance is de�ned as the
charge divided by the voltage di�erence between two points

C =
Q
V

[F ] (2.5)

according to Gauss's law the electric �ux that passes through an closed loop surface
is equal to the charge that is enclosed by this surface. This is very important because
the charge is needed in order to calculate the capacitance. The charge enclosed by
a surface is simply obtained if one integrates the surface integral of the electric �eld
intensity vector, D.

Q =
I

S
D � dS (2.6)

where the electric �eld intensity, D, is de�ned as the permittivity, � , multiplied with
the electric �eld vector, E. D is given in C

m2 , integrated over an surface area gives
simply the charge given in Coulomb.S in dS is the surface of the integration. Now
that the charge is known, the voltage potential needs to be de�ned. This can be
derived from (2.4). The voltage of an object in space can be obtained by integrating
the electric �eld over a line as follows

V = �
Z

l
E � dl (2.7)

the capacitance can now be fully de�ned as

C =
Q
V

=
H

S D � dS
�

R
l E � dl

(2.8)

or if one perhaps wants to write it in terms of the electric �eld then it becomes [12]

C =
Q
V

=
� �

H
S E � dS

�
R

l E � dl
(2.9)

however, there is perhaps an easier way of calculating the capacitance and that is by
taking use of the electric energy stored in the electric �eld. This relation is simply
derived from the stored energy in a capacitor

We =
CV2

2
(2.10)
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2. Theory of transmission line

this relation will be used in COMSOL for calculating the capacitance in di�erent
locations, because of its simplicity and because COMSOL has a function calculating
the energy. Solving for the capacitance, results in

C =
2We

V 2
(2.11)

whereV, is the voltage di�erence between the formed capacitor.

2.6.3 Inductance

2.6.3.1 Self-inductance

When a current is �owing through a piece of wire, a magnetic �eld is formed around
the wire [13]. The magnetic �ux can be de�ned as:

� 1 =
Z

S1

B1 � dS1 (2.12)

whereB1 is the magnetic �ux density created by a current �owing through a wire,
B1 given in W b

m2 . � 1 is the magnetic �ux that passes through the area. The relation
can also be described in simple terms by

B1 =
� 1

A1
(2.13)

whereA1 is the area that the �ux lines passes through.

The term self inductance is referred to as the inductance that is due to one conduc-
tor. The self inductance can be de�ned as

L1 =
� 1

I 1
(2.14)

where, � 1 is the �ux created by the current �owing through L1, which is the self
inductance term. I 1 is the current that passes through the conductor. The induc-
tance can also be speci�ed taking use of the magnetic energy stored in the magnetic
�eld. The magnetic energy is de�ned as

Wm =
1
2

LI 2 (2.15)

solving for L gives

L = 2
Wm

I 2
(2.16)

whereWm is obtained by surface integration of the whole domain (including cable
and air around it), including all magnetic �ux lines that is due to one conductor.
Then this value is divided byI 2, which is the squared value of the applied current
in the conductor.
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2. Theory of transmission line

2.6.3.2 Mutual inductance

If there is a conductor that is not energized and placed close to a current carrying
conductor, then there will exist a mutual term between the two conductors, that is
called the mutual inductance.

The magnetic �ux lines tend to spread around the conductor that is energized in
the air and covers parts of the other conductor. When this happens, there will
be a voltage induced in the other coil which was not conducting any currrent ini-
tially. The induced voltage in the other conductor will allow for a current to �ow
in the conductor. The inductance that is "created" due to the �ux lines of the other
conductor can be simply de�ned as

L21 =
� 21

I 1
(2.17)

where � 12 is the magnetic �ux observed by the second conductor, where the '2'
in � 21 stands for the �ux observed by conductor 2, and '1' that it is created by
conductor 1. I 1 is the current �owing in conductor 1. In the same way, one can
calculate the mutual inductance term if current �ows in conductor 2 and measure
over conductor 1. But if the conductors are equal, the mutual inductance turns out
to be the same in both cases. That is,L21 = L12 = M [14].

The mutual inductance, as de�ned earlier, can be derived from the voltage induced.
Therefore, there is also another way of de�ning the mutual inductance term. IfV2

is the voltage induced in the second conductor due to the current in the �rst con-
ductor, then one can use ohm's law in order to also calculate the mutual inductance
as well. The scenario of mutual inductance can be illustrated in �gure 2.11, the
magnetic �eld due to conductor 1 is covering second conductor as can be seen.

I coil 1

Conductor 1 Conductor 2

Bcoil

Figure 2.11: Two parallel conductors surrounded by a magnetic �eld

2.7 Frequency response

The impedance measurements that have been conducted will be done in frequency
domain. In order to give a good background understanding of this topic, this section
will provide with information about frequency response of a simple R-C circuit. The
frequency response of a circuit is usually plotted in a Bode plot, including two plots,
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2. Theory of transmission line

one amplitude plot and a phase plot. The amplitude plot will be analyzed and used
mostly in the Results section.

2.7.1 RC-circuit

Assume a simple RC circuit, where a voltage source is feeding the circuit at one end
and the voltage output is measured in the other end.

�
+V0

R

C

+

�

V1

Figure 2.12: RC circuit with voltage source

The transfer function is de�ned as the ratio between output voltage and input
voltage.

H (j! ) =
V1

V0
(2.18)

as the components are in series, voltage division can be applied. The voltageV1 is
then equal to

V1 = V0

1
j!C

1
j!C + R

= V0 �
1

1 + j!RC
(2.19)

solving for H (j! ) gives

H (j! ) =
V1

V0
=

V0
1

1+ j!RC

V0
=

1
1 + j!RC

(2.20)

the amplitude function is equal to

jH (j! )j =
1

q
12 + ( !RC )2

(2.21)

the phase function of a fraction is equal to the phase of numerator subtracted with
the phase of the denominator, as follows

\ H (j! ) = 0 � tan� 1(
!RC

1
) = � tan� 1(!RC ) (2.22)

having in mind that the amplitude of a bode plot is in dB, the value for the amplitude
is converted intoA = 20 log jH (j! )j [dB].
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2. Theory of transmission line

Plotting this, with some standard values ofR and C gives the frequency response
in �gure 2.13.

Figure 2.13: RC circuit frequency response with di�erent values forR and C

As can be seen in �gure 2.13, the plots change with the values ofR and C. The
displacement either to the right or the left depends on if the resistance or capacitance
is increased or decreased. As can be found in the �gure, the cut-o� frequency will
vary according to values ofR and C. However, there is no change if R is decreased or
if C is decreased the result is the same, as can be seen by the black and green plots.
On the other hand, if values ofR or C are increased then the cut o� frequency
decreases. The cut-o� frequency is de�ned as the frequency when the amplitude
reaches -3dB. After this value the decay is linear in the amplitude graphs as can be
noticed. This is a so called low-pass �lter, it blocks high frequencies. The cut o�
frequency is the frequency at which the resistive impedance is equal to the capacitive
reactance,R = X C

R =
1

! cC
(2.23)

Solving for the cut-o� frequency, f c, gives

f c =
1

2�RC
(2.24)

This relation can be a good tool in analyzing results connected to bode plots [15].
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3
Electrostatic and Electromagnetic

Field Theory

3.1 Electrostatics and Electric Currents

In this section the calculation of electrical parameters for a coaxial cable will be
explained and formulated. A cross section of the coaxial cable structure can be seen
in Figure 3.1, where each layer radius is given asa, b, c and d. With a being the
inner conductor radius,b being the inner radius of screen,c being the outer radius
of the screen andd being the radius of the whole cable, or the so called sheath.

Figure 3.1: One coaxial cable placed over ground plane

3.1.1 Capacitance between conductor and shield

By using Gauss's law for a cylindrical geometry one can obtain the capacitance inside
the insulation, that is between conductor and screen. By integrating the closed loop
electric �ux one will obtain the electric charge as stated by

Q =
I

D � dS (3.1)

wheredS = 2�rl , and D is equal to� 0� r E and can then be rewritten in terms of the
electric �eld as

Q =
I

� 0� r E � dS = � 0� r E(r ) � 2�rl (3.2)
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3. Electrostatic and Electromagnetic Field Theory

solving for the electric �eld that is dependent on the radiusr

E(r ) =
Q

� 0� r � 2�rl
(3.3)

now what is left is to obtain the voltage from the electric �eld, and then use charge-
voltage relationship to obtain the capacitance. Taking use of (2.7) one can integrate
the electric �eld over the insulation area, that is limited by the outer conductor
radius and inner screen radius. Doing so gives a voltage betweena-b as in Figure
3.1.

V =
Z b

a
E(r ) � dr (3.4)

now, replacingE(r ) with (3.3) and solving gives

V =
Z b

a

Q
� 0� r � 2�rl

� dr =
Q

� 0� r � 2�l
� ln

b
a

(3.5)

taking now use of (2.5) in the formulation of capacitance the result becomes [16]

C =
Q
V

=
Q

Q�ln b
a

� 0 � r �2�l

=
2�l� 0� r

ln b
a

(3.6)

which is then used when computing the capacitance inside the cable between con-
ductor and shield.

3.1.2 Capacitance between two parallel shielded cables

D

Figure 3.2: Two coaxial cables placed over ground plane

For two coaxial cables placed next to each other the capacitance is dependent on
the length of the radius of the screen (c) and the distance between the cables (D),
seen in Figure 3.2.

C =
�� 0� r

cosh� 1 D
c

(3.7)

which is basically derived from the formula for two conductors separated by a dis-
tance D in air, with a radius c [17]. However, here� r is accounted for which is the
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3. Electrostatic and Electromagnetic Field Theory

relative permittivity of the sheath material in this case. However for this to prop-
erly work, it is required that the distance is kept as close as possible between the
two cables, which is of course very hard in practice. Just becuase of the reason of
permittivity. Because the permittivity in air is 1, and in the insulation it is higher.
In fact, it would mean to divide the capacitance into two parts. One being in the
air and one inside the sheath material. Which will of course make it more compli-
cated. For those reasons, we plan for possible inaccuracies between the measured
capacitance and the theoretical capacitance between the two shields.

3.1.3 Capacitance between shielded cable and ground plane

Looking at the geometry of the cable, if the cables are placed exactly next to each
other as in Figure 3.2, then the distance from shield to shield between the cables
should be twice as from one cable-shield to ground. That means that the capacitance
theoretically should be twice as much for shield-ground case than shield-shield case.
As a reference for hand calculation of shield to ground capacitance this statement
will be used.

C = 2
�� 0� r

cosh� 1 D
c

(3.8)

3.2 Electromagnetic Field

3.2.1 Self-inductance of conductor

The self inductance of the conductor in a coaxial cable consists of two parts. One
is the common external inductance, the other is the internal inductance. The in-
ternal inductance is due to the internal magnetic �elds inside the conductor, and
the external inductance is due to the external magnetic �elds outside the conductor.
Recalling from (2.12) and (2.14), it is known that the inductance is de�ned as the
magnetic �ux divided with current. Which means that if the magnetic �ux is known,
and the current applied to the circuit then the inductance is easy to compute. To
solve forL, �rst the magnetic �ux is de�ned

� =
Z

B � dA (3.9)

replacingB with � 0 I
2�r l and solving gives

� =
Z c

a

� 0I
2�r

l � dr =
� 0I l
2�

ln
b
a

(3.10)

�nally solving for the inductance, gives

L =
�
I

=
� 0l
2�

ln
b
a

(3.11)

worth to notice, is that b is the inner radius of shield anda is the radius of the
conductor and l is the length of the cable. Which, means that this formula is
explaining for the magnetic �ux linkage between conductor and shield. The internal
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3. Electrostatic and Electromagnetic Field Theory

inductance of the conductor is equal to� 0
8� . Total inductance for the conductor would

then equal [18]

L = Lext + L int =
� 0

2�
ln

b
a

+
� 0

8�
(3.12)

3.2.2 Self-inductance of shield

Self-inductance can be calculated and derived by a conductor placed in the air
domain, where the inductance is only dependent on the height over ground plane
H , and c the radius of the conductor [19].

L =
� 0� r

2�
ln

2H
c

(3.13)

3.2.3 Mutual inductance between cables

The mutual inductance between two cables can be calculated as follows [20]

L =
� 0� r

4�
ln(1 +

H 2

D 2
) (3.14)

It is dependent only on the height over ground H, and the separationD between the
cables. It can be better illustrated in Figure 3.2. This is however assumed that the
distance from one cable to ground is the same for both, in other words the cables
are parallel. Otherwise the expression would be di�erent for di�erent placements of
cables, that are not parallel with each other.

3.2.4 Inductance of two-wire transmission line

If a distance D separates two conductors, both current carrying, in opposite direc-
tions then the total inductance can be calculated as follows,

L = 4 � 10� 7 � ln(
D
r 0 ) (3.15)

note that r
0

is the geometric mean radius of each conductor, de�ned asr
0
= re� 1

4 =
0:7788r . However, in the twin-axial case it would be of interest to obtain the self
inductance of each conductor's inductance, in that case, assuming the two wires are
the same, it is enough to divide the value obtained in (3.15) with 2 [21].
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4
Cable modelling in simulation

In this section the modelling of coaxial cables will be explained. The modelling
is done in COMSOL in order to mainly obtain the electrical parameters from the
cable.

4.1 Coaxial cable modelling in COMSOL

The modelling in COMSOL is done in both the stationary and frequency domain.
The reason is to �rst see the values as stationary but then also see how they change
during a frequency sweep. The dimensions of the cable are given by the manufacturer
HUBER+SUHNER, and used in the COMSOL simulation. Worth to mention is that
all simulations are done with the cable being put on the ground plane in COMSOL.
The simulation is done in 2D domain, instead of 3D because 3D produced the same
result as 2D. Due to symmetry it is enough to multiply the values obtained in 2D by
the length of the cable. 2D simulation gives electrical parameter values per meter
length of the cable.

4.1.1 Single coaxial cable placed on the ground plane

Figure 4.1: Geometry of coaxial cable in COMSOL

In Figure 4.1 the coaxial cable setup is shown in COMSOL. The outer part of the
cable is set as air domain while the cable domains are taken from the manufacturer.
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4. Cable modelling in simulation

The conductor is made out of copper as well as the shield. The two insulation
domains are made of RADOX material. The two physics that are used are electro-
statics and magnetic �elds in COMSOL. Electrostatics to compute the capacitance,
and magnetic �elds in order to compute resistance and inductance.

4.1.1.1 Capacitance calculation of single coaxial cable

The capacitance calculation is done in steps, so that each capacitance is solved one
by one. By assigning terminals to each boundary the capacitance can be computed
with an in-built COMSOL function.

(a) Terminal of 1V applied on the outer
Conductor

(b) Terminal of 0V applied on the inner of
Shield

Figure 4.2: Set-up for calculating capacitance between conductor and shield

The method for obtaining the capacitance is done by assigning 1 V terminal to the
conductor boundary, and 0 V terminal to the shield inner boundary. In this way
there will exist a �eld inside the insulation part and thus the capacitance can be
calculated. It is of no importance to assign a certain amount of voltage, because the
capacitance will still be the same. Thus, it is �ne to only use 1 V.

As for the calculation of capacitance between shield and ground, same procedure is
used. Just that now the terminals are moved to shield and ground.
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4. Cable modelling in simulation

(a) Terminal of 1V applied on the Shield (b) Ground domain

Figure 4.3: Set-up for calculating capacitance between shield and ground

4.1.2 Two coaxial cables placed parallel to each other on a
ground plane

To make two identical objects in COMSOL, the array function is used so that the
next cable is placed exactly next to the �rst cable, on the ground plane.

Figure 4.4: Geometry of two coaxial cables in COMSOL

4.1.2.1 Capacitance simulation of two coaxial cables

Here, the capacitance between the two cables is of special interest. When one of the
shields are energized, it is interesting to see the other shields capacitive coupling.
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4. Cable modelling in simulation

(a) Terminal of 1 V on shield (b) Terminal of 0 V on shield

Figure 4.5: Set-up for calculating capacitance between shield and shield

4.1.2.2 Inductance simulation of two coaxial cables

The inductance simulation is done by taking use of magnetic �elds in COMSOL.
The �rst thing is to assign a coil domain for the current to �ow in a conductor. Then
one applies a current of for example 1 A. The magnetic �eld that is created is then
studied in order to obtain the inductance. It is the chosen domain of integration
that will determine which inductance that is obtained.

4.1.2.3 Self inductance of inner conductor

The self-inductance of the inner conductor is de�ned earlier as the inductance of the
inner conductor added with its external inductance out to the shield. When solving
for inductance in COMSOL, there is a feature that can be used when taking use
of coils. That feature is that COMSOL can automatically calculate the inductance
desired. However, COMSOL likes to include all magnetic �elds that is due to one
conductor when calculating for the coil inductance. This can be problematic because
the de�nition is that the self-inductance of the conductor is de�ned as the magnetic
�elds out to the shield and not beyond that. If one would apply 1 A of current in
the middle conductor and evaluate the coil inductance, one would obtain the total
inductance of the whole domain. To do it correctly, the chosen domain as in Figure
4.6 will be integrated over in order to obtain the self-inductance of the conductor.
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4. Cable modelling in simulation

Figure 4.6: Area of integration to obtain L c

4.1.2.4 Self-inductance of shield

For the self-inductance of the shield 1 A of current will now be applied to the
shield only. By taking use of the in-built feature in calculating inductance the self-
inductance of the shield can be obtained. The same value would be obtained if one
would integrate over the whole domain.

Figure 4.7: 1 A of current applied on the shield

4.1.2.5 Mutual inductance between conductor and shield

As for the mutual inductance between conductor and shield the same procedure is
used. 1 A of current is applied on to the conductor and 0 A on the shield. And then
evaluating the mutual inductance, using COMSOL's coil feature. The other way
around is done by applying 1 A on the shield and 0 A on the conductor to obtain
the mutual inductance. It is possible to show that these two values are the same
which is as expected.
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4.1.2.6 Mutual inductance between two cables

The same procedure is done when calculating the mutual inductance between cables.
Theoretically there would exist mutual inductances between 4 conductors (having
two conductors and two shields into account), when having two cables next to each
other. However it can be shown show in simulation that each of the individual mu-
tual inductance is the same. For example the mutual inductance between conductor
1 and shield 2, has the same value as the mutual inductance between conductor 1
and conductor 2. This can be explained by the fact that if a current is applied in
conductor 1 (inner conductor) then the �eld that shield 2 would "feel" is the same
�eld conductor 2 would feel. This is because conductor 2 is enclosed by shield 2.
Which basically means that if a �eld is generated in one cable, then the �eld that
is covered by the shield in the next cable is the same �eld that is covered by the
conductor in the next cable, hence same the inductance.

4.1.3 Single twin-axial cable placed on a ground plane

The twin-axial cable as seen in Figure 4.8 is modelled using two conductors instead
of one in the coaxial case. The two conductors have a separate insulation as can be
seen in the �gure, but a common shield and sheath.

Figure 4.8: Geometry of twinaxial cable in COMSOL

4.1.3.1 Capacitance simulation of a twin-axial cable

In order to obtain the capacitance between conductor and shield, one terminal is set
on the conductor's boundaries and the other terminal on the shield's inner boundary,
as seen in Figure 4.9a and 4.9b. It is the same procedure as for the coaxial cable.
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4. Cable modelling in simulation

(a) Terminal of 1V applied on Conductor (b) Terminal of 0V applied on the Shield

Figure 4.9: Set-up for calculating capacitance between conductor and shield

And as for the conductor-conductor capacitance same procedure is done and shown
in Figures 4.10a and 4.10b.

(a) Terminal of 1V applied on �rst Con-
ductor

(b) Terminal of 0V applied on second con-
ductor

Figure 4.10: Set-up for calculating capacitance between the two conductors

4.1.3.2 Inductance simulation of a twin-axial cable

To obtain the inductance, currents are applied at di�erent locations in order to
generate magnetic �elds. To obtain the self inductance of the conductor 1 A of
current is applied as in Figure 4.11a, and the return current is sent through the
other conductor in the same cable in Figure 4.11a, but in opposite direction. To
further obtain inductance in the shield, similarly 1 A of current is applied in the
shield region, as can be seen in Figure 4.11b.
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4. Cable modelling in simulation

(a) Coil of 1 A applied on conductor
(b) Coil of 1 A applied on shield

Figure 4.11: Set-up for calculating inductance by feeding current in the conductor
and shield separately
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5
Cable measurement

5.1 Measurement method

5.1.1 LCR instrument

The LCR meter measures the current through the test cable and the voltage across it
at various frequencies which in this case are between 1Hz-30MHz. Hence, the phase
angle between the current and voltage will be obtained. By using these measured
parameters the impedance of the test cable can be computed. When the values
of desired impedance and frequency are known, they can be used to calculate the
inductance, capacitance and resistance at di�erent locations of the test cable. In this
project, a PSM3750 frequency response analyzer and an IAI2 impedance analyzer
from Newton4th Ltd. were used for the measurements. There are two types of
methods for performing the measurement.

5.1.1.1 4-Wire Kelwin connection (4WK) PSM3750 and IAI2

The �rst method is called 4-Wire Kelwin (4WK) where both PSM3750 and IAI2
will be connected with each other. The principle of this method is that there will
be two test probes, the �rst probe is the current measurement and the second probe
is the voltage measurement across the test cable. While the purpose of IAI2 is to
measure a higher current to the device under test, compared to PSM3750. It has
also higher input impedance and is able to provide an auto shunt in the setting of
the instrument where the shunt value will change depending on the test impedance
[22].

This method only performs well under a frequency of 5MHz and over that value
it will perform poorly. As mentioned above, this project will study the frequency
range up to 30MHz. Therefore, the 4-Wire Kelwin method will not be used as a
primary method for this project.
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5. Cable measurement

Figure 5.1: PSM3750 (above) and IAI2 (below) instrument used for 4-Wire Kelvin
method.

5.1.1.2 Pearson current sensor with PSM3750

For this method, a PSM3750 instrument is the only instrument that will be used
for the measurement setup. But instead it will have two separate coaxial cables
for measuring current and voltage, respectively. Each coaxial cable will have two
probes, see Figure 5.2. The frequency range for this method is 100Hz-50MHz. The
frequency range is chosen from 100Hz and above, because the measurement method
is inaccurate below this frequency. This method will be mainly used in this project
and also at the Volvo Electromobilty department.
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5. Cable measurement

Figure 5.2: PSM3750 instrument used for Pearson current sensor method.

5.2 DC measurement

5.2.1 Resistance measurement of cable and connector

To measure the resistance in cable and connector, one of the easiest ways to obtain
the resistance is by using a DC meter. The DC meter for this test setup is an EA-
ELR 10080-1000 DC electronic load. This instrument works by sending in di�erent
values of the current (I DC ) and measure the voltage drop (UDC ) depending on the
current value with a Fluke multimeter. The values of the resistance (RDC ) will then
be obtained by substituting the measured values of the current and the voltage in
the Ohm's law below

UDC = I DC RDC (5.1)

RDC =
UDC

I DC
(5.2)
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