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Abstract

The electronics in the automotive industry is facing a new era where safety
critical functions are electrified, as for example drive-by-wire technology. At
the same time as the number of electrical loads in the vehicles is increasing,
the time to market is decreasing. Full scale prototypes of a vehicle are often
only available at a late stage in the development process where changes are
rather costly. This implies that prediction and simulation of a system are of
importance and are useful already at an early stage of the development
process. There are economic benefits that can be gained by prediction and
simulation of the system such as: reduction of time to market, virtual tests,
virtual prototypes and optimization of electronic circuits with respect to
safety margins of filters.

The high number of electrical loads in the vehicle leads to different cable
harnesses routed along the body and chassis of the vehicle. These cable
harnesses will contain both power conductors and communication
conductors, routed close together. When conductors are routed close to each
other, a signal on one conductor can interfere with the signal on another
conductor. This phenomenon is called crosstalk.

Crosstalk can increase the noise levels, create unplanned spikes or destroy
data on nearby conductors. Hence it should always be a prime suspect in an
electromagnetic interference investigation or a candidate for prediction.
Crosstalk between two conductors is coupled by the mutual inductance and
capacitance. When these parameters are known, the crosstalk can be
estimated by using a circuit simulation.

The mutual inductance and capacitance between the conductors as well as the
self inductance and capacitance of each conductor depend on the
surrounding environment. This implies that the conductor layout is an
important factor when it comes to designing a system that is robust against
crosstalk.



This thesis focuses on estimation of the parasitic components in a system with
two conductors and a ground structure. Since the parasitic components are
affected by the conductor layout, five different layouts are investigated. The
parameters are estimated by using analytical calculations, electromagnetic
simulations with the software CableMod and measurements. An approximate
method for fast analytical calculations is proposed and evaluated.

The parameter values estimated with the different methods are compared in
the thesis. The values yielded from the accurate analytical calculation and the
simulations agree well. Some of the measured values deviate from the
theoretical values, and it is shown that the differences emanate from the fact
that the theoretical models do not exactly describe the measurement setup.

The different parameter setups from the different estimation methods and the
investigated conductor layouts are employed in circuit simulations in the
software LTSpice/ Switchercad III. The circuit simulations show that the
proposed approximate analytical calculation method is sufficient to use for
prediction of crosstalk and comparison between different conductor layouts.
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Chapter 1

Introduction

This chapter serves as an introduction to the thesis. The motives behind the
thesis are presented and also a brief description of some of the previous work
done in the research area. Finally the author’s publications are listed.

1.1 Motivation

Customer demands and added functionalities increase the number of
electrically driven loads within the vehicles. Some of the new electrical loads
in the vehicle replace loads that were formerly mechanically driven, but many
new electrical loads are also introduced. One advantage with electrical loads is
the increased control over the load. The increased control facilitates not only
a better efficiency of the vehicle but also possibilities to easily implement new
functionalities. This has led to a new era within automotive electronics where
also safety critical loads are electrically implemented.

X-by-wire

One of the new technologies implemented in future vehicles is the X-by-wire
technique. X-by-wire or drive-by-wire is a name for technology where
traditional mechanic and hydraulic driven and controlled loads are replaced
by electrically driven and electronically controlled loads. One example is a
brake-by-wire system for heavy duty vehicles. The brake system for a heavy-
duty vehicle today normally utilizes pneumatically controlled brake actuators
where a central electronic control box controls the air pressure for each brake
actuator. In a brake-by-wire system the pneumatically control relay valve is
replaced by an electrical motor that will push the pad to the disc. The
electromechanical brake will provide a much faster and more accurate control

of the braking. This is for example useful in hybrid vehicles where the
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regenerative braking then can be utilized to a large extent, and thereby
increase the efficiency of the vehicle.

Electromagnetic compatibility

The increased number of electrical loads leads to an increased amount of
cables in the vehicle. The cables are routed tightly together, and the chassis is
often used as a ground return path. Although there are not very many
alternatives for cable routing due to spacing and cost, the alternatives that are
present should be taken into account when designing an electrical system.
Solutions to electromagnetic interference problems tend to get more
expensive the closer the vehicle is to the market and it is therefore important
to try to predict all possible coupling paths for the disturbances.

At the same time as the number of electrically driven loads is increasing is the
time to market in the automotive industry constantly being shortened. This
puts pressure on the automotive engineers who must be able to predict the
vehicles electromagnetic environment without having any full scale

prototypes at hand.

Crosstalk

A common type of electromagnetic interference problem is crosstalk. Cables
routed close to each other without any shielding will have a capacitive and
inductive coupling to each other. If these couplings and their roots of causes
are known, the possibility to adapt the design in order to get an
electromagnetically “cleaner” system increases. Estimation of electromagnetic
interferences in and nearby a cable harness can be performed in different
ways. “Rules of thumb” represent one possibility. These rules could for
example state that the capacitance between two cables is 100-150 pF/m if the
cables are routed less than 5 cm apart and that the self inductance is around
1 pH/m. In many cases, these “rules” provide an apprehension of the system
behavior. However, for electromagnetic compatibility (EMC) modeling, these
rules are not always accurate enough.

Another way to predict the electromagnetic behavior of the system is to
estimate the parasitic components affecting the crosstalk between different
cables [21], [46] and [62] and turn them into a lumped circuit model of a
transmission line. When these parameters are known, they can easily be used
in standard circuit simulation software programs, such as SPICE. The
benefits of investigating the circuit in a SPICE software are that it allows the
user to comprehend what is going on, and it is also possible to modify and
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implement different terminations and compare them from an EMC
perspective. A circuit model in SPICE will also facilitate system investigations
in both time and frequency domains.

Advantages with prediction

This thesis deals with prediction of the parasitic components in a conductor
layout that may cause interferences. Predictions of this type are valuable early
in the design stage of a vehicle, when the geometry is not finally decided. The
predictions can serve as a base for EMC simulations, which is a good tool to
predict disturbances and avoid late and expensive changes.

Some of the advantages with prediction and simulation of the system are
- Better understanding of the phenomena among the designers

- Reduction of time to market in the development of electronic
systems since tasks can be performed in parallel and the exploration
and examination of the alternatives are fast

- Preliminary tests can be performed virtually, and hence more tests
can be carried out to a lower cost

- Virtual validation of system behavior, which implies that a significant
cost reduction is achieved when it comes to prototype costs

- Electronic circuits might be optimized and many passive components
(resistors, capacitors, and inductors) that today are introduced as a
safety margin might be found unnecessary during the analyses and
thereby save both complexity and costs

1.2 Objectives and restrictions

A dream that exists among most automotive electrical engineers is to have a
set of guidelines and rules of thumb that will assure that they never will have
any electromagnetic compatibility issues within the vehicle. If these guidelines
would have existed, publishers would have fought about getting the rights to
print them. But there are no such general guidelines and so the major
objective of this thesis is to create an understanding of the physical
phenomena that are present when two conductors are routed next to each
other in the vicinity of a ground structure. There are different ways to
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estimate the parasitic components of a transmission line and the aim is to
compare these and to propose a method that hopefully will facilitate the
understanding of what will happen if a conductor is moved in any direction
in relation to another conductor.

Unfortunately the time is often limited in a project of this type, and some
areas have to be left to be discovered by some one else. In this thesis, the
following restrictions are made

- the length of the conductors that are used is 1 m, longer conductors
can be modelled by cascading the transmission line models that are

developed

- only two conductors are used, whilst in a real world application there
will most likely be more than two conductors; however also an
analysis of only one source of disturbances and the presumed victim
can be useful to reach an understanding of the proposed concept

- no shielded conductors are used since the automotive industry to a

large extent avoids them due to cost and reliability of the grounding

of the shield
- no twisted pair conductors are investigated
- Only frequencies up to 30 MHz are taken into account

1.3 Contributions

The contributions of this thesis are presented in Chapter 6-9 and concluded
in Chapter 10. A brief summary of the results are given in this section.

This thesis focuses on the parasitic components that are present in a setup
with two conductors and a ground structure.

- the values for the parasitic components from five different conductor
layouts are gained from analytical calculations, simulations and
measurements

- an approximate method for analytical calculation of the parameter
values is suggested and compared to more detailed calculations,
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simulations and measurements

- Divergences between measured and calculated or simulated
parameter values are analyzed and explained

- Circuit simulation models are built to compare the levels of crosstalk
for the different parameter setups

- The circuit simulation models are used for comparison of different
conductor layouts regarding crosstalk

- Two Matlab scripts are given, one for an accurate analytical
calculation of the parameters, and one for an approximate.

1.4 Previous work

Transmission lines and their characteristics is a research area that has been
under investigation for more than half a century [50]. Many of the key
references in the area are written by Clayton R. Paul. His work has been in
both the field of analytical calculations [52] [55] [56] [57] [58] as well as
building up SPICE models for the transmission lines [51]. Clayton R. Paul et
al. have also performed investigations of crosstalk modeling for automotive
harnesses [68].

Since the electrical loads are increasing and the lead times are getting shorter,
the interest for electromagnetic modeling is increasing in the automotive
industry. A number of different cooperative EU-projects have been carried
out.

One EU-project is the AutoEMC [10], which deals with numerical
simulation for early EMC design of cars. In this project, different simulation
software programs are tested against an experimental setup in order to
estimate whether the simulation tools could give a good enough prediction of
the real world. Both radiated and conducted emissions are studied.

Where AutoEMC ended, the next European project, COSIME (Continuous
simulation of electromagnetic compatibility in automotive application) [18]
continued. The COSIME project has focused on the corporation between
automotive manufacturers and manufacturers of Integrated Circuits (IC) in
order to create useful simulation models from an EMC perspective. The
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project has also proposed a continuous EMC simulation process during the
development.

Another European project that is carried out is the GEMCAR project
(Guidelines for Electromagnetic Compatibility Modeling for Automotive
Requirements) [23]. In this project, guidelines for how electromagnetic
modeling should be performed in order to give the automotive engineers any
valuable information about the electromagnetic compatibility of the vehicle
are given. The project uses the Feature Selective Validation method (ESV) to
decide whether a simulation result is valid or not.

1.5 Outline of the thesis

This chapter contains a brief introduction to the thesis and the work that is
presented. In Chapter 2 the electromagnetic environment within a vehicle is
described. Since the investigations presented in the author’s licentiate thesis
[41] served as inspiration for this thesis, some of the major results from these
experiments are presented in this chapter. The chapter also describes an
attempt to measure the capacitance from the vehicle to earth.

Chapter 3 gives a brief theoretical background to transmission lines and
crosstalk. Different coupling paths for disturbances are described. Phrases like
knee frequency and weak coupling are also explained in this chapter.

Since an electromagnetic simulation software is employed in the
investigations of this thesis, different methods for electromagnetic simulations
are described in Chapter 4. There is no single method that will solve all
problems and hence a number of methods are briefly described. Also some
thoughts regarding electromagnetic compatibility and functional safety are
presented here.

In Chapter 5 the investigated problem in the thesis is formulated and
described. The background is described, and the five different conductor
layouts examined in the thesis are described in detail.

One way to examine the parasitic components of a conductor layout is to
analytically calculate the parameters. In Chapter 6 a brief background to
electromagnetic calculations is given and the parameters are calculated by
using well known formulas and an approximate method proposed by the
author.
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The same model that is used for the analytical calculations is also
implemented in an electromagnetic simulation software called CableMod
from SimLab. The simulation software and the model are described in
Chapter 7. Parameter values for the different conductor layouts are extracted
from two dimensional transmission line simulation models.

Chapter 8 describes the experimental setup and the measurements that are
performed in order to estimate the parameters.

The different parameter setups that are gained from the analytical
calculations, the simulations and the measurements are all collected and
compared in Chapter 9. Deviations between the different values are analyzed
and explained. The different parameter setups are employed in a circuit
simulation in order to compare both the different conductor layouts, and also
the levels of crosstalk when the different methods for parameter estimation
are employed. A short summary of the results and some reflections are finally
presented in Chapter 10.

1.6 Publications

The results regarding estimation of the parasitic components of transmission
lines presented in Chapter 6-8 in this thesis are also presented in the
following publications:

S.  Alexandersson, M. Alakiila, H. Bingtsson, “Prediction of Parasitic
Components in an Automotive Environment”, 2008 IEEE International EMC
Symposium, Aug. 18-22, 2008, accepted.

S. Alexandersson, H. Bingtsson, “Analytic prediction of electromagnetic
behaviour”, SPEEDAM 2008 International Symposium on Power Electronics,
Electrical Drives, June 11-13, 2008, accepted.

At Haldex Brake Products AB, the author got in contact with the issues of
functional safety in an IVSS project named AutoVal. Thoughts from this
project are presented in Chapter 4.1 and in:

S. Alexandersson, “Functional Safety and EMC for the Automotive Industry’,
2008 IEEE International EMC Symposium, Aug. 18-22, 2008, accepted.

S. Alexandersson, “EMC and Functional Safety for the Automotive Industry’,



8 Chapter 1. Introduction

NORPIE 2006 Nordic Workshop on Power and Industrial Electronics, Lund,
Sweden, June 12-14, 2006, CD-ROM pages 6.

The previous work done in the research area regarding electromagnetic
compatibility and pulse width modulated loads within vehicles serve as a basis
for this thesis, and is presented in the Licentiate’s thesis:

S. Marksell, “EMC Aspects of PWM Controlled Loads in Vebicles”, Licentiate
Thesis, Department of Industrial Electrical Engineering and Automation, Lund
Institute of Technology, Media Tryck Lund University, Sweden, 2004.

The following publications also present some of the previous work done:

S. Alexandersson, M. Alakiila, “Automotive power electronic future - from an
EMC  perspective”, SPEEDAM 2006 International Symposium on Power
Electronics, Electrical Drives, Automation and Motion, Taormina, Italy, May
23-26, 2006, CD-ROM, pages 5.

S. Marksell, M. Alakiila, “Electromagnetic Compatibility Problems in
Automotive Applications”, NORPIE 2004, Nordic Workshop on Power and
Industrial Electronics, Trondheim, Norway, June 14-16, 2004, CD-ROM pages
7.

S. Marksell, M. Alakiila, G. Lindstedt, “EMC Test System for Low Power
Drives”, The 20th International Battery, Hybrid and Fuel Cell Electric Vehicle
Symposium, Nov. 15-19, 2003, CD-ROM, pages 11.



Chapter 2

Automotive electromagnetic
compatibility

The number of electrically driven loads in a vehicle is increasing, which
means that many different systems should be squeezed into an already dense
space. Since the space is dense, there are often long distances between the
loads and the ECUs (electrical control units). One example is a system that
involves a pulse width modulated power converter to a load. For many pulse
width modulated loads, there will be a long conductor between the load and
the power electronic converter. In the best electromagnetic interference case,
these long conductors work as antennas and transmit noise to the AM band
of the radio, but the interferences could also be far more severe and seriously
degrade the functionality of the vehicle.

In this chapter, some automotive electromagnetic compatibility issues will be
presented. Some of the results presented in this chapter were also presented in
the licentiate’s thesis of the author [41].

2.1 Common problems

Many electrical loads benefits from being controlled on demand, thereby
saving energy and in the end also fuel. A common and energy efficient way to
control an electrical load is to use pulse width modulation (PWM) where the
battery voltage is supplied to the load in pulses of selected pulse width to
pulse period in order to create the desired average output voltage (see
Appendix B). Pulse width modulation enables control of the torque, the
output current or the output voltage irrespective if it is AC or DC.

When the method with pulse width modulation is employed, the voltage
pulses of the output voltage are distributed on the cables between the power
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electronic converter and the load. The edges of these voltage pulses are steep
with high derivatives and these pulses could be coupled into other systems in
the vehicle, thereby disturbing them. Also the fundamental of the output
voltage, which is equal to the switching frequency, could disturb other
systems in the vehicle. One example of a system which is often affected by
pulse width modulation is the AM-band of the radio. The disturbances are
then noticed as a noise in the radio.

Electromagnetic fields and vehicle electronics

There are two ways for the electromagnetic fields to be coupled into the
vehicle electronics. The first way is coupling into the electronic system via
printed circuit board tracks or internal wiring. Both act as antennas and
convert the field into a conducted voltage or current. The second way of
coupling is when the vehicle wiring harness acts as an antenna and conducts
the interference into the electronic system.

Component
susceptibility
f
Conducting
-~ /coupling to ~
electronics
Conducted
into PCB
20-200 PCB >200
MHz Transients pickup MHz
Harness
pickup
\ Vehicle
- body -~

Interference

)

Figure 2.1. Coupling of interference into vehicle electronics.

(PCB = printed circuit board)

Since the coupling process is strongly dependent on the frequency of the
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interference, the wiring harness or the electronic system will not work as
efficient antennas for frequencies at or below 20 MHz. This is due to their
length, which is relatively short compared to the wavelength of the
interference (a good antenna has a length equal to a quarter of a wavelength).
The wiring harness works as a reasonably efficient antenna between 20 and
200 MHz. Currents in the magnitude of 1 mA could then be caused to flow
for each volt per meter of interference field.

The vehicle harness attenuates high frequencies above 200 MHz and is
therefore no longer a good antenna. But the lengths of the printed circuit
board tracks are becoming comparable to the quarter wavelength value and
the interference could then be coupled directly into the electronic system.
The electronic circuit themselves are fortunately prone to losses at such high
frequencies, so no problems generally occur.

2.2 Common mode and differential mode

Electromagnetic disturbances appear in the form of common mode (CM) or
differential mode (DM) disturbances. The differential mode voltage
component of a circuit is a voltage that can be measured between phase
conductors and the differential mode current component flows in the supply
wires, including the neutral wire. The common mode current component on
the other hand flows from the phase and neutral conductor toward earth. The
circuit for the common mode current is closed by stray capacitances between
the earthed parts and the circuit.

Com == Com | _Toy L,
- ©
Rioaa 0.5Tcym !
‘ UDJ\I
05Ty I
~ - .
Citray ‘ Iow U, UZJ L
Iew . )

Figure 2.2. Differential mode (DM) and common mode (CM)
electromagnetic interference voltage and current components. A
typical electromagnetic interference source to the left, and the high
frequency substitution circuit of the electromagnetic interference
source to the right [73].
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Definitions for the DM and CM components can be seen in Figure 2.2 and
equation 2.1.

UDM =U1_U2 (2.13)
]1_12

Toyw ==—— (2.1b)

Ugy =252 (2.10)
2

Iey =L +1 (2.1d)

The radiation from an electronic circuit could occur as either common mode
or differential mode radiation.

Differential mode radiation

Differential mode radiation is caused by a current that flows in a loop formed
by the conductors of the circuit. These small current loops will then act as
antennas, radiating a magnetic field. The most effective antennas are loop
antennas where the circumference is smaller than one quarter of a
wavelength. The current in such a current loop is in phase everywhere, which
adds to rather than subtracts from the overall emission of the circuit, which
may happen when the loop area is larger. The radiation from a loop antenna
is proportional to the current in the loop, the loop area and the square of the
frequency. If the magnitude and the frequency or the harmonic content of
the current is reduced, also the radiation will decrease. Minimizing the area
enclosed by the current flow will also decrease the radiation, and this could
easily be done by placing signal leads and their associated return leads close
together.

Common mode radiation

The common mode radiation has a large influence on the emission
performance of a product, and is harder to control than the differential mode
radiation. When the differential mode radiation is controlled by a proper
circuit layout, the control of common mode radiation demands that the
common mode currents in all cables are minimized.

Common mode radiation originates from the cables in the system. The
frequencies that are radiated differ from the differential mode signal
frequencies in the cable and are instead determined by the common mode
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potential (usually the ground voltage). The common mode radiation is
proportional to the frequency, the length of the antenna (the cable) and the
magnitude of the common mode current on the antenna. For lower
frequencies of a symmetrical square wave, the common mode emission
spectrum is flat. The spectrum is flat up to a frequency, proportional to the
rise time of the signal (1/(n-t,)), where the spectrum starts to decrease. This
implies that the common mode emissions are mostly a problem in the lower
frequency areas, which is not all true since the capacitive coupling is increased
for the higher frequency areas. If the magnitude of the common mode
current that is needed to produce a certain radiated field is compared to the
magnitude of the differential mode current needed to produce the same
radiated field (in a case where the loop area, cable length and frequency is
constant), there ratio between these two currents is large. This means that a
common mode current of a few microamperes can cause the same amount of
radiated emissions as a few milliamperes of differential mode current.

When the common mode radiation should be controlled, it is desirable to
limit both the rise time and the frequency of the circuit just as in the case
with differential mode radiation. Since the common mode radiation emanates
from the cables of the system, it is important to keep these short. This is often
not possible, but on the other hand, the emissions cease to increase for cables
longer than one quarter of a wavelength due to the presence of out of phase
currents.

The common mode current is often the only controllable parameter and is
therefore an important control parameter for the radiated emissions. The
common mode current is not required for system operation, but it is
important to ensure that although the components used for common mode
suppression not affects the functional differential mode currents. One of the
first things to be done in order to control the common mode currents is to
minimize the source voltage driving the antenna. This is usually the ground
potential, and one solution to this problem can be to use for example a
ground plane in order to reduce the voltage drop in the ground system. One
positive side effect of introducing a ground plane is that it also decreases the
differential mode radiation, due to the induced mirror current (see Chapter
6.1). Another way of controlling the common mode current is to put a large
common mode impedance (for example a common mode choke) in series
with the cable. A common mode choke is the only technique that does not
require a ground to function and also the only technique that does not affect
the differential mode current. Decoupling the cables (shunting the current to
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ground) or shielding are methods that also affects the common mode current.
The problem with these methods is that they require a “quiet” or “clean”
ground in order to work properly.

23 Investigation of radiated magnetic field

In the thesis “EMC Aspects of PWM Controlled Loads in Vehicles” [41] is a
setup with a pulse width modulated load investigated. It consists of a car
battery, two line impedance stabilization networks (LISNs), a drive circuit for
MOSEFETs, a PWM converter, and an inductive load, see Figure 2.3.

. + z% 5 A Load
Bat?ffry—[ CIj?rrclz:ft W:T
LISN as i m

Converter
Figure 2.3. The laboratory test setup

According to the standard CISPR 25 [12], [31], two LISNs are required in
setups where the equipment under test is remotely grounded, i.e. has a power
return line longer than 200 mm. Since this is the case in the test setup, one
LISN is used for the power supply line and one for the power return line.
The LISNs used in the setup are designed according to the CISPR 25
standard. This standard prescribes that the inductor in the LISN should be
5uH in order to simulate a 5m long cable between the battery and
equipment under test.

The LISNs are built as Figure 2.4 shows.



2.3. Investigation of radiated magnetic field 15

5puH
01pF ——
Power o
1ufF —— EUT
Supply H Mcasuicmcnt
1kQ Port
Figure 2.4. The circuit diagram for the LISNs used in the tests, which are

designed according to the CISPR25 standard.

A 0.5 m wide and 1.98 m long ground plane is located underneath the setup.
This plane is far from being a perfect ground, since it in a vehicle often is
spot-welded or bolted together. In order to reconstruct this grounding
situation, the plane is made of two 0.7 mm thick steel plates each 0.5 m wide
and 1 m long. These two plates are spot-welded together in their short ends
with the spots at distances of about 1.5 c¢m apart.

The car battery used in the setup is an Exide Maxxima 900 with orbital
wounded cells. It has a nominal voltage of 12V, a capacity of 50 Ah, and a
maximal starting current of 900 A.

The load in the setup is a model of a small permanent magnet DC motor. It
is designed for intermittent operation as a motor for an electrically operated
window in a car. The armature inductance of the motor is about 0.3 mH and
the current when the motor is operating at nominal load with 9 V is about
2 A. To get a realistic model of this motor when it is operating at nominal
speed and load, a 0.3 mH inductor and a resistor of 3 Q in series are used
instead of the motor.

During the tests, two 1.8 m long unshielded 2.5 mm’ cables are used between
the power electronic converter and the load.

Measurement setup

Measurements of the radiated magnetic field (H-field) are carried out in a
semi-anechoic chamber at Delta Development Technology AB in Visters,
Sweden. The investigated frequency spectrum is 9 kHz to 30 MHz.
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Figure 2.5. Setup in the semi-anechoic chamber at Delta Development

Technology AB.

The ground plane, the power electronics and the load are placed 1 m above
the floor ground plane in the chamber. Two copper braids are mounted to
the ground plane and also attached to the floor ground plane of the chamber.
The supply for the power electronics are provided by a 12 V car battery,
located in the chamber and a 24 V DC supply which is placed outside the
chamber. The car battery is placed at one end of the ground plane together
with the power electronics. On the other side of the ground plane the load is
located. The setup looks like Figure 2.5.

The antenna used in the measurements is a loop antenna from Rohde &
Schwarz (HFH2-Z2) for magnetic field measurements. The diameter of the
antenna is 50 cm and it is placed 1 meter from the ground plane, parallel to
the cables between the power electronics and the load (Figure 2.6).
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Figure 2.6 A sketch of the reference setup. The battery, the LISNs, the drive

circuit for the MOSFETSs and the power electronic (PE) converter
are located to the left. Between the load and the power electronics
there are two 1.8 m long unshielded cables routed next to each
other on the ground plane.

The power electronic converter has a switching frequency of 20 kHz and a
rise and fall time for the voltage pulses of 545 ns (rise) and 38 ns (fall).

Since no real vehicle is used in the measurements, the results presented here
should only be seen as relative measurements wherefore no exact values are of
interest. The relative measurements will give a good apprehension of which
setups that are most likely to cause any electromagnetic interference.

In the measurements, no distinction between common mode and differential
mode disturbances are made. For more information about common mode
and differential mode, see Chapter 2.2.

Measurements with a conductor for current return

In the first measurements a separate conductor is used for current return.
Although this is not a very common situation in the automotive industry,
these investigations are performed in order to see if it is possible to gain
anything from having a conductor for current return.

Reference measurement

During the measurements different conductor layouts are tested. In the
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reference setup, both the lead in and current return are routed next to each
other on the ground plane, 10 cm from the edge. The measurement receiver
is set to measure the peak values.

The measurement of the radiated magnetic emissions from the reference
setup is shown in Figure 2.7.
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Figure 2.7. Results from the measurement of the radiated magnetic field of the
reference setup.

The switching frequency and its harmonics are easily visible in the diagram.
At 150 kHz, there is a step in the measurements due to the change of
bandwidth for the instrument from 200 Hz to 9 kHz. There is also a peak at
about 24 MHz. This peak could be due to oscillations between the input
capacitance of the MOSFETs in the power electronic converter and the
inductance in the wire to the gate. The input capacitance for the IPU20N03L
MOSFET is typically 530 pF, which gives a value of the inductance as in

1

[ :2'7[.](‘0;[ :T (22a)

input
1 1

L= =
Cinput.(z'ﬂ-'fosc)z 53010_12(272'24106)2

=83nH  (2.2b)
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If the rule of thumb that a wire length of one meter corresponds to 1 pH is
employed, it implies that the length of the wire should be about 8 c¢m
according to equation 2.2. This matches the length of the actual wire needed,
since the power electronic converter is not built into the box used for the
drive circuit and the modulator card.

Both conductors 11 cm above ground plane

In one of the test setups, both conductors are raised 11 ¢cm above the ground
plane by using a long piece of cellular plastic.

The conducted emissions measurement for this setup is shown in Figure 2.8
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Figure 2.8. The results from the measurement of the radiated magnetic
emissions when the cables between the power electronic converter
and the load are placed 11 cm above the ground plane (black)
compared to the reference setup (grey).

This setup should provide a larger loop area for the common-mode current,
which is returning through the ground plane since the cables are raised. This
increase in distance between the cables and the ground plane decreases the
size of the parasitic capacitance between the ground plane and the cables,
thereby decreasing the common-mode current. As can be seen in Figure 2.8
the radiated magnetic field increases in the higher frequency range when the
cables are raised. This is due to the increase of the loop area for the antenna
formed by the common mode current in the cables and the parasitic
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capacitance to ground.

Both conductors 11 cm above ground plane, 10 cm apart

In the next setup, the conductors are still raised 11 cm above the ground
plane and are now also separated 10 cm.
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Figure 2.9. The results from the measurement of the radiated magnetic
emissions when the cables between the power electronic converter
and the load are placed 11 cm above the ground plane and
separated by 10 cm (black) and the reference setup (gray).

In the measurements of radiated emissions for this setup, the effect from the
differential mode radiation is apparent already in the low frequency range
where the magnitude of the fundamental and the first harmonics have
increased. The ground plane together with the two cables now works as a
distributed antenna, for both common mode and differential mode radiation.

Current return through the ground plane

As mentioned before it is common to use the chassis of the vehicle for current
return. In the following two setups, the conductor for current return is
removed and the ground plane is used instead.

Lead in conductor close to ground plane, return through ground plane

In the first setup where the current return goes through the ground plane, the
lead in conductor is located on the ground plane, 10 cm from the edge.
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The radiated emissions from this setup are compared to the reference setup
where the current return goes through a conductor in Figure 2.10.
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Figure 2.10. The results from the measurement of the radiated magnetic
emissions when the current return is through the ground plane
and the lead-in conductor is placed on the ground plane (black)
and the reference setup (gray).

Since the ground plane is used as current return path, it is possible for the
return current to spread out over the ground plane. This makes the setup an
efficient antenna for differential mode radiation, which can be seen in Figure
2.10. The frequency peak at 24 MHz is attenuated, and this could be due to
interference phenomenon since the peak is still present if looking at the load
voltage frequency spectrum [41].

Lead in conductor 11 cm above ground plane, return via ground plane

In the last setup, the lead in conductor is raised 11 c¢m above the ground
plane by using a piece of cellular plastic. The results from the measurements
are shown in Figure 2.11.
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Figure 2.11. The results from the measurement of the radiated magnetic

emissions when the current return is through the ground plane
and the lead-in conductor is placed 11 cm above the ground plane
(black) and reference setup (gray).

Raising the lead-in cable above the ground plane when the ground plane is
used as a current return path creates a loop antenna with a large area. This
antenna radiates mainly differential mode disturbances, see Figure 2.11.

As can be seen in the measurements above, the layout where the ground plane
is used as a current return is the worst case when it comes to radiated
emissions. It is also obvious what a great impact the conductor layout has on
the electromagnetic environment within the vehicle. The results from these
measurements in the licentiate thesis work have served as a ground for the

ideas behind this thesis.

2.4 Vehicle investigation

During the work of this thesis, some measurements on a vehicle are
performed. The vehicle used in the measurements is a 4x2 tractor of type
FH12 from Volvo. 4x2 means that it has four wheels (or actually six, but the
wheels at the rear are twin tires) of which two are driven. A tractor is used for
towing semitrailers and does not have any cargo space. The length of the
vehicle is 5.8 m and the width is 2.3 m. The test vehicle is equipped with air
suspension.
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Figure 2.12. 4x2 tractor from Volvo Trucks [76].

Grounding

Conductors referred to as ground often perform more than one task in an
electrical system [38]. Sometimes the systems are intentionally constructed
that way, or it is an unintentional effect. In a vehicle, the term ground is even
more diverse.

Although the trend within the automotive industry is towards composite or
plastic body panels in the vehicles, the majority of the vehicle bodies still have
a large content of metal. Since the body sheet metal is present almost
everywhere where there are any electrical loads in the vehicle, it is convenient
to use this for current return, potential reference, shielding, and noise
reduction [38].

The large surface area and shape of the body sheet metal provide a large self-
partial capacitance. It is found that these attributes of the body sheet metal
will make it an effective sink for high-frequency noise currents. Although it
seems convenient to use the body sheet metal for noise suppression, it will
most likely also introduce noise. The currents must pass through body panel
joint which might cause common impedance couplings and if the body sheet
metal is used indiscriminate as a current return path, it will finally create a
significant source of radiated emissions.

The body sheet metal also works as the primary conductor through which the
vehicle is shielded against lightning and human generated electrostatic
discharges. A reliable electrical integrity of this shield is however not ensured
by common methods of vehicle body construction, since they employ spot
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welding (cars) or bolting together parts with nonconductive paint (trucks). In
an ideally constructed body sheet metal, the sheet metal panels are bonded
and the hood and doors are connected with auxiliary ground straps.

Also the investigated Volvo FH12 uses the chassis as a current return path for
power lines. When measuring the galvanic contact between different points
on the FH12, it turns out that the cab is connected to the frame members,
the internal combustion engine, the gear box and the front axle. Between the
gear box and the drive shaft there is a rubber bushing that disconnects the
rear driving axle electrically from the rest of the vehicle. The rear axle is
attached to the frame via rubber bushings as well, which keeps it electrically
isolated from the rest of the vehicle. These rubber bushings keep the rear
wheel galvanically isolated from the rest of the vehicle as well.

In some vehicles the rear axle is electrically connected to the rest of the
vehicle, in order to avoid induced currents when it passes under overhead
power lines.

The fuel tank of the tractor is also electrically separated from the rest of the
vehicle in order to prevent electro static discharges when the vehicle is

refuelled.

When it comes to lower current and/or digital signals, all ECUs have
common grounding points inside the cab or in the battery box. All sensors are
grounded in the ECU to which they are attached [8].

In some trucks, only one of the side rails is used as ground. This is due to
packaging reasons, when the air hoses are separated from the electrical wiring.

The fact that the chassis is used as current return is investigated further in
section 2.3 of this chapter.

Impedance between vehicle and earth

Although a vehicle is not mounted to the earth on which it stands, there is
still an electrostatic and a highly resistive connection between the vehicle and
carth [4], [66]. The electrostatic connection is constituted by a parasitic
capacitance in parallel with a resistance. The impedance between the vehicle
and earth can be of great importance when the vehicle for example is refueled
(this will be even more important in the future with the new fuels) or located
in the vicinity of an over head transmission line. In both cases mentioned, the
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problem of electrostatic discharges (ESD) is the main concern, although this
impedance is of importance if a full vehicle circuit model is to be built.

In the case when the vehicle is refueled, the impedance between vehicle and
earth will be smaller than the impedance between the person and earth and
therefore provide a ground connection for the charges that might be
accumulated on a person. This means that when a person with accumulated
charges on the skin comes near the vehicle, a discharge will occur from the
person through the vehicle to ground. The spark that will arise during the
discharge might in worst case ignite vaporized fuel and cause a fire. In the
case where the vehicle is parked nearby over head transmission lines, charges
might accumulate on the vehicle due to the high electric field strength
between the transmission lines and the vehicle (this is mainly a concern for
trucks and buses since their roofs are situated closer to the transmission lines
than the roof of a passenger car). Although the impedance for a person to
earth normally is higher than the impedance between the vehicle and earth,
these charges might discharge through the person as well depending on the
circumstances.

In this work, attempts have been made to measure the capacitance between
the reference vehicle and earth. Since a heavy duty vehicle is a complex
structure, it is difficult to estimate the value of this capacitance. The vehicle
has a width of about 2.3 m and a length of 5.8 m when no trailer is attached.
The belly clearance of the vehicle is about 30 c¢m at the lowest parts. If the
wheels of the vehicle are neglected and the vehicle is approximated to be a
plate capacitor, the capacitance will be given as

_ & A _£°23-58
d 0.3

C

~0.4 nF (2.3)

Where A is the area of the vehicle in square meters and d is the belly clearance
in meters.

Measurements of the total capacitance

In order to measure the capacitance, a conducting ground plane is used under
the tractor. This ground plane represents a situation when the tractor is
driven on wet asphalt. The ground plane is made up from three lengths of
galvanized chicken net, which are lashed and soldered together to form an
18 m’ big plane. The plane is placed on a dry lawn and the tractor is placed
on the plane. In order to get a galvanic contact to earth, a small area of the
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lawn is watered with salt water and a brass bar is run down into the earth.
The brass bar is connected to the net (Figure 2.13).

Figure 2.13. The chicken net and the brass bar are electrically connected, and
the conductor that can be seen comes from the measurement
equipment.

The measurements of the capacitance are performed by using an LCR-meter
of type Agilent 4284A. The used cables are 1 m long, and the instrument is
calibrated for the cables. The instrument is connected to the frame of the
vehicle at a point on the left frame rail, behind the battery box (Figure 2.14).

In order to get a galvanic contact with the vehicle, the coating around a hole
in the frame rail is removed. A fork connector is placed between a screw and
the frame and crimped on to a conductor (Figure 2.14).
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Measurement
point

Figure 2.14. Measurement point for the capacitance between the vehicle and
earth (left), and the measurement point on the frame rail in detail

(right).

The capacitance is measured at 500 kHz and 1 MHz, with and without the
ground plane connected to the brass bar. The results are shown in Table 2.1.

Table 2.1. Results from capacitance measurements.
Frequency | Capacitance (nF), | Capacitance (nF) brass
brass bar attached | bar unattached

500 kHz 4.2 4.1

1 MHz 4.4 4.3

The results in Table 2.1 shows that the brass bar only has a minor influence
on the results and that the capacitance between the tractor and earth has a
value of around 4 nF. These measurements are to be taken as approximate
since it is very difficult to measure this capacitance. Also the situation with a
conductive surface under the vehicle is an approximation. Normally, the
conductance of the surface under the vehicle will vary depending on the
material, where for example dry asphalt has the lowest conductivity compared
to concrete and soil [4].

Capacitance for each wheel

Different metal structures in the tractor are located at different heights above
the ground plane, which makes it hard to predict the average distance
between the vehicle and earth for an approximation of the capacitance. The
value of a capacitor is determined by the area of the plates and the distance
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between the two plates, and therefore, the capacitive contribution from the
tires is investigated.

Impact of the tire construction

A tire for a truck is mainly built up by rubber and metal, as can be seen in
Figure 2.15.
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Figure 2.15. Tyre construction [60]

There are different types of rubbers in truck tyres depending on the wanted
characteristics of the tyre. The types of rubber depends both on the wanted
electrical characteristics of the tyre as well as the physical (handling and wear)
features. A couple of years ago, the passenger cars changed the rubber mixture
in the tyres from carbon black to silica. By doing this, they managed to
decrease the rolling resistance with about 30%, but at the same time, the tyre
stopped being conductive. There where some incidents with electrostatic
discharges in the car factories before they started to ground the vehicles
during the manufacturing. When it comes to tyres for trucks, the amount of
silica in the tread is not as high since the trucks carries a heavier load and the
owners want them to wear slowly [80]. When the truck tires are designed, the
aim is to have a resistance between the tyre and ground of maximum 10 MQ.
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When looking at a cross-section of the truck tyre (Figure 2.16) it is possible
to see that the tyre contains metal parts in the bead core, the belt and also the
sidewalls.

Bead

core

Figure 2.16. Cross-section of a small part of a tyre.

The thick metal threads in the bead are not in any electrical contact with the
rest of the thin metal threads in the tyre. These thin threads are also not in
contact with each other in order to prevent wear. Since the threads do not
have any galvanic contact, small capacitances will be present between them.
The threads as well as the bead cores will have a capacitive connection to the
rim. Since the threads are the metal parts of the truck that are closest to earth,
they will have a large impact on the total capacitance between the vehicle and
earth.

Measurement of the wheel capacitance

A truck wheel with the dimensions 225 65 R22.5 was placed on a ground
plane in order to measure the capacitance (Figure 2.17). Both the ground
plane and the rim of the wheel were connected to a LCR meter of type

HP 4191A.
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Figure 2.17. Measurement setup for determining the capacitance between one
wheel and ground.

At 1 MHz, the capacitance between the wheel and ground plane is measured
to be about 400 pF. Since there are six wheels (two on the front axle and four
on the rear), the total capacitance between the wheels and ground will be
about 2.4 nF. This implies that the capacitance between the wheels and earth
constitutes almost 60% of the total capacitance between the vehicle and
earth, which is reasonable due to the small distance between the belts in the
tire and earth.

These values for the capacitances are highly dependent on the type of ground
on which the tractor stands and also the types and ages of the tires. The
capacitance values are also depending on the load on the truck since a heavy
load will decrease the clearance between the vehicle and earth and also deform
the tires.
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Crosstalk

As described in Chapter 2.1, disturbances in an automotive circuit are often
coupled into the system via the conductors in the harnesses. This coupling
effect is called crosstalk and will be described in this chapter.

3.1 Transmission lines

A transmission line is the medium on which energy is transmitted. In this
thesis, a transmission line is typically a conductor in a vehicle transmitting
energy and/or signals. Transmission lines and electromagnetic compatibility
has been studied for more than half a century [50] from different point of
views. In the 1950s and 60s, the main focus was on power transmission lines
and how these could generate electromagnetic interferences in the frequency
domain. In the 1970s, nuclear electromagnetic pulses was the great concern,
and in the 1980s and forward, the high frequency content of the digital
signals has been of main interest.

The transmission line model employed in this thesis contains two conductors
and looks like Figure 3.1.
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Figure 3.1. Circuit model for two conductors and their parasitic components.

where L, and L, are the self inductances of the lines, and M is the mutual

31
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inductance between the lines. The self-partial capacitances are C, and C,, and
C,, is the mutual capacitance. All terms are depending on the surrounding
environment and the distances between the conductors. The capacitance is
also depending on the insulator material of the conductors. The resistance of
the conductor, R, is depending on the conductor material, the frequency, and
the cross-sectional area of the conductor. G is the conductance of the
conductor, which is the term describing the conduction current flowing
between two conductors due to the conductivity and permittivity of the
surrounding media of the line [72]. This term is often very small (=0) for
insulated conductors.

In a model of a transmission line, the mutual inductance term, M, is modeled
by using the coupling coefficient, k, which defines how much of the magnetic
flux that is shared between the wires in a transmission line model. The
coupling coefficient is defined as

M

kK= ——
Lt .

In the case where the transmission lines consist of two lossless transmission
lines in a homogeneous medium, there is a relation between the per unit
length inductance and capacitance as

L'C'=py-e= lz (3.2)
14

where P is the magnetic permeability surrounding the conductors, € is the
material permittivity, and v is the resulting velocity of the wave propagation.
It is however important to remember that this relation is only valid under the
circumstances described above, i.e. it will not work for most real transmission
lines.

Lumped and distributed parameters

Transmission line models could either be lumped or distributed. A lumped
model is suitable for an “electrical short” circuit where the length of the line is
much shorter than the wavelength and the propagation velocity does not
effect the behaviour of the circuit. If the frequency is high and the
propagation effects are not negligible, the parameters must be distributed
along the line instead of lumped together at discrete points. In this thesis, the
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investigated frequency spectrum contains only so low frequencies that a
lumped transmission line model is utilized. This implies that only one
resistance, one capacitance and one inductance for a whole line segment is
calculated and used in the circuit theory to describe the line.

General transmission line equations

A general transmission line model looks like Figure 3.2

i(z, t i(ztAz, t
iz — (z+Az, 1)
R-Az L-Az
V(Za t) G-Az V(Z+AZ9 t)
l C-Az l
o Az >
Figure 3.2. Circuit model for a two-conductor transmission line, where R is

the resistance, L the inductance, G the conductance and C the
capacitance. All parameter values are per-unit-length.

Applying Kirchoff’s voltage and current laws to the circuit in Figure 3.2, will
yield the following expression

u(z,t):rAz~i(x+Az,t)+lAzM+u(z+Az,t) (3.32)
t
i(z,t):gAz-u(z,t)+ CAZ@-FZ'(Z-FAZ,I) (3.3b)
t
Rearranging the equations will give
wlz,t)—ulz + Azt . Oilz+ Azt
( ) Z(zz e ):r~z(x+Az,t)+l% (3.4a)
i(z,t)—i(z+Az,t) 6u(z,t)
Az =g~u(z,t)+67 (34b)

Letting Az—0 will yield two differential equations as
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These equations are often referred to as the general transmission line
equations or the telegrapher’s equation.

3.2 Crosstalk

Automotive harnesses are used to transmit a wide variety of signals as for
example low level control signals, high current signals for electrical motors,
and high frequent signals for multimedia applications. All conductors are
collected to thick bundles that are routed through the vehicle. A potential
problem with these harnesses is the presence of crosstalk [68].

Crosstalk is a phenomenon where a signal present on one conductor will
create an undesired signal on another conductor. This unwanted signal may
decrease the performance of the system by for example

- Increase the noise levels
- Create unplanned spikes
- Create jitter on data edges

Crosstalk should always be a prime suspect in an EMI investigation, or a
candidate for investigation in a prediction, if high transient currents or fast
rise-time voltages are present on conductors in close proximity to signal
carrying conductors [79].

There are mainly three sources for crosstalk, and those are; capacitive
coupling, inductive coupling, and common impedance coupling. These three
coupling paths do not exist by themselves, so the system is often described by
a combination.

Common impedance coupling occurs when currents from two different
circuits flow through a common impedance [48], [54]. In automotive
applications, this is a common problem since the chassis is often used as
ground return. Since the chassis is not a solid metal part, but is built up from
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many smaller parts that are spot welded or bolted together, the return path
for the current in the automotive applications will contain significant
impedances. The return current of different loads goes through the same
ground impedances and hence will the ground potential of each load be
modulated by the currents from the surrounding loads. The currents from the
nearby circuits will therefore have an impact on a load. In order to manage
these effects, it is important to decrease the magnitude of the common line
impedance. This can be done by either attaching a separate conductor for
current return or by ensuring that the different metal parts in a vehicle have
good electrical contact by for example using additional ground straps.

Although common impedance coupling could cause EMC problems, this
thesis will concentrate on the capacitive and inductive coupling of crosstalk.
Both of these types of crosstalk are highly influenced by the conductor layout
and will be described in more detail here below.

33 Capacitive coupling
Capacitive coupling, also known as electric coupling, is a result from the
interaction of electric fields between circuits. If two conductors are placed

close to each other, there will be a stray capacitance between them.

Figure 3.3 shows an example of this phenomenon and an equivalent circuit
diagram.

Conductors

T
171

Figure 3.3. Capacitive coupling between two conductors.
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Capacitance C, in Figure 3.3 is the stray capacitance between the two
conductors. Capacitor C . and C,, are the total capacitance between each
conductor and ground. The resistance, R, is the resistance of conductor 2 and
ground, and is the result of the circuitry connected to this conductor. In the
figure the voltage V, is the source of interference, and circuit 2 the receptor.
The noise voltage, V,,, picked up by conductor 2 can be expressed as

Vi = Vi (3.6)

In most practical cases the resistance R represents a much lower impedance
than the impedance for the stray capacitance C +C,.. Equation 3.6 could
therefore be reduced to the following

Vi = joRC,V, = j27RC,V; (3.7)

These equations show clearly how the noise voltage on conductor 2 depends
on the various parameters. It can be seen in equation 3.7 that the noise
voltage is directly proportional to the frequency of the noise source, the
resistance R of the affected circuit to ground, the stray capacitance between
the circuits and the magnitude of the source voltage. In many cases it is not
possible to change the voltage or the frequency of the noise source, which
leaves only two parameters to reduce the capacitive coupling. In order to
decrease the resistance, R, it is necessary for the receiving circuit to work at a
lower resistance level. It is in many cases easier to decrease the value of the
stray capacitance since this is affected by the orientation of the conductors
and shielding. If the conductors are moved farther apart, the stray capacitance
will decrease. The other way to affect the stray capacitance is to use electric
field shielding of the conductor. When the conductor is shielded, the length
of the conductor that extends beyond the shield determines the stray
capacitance, and it is therefore important to keep this length short. Also a
good ground connection of the shield is necessary in order to provide a good

electric field shield.

3.4 Inductive coupling

Inductive coupling, also known as magnetic coupling, is a result from the
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interaction between the magnetic fields of two circuits. A magnetic flux is
created when a current flows in a closed circuit. The flux is given by the
current in the circuit times the inductance of the circuit. The value of the
inductance is depending on the geometry of the circuit and the magnetic
properties of the medium that contains the field. A current flow in one circuit
may produce a magnetic field in another circuit, and the connection between
these two circuits is called the mutual inductance, M.

Due to a magnetic field with the flux density B, the noise voltage, V,,

induced in a loop of area A can be derived from Faraday’s law as in
equation 3.8

Vy =——|B-dA (3.8)

where B and A are vectors. For a stationary closed loop with a sinusoidally
varying flux density that is constant over the loop area the expression for the
noise voltage reduces to

Vy = joBAcosO 3.9

where 6 is the angle between the area and the magnetic flux density. Since
BAcosO represents the total flux coupled to the receptor circuit, this means
that equation 3.9 can be rewritten as

diy

Vy = joMI, = (3.10)

where I is the current in the source circuit and M the mutual inductance
between the receptor and the source circuit. Corresponding physical
representation and equivalent circuit for the magnetic coupling between two
circuits are shown in Figure 3.4.
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Figure 3.4. Inductive coupling between two conductors.

As can be seen in equation 3.9 and equation 3.10 the coupling between the
two circuits is directly proportional to the frequency via ® =2nf. The three
parameters which are left for reduction of the noise are the magnetic flux
density, B, the loop area, A, and the angle between A and B. The magnetic
flux density can be reduced by physically separating the circuits or by twisting
the source wires. Twisting the wires causes a cancellation of the magnetic
fields from the wires, but can also be used to decrease the area of the receiver
circuit. If the return current of the receiving circuit instead is led through a
ground plane, placing the conductor close to the ground plane can decrease
the area. A proper orientation of the source and receiver circuits reduces the

cosO term.

A nonmagnetic shield placed around a conductor and grounded at one end
has no effect on the magnetically induced voltage in that conductor since the
shield does not have any effect on the geometry or magnetic properties
between the two circuits. A conductor with a nonmagnetic shield which is
grounded in both ends will have a current on the shield. This shield current
will decrease the H-field from the conductor.

3.5 Circuit model

Since both capacitive and inductive crosstalk are present in most circuits, a
circuit model of two parallel conductors will look like Figure 3.5.
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Figure 3.5. Electric field (capacitive) and magnetic field (inductive) crosstalk.

Although the mutual capacitance in Figure 3.5 is represented by only one
capacitance, this is not really true. The mutual capacitance exists along both
conductors and the current created in the receptor circuit by the mutual
capacitance will flow in both directions with the same sign, as seen in
Figure 3.5. The amplitude of the capacitively coupled voltage is defined by
the value of the mutual capacitance. The mutual inductance of the circuit is
to be seen as a transformer where the source conductor is the primary of the
transformer and the receptor conductor is the secondary. The current
induced by the mutual inductance will also flow in both directions but with
opposite signs in the receptor circuit due to the induced magnetic field. This
implies that the capacitive and inductively induced currents in the far end
(the end that does not contain any generator) of the receptor circuit might
cancel each other for a well designed circuit [28].

Building a circuit model for the transmission lines in order to investigate the
crosstalk is an efficient way to examine the setup [68][51][66]. When the
values for the self and mutual inductances and capacitances are determined,
the model can be built according to Figure 3.1.

The model is easy to implement in circuit simulation software like SPICE,
where the behaviour can be investigated. There are many advantages with a

circuit model, like for example

- It is straight forward for also inexperienced persons to simulate and
analyze the behaviour of the circuit

- A SPICE model does not require any expensive softwares to be
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analyzed, there are for example free softwares on the Internet that can
be utilized for these investigations [40]

It is possible to investigate the circuit in both time and frequency
domain

Additional losses in the system such as pigtails on shielded
conductors or resistance in connector pins are also easily
incorporated in the model

When investigating the model it could be of interest to look at the different
noise voltages and frequency response. The model could also provide useful
information about resonance frequencies.

3.6

Dominant coupling

In most circuits, it is either the inductive coupling or the capacitive coupling
between the two conductors that dominates over the other [59]. As can be
seen in Figure 3.6, the dominant effect is often so much larger than the other
one, that this is the most important to take care of in order to reduce
crosstalk. It is therefore necessary to know which effect that is dominating.

Terminal voltage

at the victim

Terminal voltage
at the victim

Frequency Frequency

Figure 3.6. lustration of the separation of crosstalk into inductive and

capacitive components of which one is dominant [59].

A way to find out if the crosstalk is mainly capacitively or inductively coupled
is to determine the characteristic impedance, Z, of the transmission lines.

This is defined as [15][48][57]

0>
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where L is the self inductance and C the self-partial capacitance for each
circuit.

If the characteristic impedance is less than the termination impedance of the
circuit, the crosstalk is mainly capacitively coupled. And if the termination
impedance is less than the characteristic impedance, the inductive coupling
will dominate the capacitive. In other words, if the circuit contains low
impedance loads, the inductive coupling must be reduced, as seen in
Figure 3.6. The same holds for capacitive coupling in the case of high
impedance loads.

3.7 Weak coupling

Crosstalk is an unwanted effect where two transmission lines in the vicinity of
each other couple unwanted signals from one line to the other. This
connection between the two lines can be more or less strong. In order to
simplify calculations, it is beneficial if the coupling between two conductors is
to be considered as weak [53][72], since it is then only the mutual inductance
and capacitance that effects the crosstalk. When a disturbance is transmitted
from one conductor to the other, it will create a signal in the receptor circuit.
If the coupling is weak, this signal will not be transmitted back to the
generator circuit. That is, the back interaction is negligible.

It is possible to determine if the circuits have a weak coupling by looking at
the coupling coefficient

k= —— (3.12)

If the coupling coefficient in equation 3.12 is reasonably small so that

1-£% =1 (3.13)

the coupling can be assumed to be weak.
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Knee frequency

When a system should be designed to avoid crosstalk, it is important to
analyse what frequencies that are present in the system. For systems with high
frequencies using a lumped circuit model will not be enough since time
delays for the signals are present in such a system. A high frequency system
must be modelled by a number of cascaded models instead of one lumped
model. By calculating the knee frequency for the system, it is possible to
determine which frequencies that will have an effect on the crosstalk [48].
The knee frequency is given by

f/enee = (3 14)

0s
Lyise
Frequencies below the knee frequency are the frequencies that have high

enough power to affect the operation of the circuit. The other frequencies are
attenuated to such an extent that they will not influence the circuit.
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EMC prediction and precautions

There are different ways to deal with electromagnetic interferences and
electromagnetic compatibility. One is to take care of problems when they
arrive. This is the most expensive solution since it is often done late in the
development phase of a product and hence not many things can be altered
which implies that components, like filters, must be added. Another way that
is gaining in popularity is to predict the emissions and disturbances by
employing electromagnetic simulations. There are numerous ways to simulate
an electromagnetic system, that all have their pros and cons. Some of the
methods used will be briefly described in this chapter.

Although a product fulfills the legal demands regarding emission and
immunity, it might not work in the real world and can cause functional safety
failures. It is therefore a good idea to include electromagnetic compatibility in
the safety life cycle of a product.

4.1 EMC modeling

For many years, electromagnetic compatibility has all been about practical
rule of thumb protection, and no modeling or mathematical estimations were
performed. It was primarily the development of electronics for military
applications that drove the development of EMC modeling activities. Since it
is such a young discipline, it is still growing due to the increasing demand for
software programs for design and development of electrical devices [72].

The performance of the electromagnetic modeling tools is constantly
increasing due to the growth in computer capacity and improvements of the

algorithms.

When employing an electromagnetic simulation tool for analyzing the

43
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electromagnetic interference aspects of a system, it is important to choose the
right method for the problem. This is one of the largest concerns with
electromagnetic modeling: no single modeling technique will be the most
effective and accurate for every possible problem. Which the best method to
use for a given problem is depends on the type of the solution region, initial
conditions (for the time variable), and boundary conditions (for the space

variable) [36].

All of the different numerical techniques have their certain types of problems
where they are well suited and optimal. But on the other hand, it is possible
to force in most problems into any technique. Only because it is possible to
force the problem into the technique, does not say that it is appropriate.
Utilization of the wrong technique will lead to extra work to create the model
and the result will most likely take longer time to compute and be less
accurate than if a better suited method was chosen. One example of what can
happen if the wrong simulation method is employed will be shown in

Chapter 4.3.

4.2 Electromagnetic simulation methods

Computational electromagnetics employs various numerical techniques. As
mentioned above, the algorithms are constantly being developed wherefore
new and hybrid techniques will arise. One of the first techniques that were
developed was the Method of Moments that were described by Roger
Harrington in 1968 [26]. After that the Finite Element Method and the
Finite Different Time Domain followed [25]. In general, the available
techniques can be divided into two categories, namely Differential Equation
model (DE) and Integral Equation models (IE). The two classes of
computation techniques can be utilized in both time and frequency domain
[36]. To solve the problem, the differential equation methods uses Maxwell’s
curl equations or their integral counterparts whereas the integral equation
methods uses Green’s function for infinite medium or special boundaries

(43].

In this section, some of the most common techniques and their pros and cons

will be shortly described.

Method of Moments (MoM)

The method of moments, MoM, is an integral equation method based on the
Green’s functions. MoM solves these integrals by reducing them to a system
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of linear equations. A metal object will be made up of small segments on
which the current distribution is of interest. All segments will be represented
in the matrix formulation and the current distribution will be found by
inverting the matrix. The current distributions will be used for calculations of
the impedances and near and far field [36].

MoM is a very good method for analyzing unbounded radiation problems
and is suited for modeling electrically long resonant wires or other threadlike
objects. It is therefore widely used in antenna and electromagnetic scattering
analysis. It is also good for analysis of small metal objects.

MoM is not very well good at analyzing complex inhomogenous geometries
or dielectric materials. As the number of segments increase in a model, the
memory and computation time requirements will drastically increase since
the matrix built up by the method is very large and dense.

Boundary Element Method (BEM)

The boundary element method, BEM, is a type of MoM where the technique
is applied to solve surface equations. The difference from MoM is that its
basis and weighting functions are only defined on a boundary surface. The
dense matrix and the other pros and cons are the same as for the MoM.

Finite Element Method (FEM)

The Finite Element Method, FEM, is a widely used method within many
different disciplines in science. One of the main reasons for the techniques
popularity is its ability to deal with complex geometries, since FEM uses
unstructured grids for meshing a geometry [7].

FEM requires that the entire volume of the configuration is meshed opposed
to surface integral techniques where only the surfaces have to be meshed.
Each element in the FEM mesh may have completely different material
properties from the surrounding elements [36].

The FEM starts an analysis by subdividing the solution domain into finite
elements. After that, field equations in and on each surface of each element in
terms of unknown coefficients are obtained. When the equations are
acquired, all elements are assembled into a matrix of equations. Finally the
system of equations is solved.

The matrix created by the FEM is a sparse matrix and material boundaries are
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handled efficiently. It is a good technique for modeling complex
inhomogenous structures, and it provides a possibility to define the field
properties of each mesh element. FEM is useful for accurately calculating
scattered or radiated fields from complex 3D objects in which the geometry
varies on the scale of a fraction of a wavelength. It is also suitable for
parameter studies.

However, FEM is not well suited for modeling thin electrically long or
resonant wires. It cannot model unbounded radiation problems as effectively
as MoM since it requires that the entire volume shall be meshed. It is actually
not very well suited for solving most electromagnetic interference problems.

Finite Different Time Domain (FDTD)

The Finite Different Time Domain method, FDTD, is one of the most
popular time domain methods. It was originally proposed by Kane Yee in
1966, and has gained in popularity since it is simple to program, highly
efficient and easily adapted to various applications [7].

The method is based on the discretization of Maxwell’s two curl equations
directly in time and spatial domains. It will divide the region of interest into
rectangular boxes, with a size defined by the smallest detail of the
configuration. Each box edge is an electric field location and the material for
each edge can be specified independently of other edges [36].

The FDTD method works by taking time steps. The input to the technique
are time-sampled analogue signals. At each time step, the magnetic and
electric fields are calculated alternately. By doing so, the fields are propagated
throughout the mesh.

FDTD is well suited for transient analysis and is good at modeling complex
inhomogeneous geometries. It is also good at modeling electrically short
conductors and thin metal surfaces.

The method is not well suited for modeling thin, electrically long wires or
unbounded geometries. It is also not good for investigating the properties of
large objects with regions that contains small complex geometries since these
cases will require a large dense grid.

Partial Element Equivalent Circuit (PEEC)
The Partial Element Equivalent Circuit, PEEC, is a method that can use
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either time or frequency domain and was first described in [64]. The essence
of the method is to interpret all elements of a full matrix in the MoM as
corresponding circuit elements [81].

The development of a PEEC model starts by discretizing the structure by
placing the initial nodes [20][65]. The current and charge densities are then
taken to have the same value over each cell in the mesh. This is described
mathematically by defining pulse-basis functions for the conductors and
dielectric materials. Finally, a mixed potential integral equation will be
interpreted as Kirchoff’s voltage law over each PEEC cell. The resulting terms
can be described by a circuit model.

The PEEC method is well suited for investigations of printed circuit boards
and the investigation of transmission lines. One of its greatest advantages is
that it will produce a circuit model that can be investigated in both time and
frequency domain. It does not take the air around the object into account
and requires only a small amount of memory when used.

Although the integral equation approach of PEEC is often faster than a
differential equation approach, it leads to fewer degrees of freedom. It is not
well suited for applications where the current inside a conductor has to be
resolved in detail or if there are large dielectric regions, since the degrees of
freedom will increase and make the method unnecessary slow.

Hybrid methods

Since no electromagnetic modeling technique is a universal solution to all
problems, a number of hybrid methods have arised. Most hybrid methods
combine two techniques into one code that will be able to model problems
that one technique alone would not be able to. Each technique is then
applied to the region of the problem where it is best suited.

Usually surface integrals methods such as MoM or BEM will be combined
with a finite method such as FEM or FDTD [36]. Combining FEM with
MoM will for example give a method capable of modeling radiation
conditions. Although both FEM and FDTD are finite methods, a
combination of them will provide a method suitable when small details are
present in a problem where the wave propagation shall be investigated.
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4.3 EMC simulations in the automotive industry

One of the major challenges when it comes to EMC simulations in vehicle
applications is to be able to deal with very different relevant geometric scales
[10]. In Figure 4.1, a model of a quarter of a tractor is shown. It is the rear
axle with the frame rail in which a conductor is placed. Efforts where done to
try to simulate this model with a Finite Element Method solver. It was not
possible to mesh or analyze the model until the cross-sectional area of the
conductor was enlarged ten times and the current carrying part in the
conductor was approximated by a square.
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Figure 4.1. Magnetostatic FEM model of the rear axle of a heavy duty vehicle.

A current carrying conductor is located in the frame rail.

This is one example of how inadequate the simulation results might be if an
inappropriate simulation tool is used.

Numerical predictions of EMC in vehicles are often divided into two separate
parts; device level and vehicle level simulations [14]. At the device level, the
simulations calculate the total or equivalent interference currents produced by
one of the electronic devices in the vehicle, and at the vehicle level, the
simulations handles the interference currents transmission to the vehicle body
and surrounding devices via crosstalk on the harness. When the investigations
are divided like this it is possible to overcome some of the difficulties
regarding the different sizes of the objects since it might be a good enough
solution to overlook some of the smaller parts at vehicle level simulation.

The model building for EMC simulations in the automotive industry may
not take more than a couple of minutes. Since a vehicle body is a rather



4.3. EMC simulations in the automotive industry 49

complex structure, it is important to maximize the synergy effects between
different CAD/CAE groups [21]. Most electromagnetic simulation softwares
start the analysis of a model by building up a mesh. Meshes are also used for
mechanical analysis of for example the vehicle body, and the idea is that this
mesh could serve as a base for electromagnetic simulations. The mechanical
analyses are often carried out in some kind of FEM analysis tool and since
FEM contains sparse equation systems, the calculation models of a vehicle
can contain as much as 400’000 mesh elements. As seen above, FEM is not
the best choice for electromagnetic simulations on vehicle level, where MoM
or a hybrid version of MoM is more suitable. Since MoM contains a much
more dense equation system, the number of unknowns has to be smaller, and
in the order of 10°000-50’000 triangular elements. Reducing the number of
triangular elements without loosing any important information can be rather
time consuming. There are available software programs, as for example EMC
studios [10][21], that could be employed in order to facilitate this. When the
number of triangular elements is decreased, the model is still not ready for
electromagnetic simulations, and the next step is to remove all redundant
surfaces and make sure that parts that for example are welded together are
represented by a solid piece. When this is done, the model is ready to use for
EMC simulations. It could be good to generate a number of models for
different frequency areas. Low frequency models, for example, require fewer
triangular elements (with larger size), and are therefore faster to use than a

high frequency model.

When the model of the vehicle is created, it is important to remember that
the accuracy of the simulation results does not only depend on the model of
the vehicle body, but also the model of the cable harnesses, and the models
for ICs and electronics at equipment level [46][18]. To model these
accurately is not a problem that is specific for the automotive industry, but
something that most industries are working with. It is therefore easier to find
an available commercial software programs. In the project COSIME [18], the
responsibility for developing satisfactory models of the integrated circuits was
taken by the manufacturers of the circuits.

There are three problems of major interest in automotive EMC that often are
simulated, and that is

- Crosstalk that is simulated by using a transmission line model and a
network simulator
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- Emissions from the harnesses to the surrounding environment
including antennas that are investigated by using transmission line
models, a network simulator and a field solver in that order

- Immunity of the equipment that is simulated by using the same tools
as in the emission case, but in the opposite direction, that is, first a
field solver, then a transmission line solver and finally a network
simulator

4.4 Crosstalk prediction

A straight forward and efficient analysis of crosstalk in a circuit is to make a
circuit model with the conductors of interest. This can be done when the
parameters (self and mutual inductances and capacitances) of the conductors
are determined.

The parameters can be determined by using electromagnetic modeling as
mentioned above. Suitable techniques are for example the MoM or the PEEC
method where the latter is actually solved in the circuit domain [69]. When
the parameters are determined, a circuit model is built in a circuit simulator
software as for example SPICE or Saber.

Some benefits of performing the crosstalk investigation in a circuit model is
that it is intuitive for most electrical engineers and that it is possible to
investigate the circuit in both time and frequency domain, as mentioned in

Chapter 3.5.

4.5 Safety Analysis

Up until here, this thesis has focused on common EMC problems in the
automotive industry and how to predict these in order to handle them. All of
this work is essential and the predictions are a good way to decrease both the
time to market and the development costs. But even though a vehicle is very
thoroughly simulated and investigated before going into production, there are
still no guarantees that the vehicle will work properly when out on the road.

Since a vehicle is inherently mobile, it is impossible to fully predict the
disturbances to which it might be exposed. Although the importance of
keeping the vehicle in a safe state when an electromagnetic interference
occurs, many of the vehicle manufacturers do not give the highest priority to
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mandatory requirements, but instead product reliability and quality, which
then becomes the driving force behind safety issues of the vehicle [34]. Some
of the reasons behind this prioritising are mentioned in the following list:

- Around 45 000 deaths are caused on EU roads each year and not one
of these has ever been claimed to be descended from an EMC
problem. Most accidents are caused by driver arrogance,
incompetence and error.

- Currently, the most likely cause of an accident when using a car
telephone while driving is lack of concentration and not EMC, but
the scenario may change as the vehicle complexity increases.

- On-board radio reception quality is often the driving force behind
emissions reduction.

In the next few years, the importance of the electromagnetic environment
within a vehicle will increase since fully electronically controlled and powered
braking, steering and anti-collision systems are likely to be introduced. These
new electronic safety systems will provide enhanced primary and secondary
safety (safety systems that are active before and during/after an accident) to
the passengers, but at the same time introduce safety critical electronic
systems. Many of these future systems are often more or less depending on
each other. It has turned out that safety of the systems is one of the key issues
of future automobile development, which implies the importance for the
vehicle manufacturer to be able to prove that the systems are safe in a way
that they neither will put the driver nor the vehicle in any dangerous states
due to implementation or operational errors.

It is important to try to take into account all possible and foreseeable use and
misuse cases when testing a product since all electronic technologies are
inherently prone to suffering from inaccuracy, malfunction or even
permanent damaging when exposed to electromagnetic disturbances. The
safety directives from the European Union regarding CE marking are “total
safety” directives, which means that they cover all functional safety problems
caused by electromagnetic interference but they do not say how this should
be accomplished [4]. The EMC directive and its standards do not cover safety
issues and the IEC 61508 (which is a basic IEC standard for functional safety
in electrical/electronic/programmable electronic systems) requires EMC to be
taken into account but does not say how it should be done. This leaves a
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great gap in the control of an increasingly important safety issue [34].

Functional safety

In safety analysis, there is a term named functional safety. For a vehicle, this
term can be defined as:

“Safety that the vebicle function does not cause any intolerable endangering states”
which implies that the vehicle has to be fail-safe.

Up until now, the IEC (International Electrotechnical Commission) meta-
standard 61508 has been the only available standard for proving functional
safety in the automotive industry. In IEC 61508, the term functional safety is
defined as [32]:

“part of the overall safery relating to the equipment under consideration (EUC)
and the EUC control system which depends on the correct functioning of the
electricallelectroniclprogrammable  electronic  safery-related  systems,  other
technology safety-related systems and external rvisk reduction facilities”

IEC 61508 is a well known industry standard implemented in the
automation and process industry, which addresses functional safety of
electrical/electronic/programmable electronic (E/E/PE) safety-related systems.
This is a meta-standard, which means that it is intended to provide a basis for
different sector specific standards or, in those cases where no sector specific
standard exists, a direct use. Since there is no sector specific standard
regarding functional safety for the automotive industry, IEC 61508 has been
employed. However, the use of IEC 61508 for automotive applications is not
totally problem-free. Some of the drawbacks when employing IEC 61508 in
the automotive industry are mentioned in [2].

ISO 26262
The IEC only handles standards for E/E/PE systems. Since most safety-

related systems in a vehicle rely on different technologies (e.g. mechanical,
pneumatic, E/E/PE), a safety strategy for a vehicle must consider not only all
the elements within an individual system but also all the safety-related
systems making up the total functionality.

In order to adapt the IEC 61508 to the automotive industry, ISO has put
together a new working group in the road vehicle technical committee that is
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preparing a new standard (ISO 26262). ISO 26262 exists today as a
committee draft and is available for the public. It will become a standard in
2010-2011 and the first vehicles that will be developed following the ISO
26262 will probably be available 2015-2020.

EMC and functional safety

The existing automotive EMC directive does not treat functional safety
satisfactorily. This means that the directive is inadequate from a safety point
of view in that:

- It does not fully cover the fitting of after-market equipment
including mobile transmitters

- Its tests are limited rather than thorough

- Radiated immunity tests are only carried out at steady state speed,
and does not test for dynamic situations (such as changing gear or
unlocking the vehicle)

- It does not include transient requirements and does not adequately
cover after-market products and their potential to interfere with

OEM systems

When testing the immunity to electromagnetic disturbances for a vehicle the
result will actually not prove that an acceptable level of EMC-related
functional safety performance has been achieved. This is since the traditional
approach taken by the EMC testing community is quite different from the
approach taken by the safety community. There are a number of reasons why
traditional EMC testing is inadequate to ensure functional safety [4] of which
some are presented here;

- Immunity testing only covers one electromagnetic disturbance at a
time

- Immunity tests do not simulate real-life exposure

- Effects of the physical environment on electromagnetic performance
is not investigated

- An EMC “risk analysis” is not done
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- Foreseeable faults/misuse are not addressed by immunity testing

When the vehicle is produced and put on the road, it will encounter by far
worse situation then the environment within the controlled chamber in
which the vehicle has been tested and approved. In the real outdoor
environment, the vehicle is exposed to more than one electromagnetic
disturbance at a time. There could for example be a radar unit near the road
where the vehicle travels and at the same time that another vehicle, driven by
a radio amateur, on the road is transmitting a radio message. According to the
EMC tests, the vehicle should be able to cope with these disturbance one at a
time, but when they arise simultaneously one of the electromagnetic
disturbances consumes most of the noise margin in the vehicle’s system.
Consequently, when more than one disturbance is present, also even very low
level disturbances could cause malfunctions. The surrounding physical
environment is also different on the road compared to a semi anechoic
chamber. On the road there are different surfaces that more or less effectively
reflect electromagnetic fields.

EMC testing

The standards used as a frame for the EMC testing only attempts to cover a
typical electromagnetic environment and do not cover any low probability
electromagnetic disturbances, which could affect the functional safety of the
vehicle. It is therefore important to make an EMC risk analysis in order to
find out what electromagnetic disturbances the vehicle could be exposed to.
Furthermore, there are no demands on testing the immunity of the vehicle
when any commonplace electric faults are present in the vehicle. These faults
could for example be a short circuit in for example a filter, loose fixings in an
enclosure or cable shielding assembly or a missing conductive gasket. Only
one of these faults does not affect the performance of the vehicle, but it could
seriously affect the behaviour against electromagnetic disturbances of the
vehicle.

When it comes to cable harnesses that is one of the main topics of this thesis,
the EMC standards specify specific standard lengths of the cables for test
purposes. The standard CISPR 25 [12] suggests up to 2 m (1.5 m
recommended) harness length for radiated emissions tests, and 0.2 m for
conducted emissions tests. These lengths make comparisons easy between
different products, but they do not reflect the reality. In a vehicle it is not
uncommon to find automotive harnesses with lengths of up to 10 m.
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CISPR 25 do prescribe two different lengths of the cable harnesses (1.5 m
and 0.2 m respectively), but these differences does not give any input to a
comparison of the effect from the harness length since the two lengths are for
different tests (radiated and conducted). In practice, the harnesses will never
be as short as the CISPR 25 suggests, and according to the results in [47]
resonances at other harness lengths may appear. The test results for
compliance testing to CISPR 25 are therefore to be considered as guidance
only and untypical of what will be expected in a real vehicle.

Whether a test of the immunity of the vehicle should be included in an EMC
standard or in a safety standard is dependent on the approval criterion. The
test should be included in an EMC immunity standard if it is required that
during or after the test the vehicle or the equipment mounted to the vehicle
should continue to operate as intended. If it is required that no unsafe
situations occur (but the performance may be degraded incidentally or
permanently) during or after the test, the test should be included in a safety
standard.

EMC and safety life cycle

The framework of a safety standard including all safety activities from the
concept phase to decommissioning is the safety life cycle. In the safety life
cycle, the safety analysis forms the basis for the specification of the safety
requirements and the safety validation is performed before commissioning. In
order to achieve functional safety, EMC aspects should be considered
throughout the life cycle of the vehicle. A safety life cycle for a vehicle is
shown in Figure 4.2 [31]
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Figure 4.2. Safety life cycle with EMC inputs.

The specific actions that should be undertaken in the safety life cycle in order
to achieve functional safety with regard to electromagnetic influences starts
with a definition of the structure, design and the intended functions of the
vehicle. It is then important to describe the relevant electromagnetic
environment for the vehicle. There are some electromagnetic phenomena
which occur infrequently and that are not mentioned in the standards but
should still be considered in some cases. An example of such phenomena is
the conducted or radiated disturbances in the frequency range below
150 kHz. When the electromagnetic environment is described, the safety
requirements and failure criteria should be specified. This implies that some
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aspects of performance of the vehicle in the presence of electromagnetic
disturbances have to be considered. Firstly, the functional safety of the
equipment in the vehicle or the vehicle it self shall not be unduly affected by
the electromagnetic environment in the place where the equipment is used.
Secondly, any electromagnetic disturbances generated in a system or vehicle
shall not unduly affect the functional safety of other parts in the system or
vehicle.

It is important to perform a dependability analysis in order to identify the
hazards, which can cause safety risks due to electromagnetic disturbances.
The hazards should be identified in terms of events and the corresponding
parts of the vehicle. The methods for identifying the hazards are in general
based on two principles; bottom-up or top-down methodologies. Some of
these principles will be described more in detail below. When the different
hazards are identified, it is time to perform EMC tests for safety. EMC tests
for functional safety require special considerations regarding selection of types
of immunity tests and testing levels. When the EMC tests are performed the
design and installation measures may have to be modified in order to reduce
the risks to acceptable values. The final design has to be validated in order to
prove that the wvehicle performs accordingly to the specified safety
requirements.

It is also important to produce operation and maintenance instructions to
ensure the specified functional safety in the products life cycle.

Analysis methods for EMC and functional safety

In order to correctly control EMC-related functional safety for the vehicle,
hazard and risk assessments are needed. During this work, the following

issues should be considered [34]:

- What electromagnetic disturbances, although infrequent, might the
vehicle be exposed to?

- What are the reasonably foreseeable effects of such disturbances on
the vehicle?

- How might the electromagnetic disturbances emitted by the vehicle
affect the surrounding environment?

- What could be the reasonably foreseeable effects of the above
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mentioned disturbances?

- What level of confidence or proof is required to show that the above
mentioned issues have been fully considered and all necessary actions
have been taken to achieve the desired level of safety?

Some of the methods used for proving functional safety could be very useful
for determining possible weaknesses of the vehicle to electromagnetic
disturbances [24]. Fault tree analysis is one example of a method that could
be used in order to find out weak spots in the vehicle and give some input on
how to test for EMC immunity of the vehicle. The fault tree analysis method
will be described more in detail later. It is important that the method chosen
for analysis is able to model the behaviour of the system or vehicle in presence
of electromagnetic disturbances which are likely to be present in the intended
environment. It is especially important that the analysis method is able to
handle the fact that the electromagnetic disturbances often have different or
over time varying characteristics.

As mentioned above, most methods for reliability studies are based on two
principles; bottom-up or top-down.

Bottom-up methodology

The bottom-up, or inductive, methodology emanates from component level
and will show the effect from different individual components in the system.
One common method that uses the bottom-up methodology is fault modes
and effects analysis [22].

Fault Modes and Effects Analysis (FMEA)

The FMEA is an analysis method that was originally aiming on predicting
reliability in systems and the purpose of the method is to systematically
eliminate identified failures within a component. The technique behind
FMEA is quantitative since each identified failure mode is assigned a
probability. The advantage with the method is that the analysis will be very
detailed at a component level which could be used to identify single faults or
the need for changes in the design as implementing redundancy or fail safe
technology.

An FMEA could be performed using a hardware approach or a functional
approach. The hardware approach considers the failure modes of identifiable
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items of the hardware. The hardware approach focus on the effects from a
failure of each component since it is normally not considered as an
appropriate approach when analysing the effects from electromagnetic
interferences. Effects from electromagnetic interferences are usually a result
from disturbances in the operating conditions (currents and voltages) of
components rather than failures of components, themselves.

The functional approach of an FMEA is on the other hand a more
appropriate method for investigating the effects of electromagnetic
disturbances. With the functional approach, the method asks the question “In
what ways can this function deviate from the specified requirement?”. This
approach identifies the more critical functions and will therefore require a
higher level of immunity.

When an FMEA is conducted, the work is emanated from a scheme showing
how the component or function is connected to the rest of the system.
Different failure modes are identified and an FMEA chart is filled in. In the
FMEA chart, the causes and effects of each failure mode are analysed. An
analysis of the critical behaviours is performed and the behaviour of the
vehicle when the different faults are present is stipulated and actions are taken
in order to compensate the various failure modes. This process is repeated
after every change in the system.

However, a bottom-up methodology will overlook interacting contributions
from different components. Since the bottom-up methodology considers all
fault modes, including fault modes not relevant to electromagnetic
disturbances, this will be an unnecessarily extensive and complicated method
for complex systems, such as a vehicle.

Top-down methodology

The top-down, or deductive, methodology is an event-oriented method,
which allows the user to identify the responsible system levels and
components for each specified top event. The user starts with a top event at
the highest level of interest and works down to the level where the
undesirable system operation occurs. The most well known top-down
method is the fault tree analysis, which offers some advantages with regard to

EMC.
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Fault Tree Analysis (FTA)

The fault tree analysis method was first used in 1962 by Bell Telephone
Laboratories in connection with the safety analysis of the Minuteman missile
launch control system. The method was later improved by Boeing Company
and is today a well known method for analysis of a system.

An FTA emanates from an unwanted event (also called top-event) which is
investigated in order to find possible causes. When the possible causes for the
top-event are found, the causes for these causes are investigated. Finally a
logical tree which starts on a system level and works its way down to the
primary causes is constructed.

Interacting, independent causes in the fault tree will be expressed by “and”-
gates and alternative causes will be expressed by “or”-gates, see Figure 4.3.

Figure 4.3. To the left, an or-gate and to the right an and-gate.

The or-gates are the most critical parts and has to be taken care of first since
they correspond to added probabilities for the fault causes and thereby an
increased risk. This is particularly important if there is a way through the tree
that only consists of or-gates. In this case, a single fault will cause the top-
event, and this is seldom tolerable. The strength of an FTA is that it is a
structured search for causes to a specific event with the purpose to eliminate
safety threats.

When an FTA should be performed with the intention to carry out an EMC
analysis the work starts with a definition of the system that should be
investigated and the electromagnetic environment to which the system is
exposed. Before a fault tree can be built, all undesirable safety events have to
be specified. Most of the events can be found as hazards from the hazard
analysis that is carried out on the system. These events often involve no
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operation, unwanted operations or wrong operations from the system. This
will then serve as top-events in the fault tree analysis. On the next level
beneath the top event are the first level events, which are events that together
(and-gate) or separately (or-gate) could cause the top-event. Beneath the first
level events are the second level events, which as in the case with the top-
event and first level events are the events that could cause the first level event
to happen. The analysis continues with several levels until the base events
(leafs) are found (See Figure 4.4). In the case where the FTA method is used
for analysing the circuit from an EMC point of view, electromagnetic
disturbances are considered as base events.

Top event
(hazard)
\ |
First level First level
event event
Base
event
I —
Second Second
level level
event event

Base
event

Figure 4.4. Example of a fault tree
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For a large system such as a vehicle the fault trees are often many, large and
complex. It is therefore important to limit the FTA to safety critical top-
events. The results from the FTA could be used to find different cases that
ought to be tested in order to provoke a wanted top-event.

There are some advantages when using fault tree analysis for evaluating EMC.
The method can handle both common cause failures and time varying failure
rates which is important when the behaviour during the presence of
electromagnetic disturbances in a vehicle is analyzed. Another advantage is
that the events in an FTA analysis are not limited only to faults, but could
also involve degradation in performance. When a fault tree is constructed, it
is possible to calculate probabilities using Boolean algebra.

The key advantage of FTA is that it only requires consideration of those parts
of the equipment or system which can contribute to hazards. This advantage
makes the method economical.

There are of course other top-down techniques with the same purposes as
FTA; such as dependability diagrams and Markov analysis.

EMC testing from a functional safety point of view

As mentioned above, a normal EMC test is often not sufficient to prove
functional safety for a vehicle. The test levels in the immunity tests often have
to be increased in order to simulate the actual electromagnetic environment
that the vehicle will be exposed to when it is out on the roads. This implies
that the product committees or manufacturers have to specify the maximum
levels likely to occur in the environments where it is expected that the vehicle
will operate. It is also necessary to take the statistical distribution into account
together with the possible consequences of failures in terms of degree of
injury or harm to health.

It is important to perform the tests at the highest degree of integration as
possible, which in the case of a vehicle means that the whole vehicle should
be tested. Due to the complexity of a system or software malfunction in a
vehicle it is recommended that the vehicle is in operation during the test and
should also be put into different dynamic situations to as large extent as

possible.

When preparing a test plan for a vehicle regarding functional safety the focus
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should be on the undesirable events in both software and hardware that have
been identified in the previous analyses. It may also be of importance to force
the vehicle to malfunction during the tests. In this way it is possible to
determine whether and how it creates safety hazards when subjected to
extremes of the electromagnetic environment. Testing under fault conditions,
i.e. testing with a fault deliberately introduced in the vehicle is not required in
any EMC standards, but may be useful in a safety standard in order to check
the behaviour of the vehicle after a possible degradation of its parts or
components.

When the vehicle is tested, all malfunctions involving safety risks should be
carefully evaluated and particularly the behaviour of safety-related elements

and fail safe modes should be studied.

As described in this section, it is not possible to verify EMC-related aspects of
functional safety by using normal EMC test methods. If it would be possible,
it would cost more and take longer time than any manufacturer could
possibly afford. This problem has already been dealt with using safety-related
software. Since it is impractical to prove such software by testing it, software
engineers all over the world have devised and validated design methods that
will help them to achieve the required levels of safety integrity. The same
thing has to be done for EMC testing.






Chapter 5

Problem Formulation

In this chapter, the investigated problem will be formulated. Some
background information will be provided and the five cases that will be
investigated through the rest of the thesis will be described in detail.

5.1 Background

There are many automotive electrical engineers all over the world that on a
daily basis struggle towards an interference free environment within the
vehicles. Many of these engineers wish that they would have some easy
guidelines to follow when designing a new vehicle. These guidelines should
not only be applicable to various kinds of setups but also guarantee that no
electromagnetic interferences will arise.

If it were possible to write down such guidelines, they would have existed for
decades. There are general non-automotive EMC guidelines that one could
follow [3], but in most cases, the demands from the automotive industry will
not make these guidelines applicable.

For example, when it comes to cable harnesses, a cable harness must be as
flexible as possible, as light as possible, and as cheap as possible why generally
single wires or twisted pairs are used rather than shielded or coaxial cables. In
addition, many other compromises have to be done since the mechanical
structures of the vehicles will put constraints on the cable routing [74].

Obijectives

Since no general guidelines are available, the trend within the automotive
industry has up until now been towards relying on the know-how from the
EMC experts and/or attach a couple of decoupling capacitors or filter and/or

65
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cross the fingers and hope that the solution will work from the very beginning
without any late and expensive changes. There are many very skilled EMC
experts in the automotive industry, but since the amount of electronics is
increasing in the vehicle, they can not handle all problems that will arise. It is
therefore important that all electronics engineers become aware of the EMC
issues, and how to solve them.

A set of general guidelines might be a dream to many, but the belief of the
author of this thesis is that knowledge is far more important. So, if an
electronics design engineer chooses to mount a conductor close to the chassis,
the aim is to make the engineer aware of why it should be done this way. The
intention of this thesis could therefore be summarized by the following
sentence:

Instead of knowing only WHAT to do,
the aim is also to know WHY to do it!

How to gain knowledge

There are different ways to learn why to design for example a cable layout in a
specific way. One is to build a prototype and test. This is a rather time
consuming experiment, that also could be costly due to the need for
prototypes and measurement equipment.

Another way of learning is to simulate the setup. As mentioned in
Chapter 4.2, there are numerous simulation methods and tools that could be
utilized for this. The advantage with a simulation model is that once it is
built, it is often rather easy to change the settings or layout and thereby
investigate the behaviour. The problem with simulations is that many
simulation tools can be rather costly, demands much computing power and
are not always very user friendly [44]. If the aim is to simulate a complete
vehicle, there is quite a lot work involved before acquiring a model that is
appropriate and in a suitable format.

A third way is to understand the physics behind the phenomena. This can be
done by evaluating the system analytically by calculations. The final equations
describing the system will give a good hint about what will happen with the
different parasitic components when the conductor layout is altered.

In this thesis, a common setup for heavy duty vehicles is investigated. Two
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conductors are routed in a U-shaped channel, and the parasitic components
are determined. It will be shown that it is possible to calculate the parameters
analytically either quite accurate or more approximate. The approximate
calculations will be shown to be good enough to get an apprehension about
the crosstalk, and how it is possible to change the characteristics by altering
the conductor layout. The calculated values are compared to simulated values
in Chapter 7 and measured values in Chapter 8.

5.2 Investigated setup

Most heavy duty vehicles have two U-channels along the vehicle that together
with cross members serves as frame rails (see Figure 5.1).

Figure 5.1. Frame rails on a heavy duty vehicle together with rear- and front
axles and suspensions.

It is common to place all conductors and air hoses in these frame rails since
they will be well protected from environmental and mechanical wear. A
typical example of this is shown in Figure 5.2.

In this thesis, one of these frame rails from a truck is used for investigation.
Two conductors are located inside the frame, one for communication and
one for battery voltage. This setup is utilized to determine the parasitic
components of the setup and investigate possible crosstalk.
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Figure 5.2. Frame rail and conductor layout. Picture from [76].

Conductor types

Two types of conductors are utilized in the layouts. A thin conductor
intended for communication, and a thicker conductor intended for voltage
feed of electrical loads are employed.

The thin physical conductor is of type MKUX, and consists of a tinned
annealed copper bunch with a PVC (polyvinyl chloride) insulation. The
copper bunch has a cross-sectional area of 0.5 mm” and the PVC insulation is
0.7 mm thick [17]. In automotive setups, this type of conductor is used for
CAN communication and is mostly twisted pairs.

The thicker conductor has a plain annealed copper bunch with a cross-
sectional area of 6 mm” and a PVC insulation that has an average thickness of

0.76 mm [61].

The PVC insulation on both cables are assumed to be of wire grade, and the
dielectric constant (permittivity) is therefore set to be 3.8 [42].

Ground Structure

In the investigated setups, a U-shaped frame rail is employed as ground
structure. It is made of high strength hot rolled steel. A cross-section of the
channel is shown in Figure 5.3.
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Figure 5.3. Cross-section of the U-channel used in the investigations.

5.3 Conductor layouts

In this thesis, five different conductor layouts are investigated. These layouts
are employed in the analytical analysis, the simulation models and the
measurements. The different conductor layouts are chosen with the intention
to illustrate how the parasitic components are affected by the geometrical
properties.

Case 1, Single conductor

In the first case, one single communication conductor is used. The conductor
is placed 10 mm from both the vertical and the horizontal part of the ground
structure, as shown in Figure 5.4.

10mm

10mm

Figure 5.4. Conductor layout, Case 1.
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This case is the simplest one of the investigated cases. It is constructed to
serve as an easy basic layout with only one conductor.

Case 2, Two conductors together, close to ground

In the second case, both conductors are present. They are placed tight
together and close to the ground structure as shown in Figure 5.5.

L)

Figure 5.5. Conductor layout, Case 2.

Case 2 is intended to represent a case where both conductors are clamped to
the frame. This is not likely to be a real case, but it is important since it will
show what happens if the designer tries to keep all conductors as close to the
frame as possible.

Case 3, Two conductors together, away from ground

In Case 3, the two conductors are situated 5 mm above the ground structure
and 5 mm from the vertical part of the ground structure. The conductors are
routed close to each other as shown in Figure 5.6.

Case 3 is the case that is closest to reality since the cable harnesses in the
vehicle often are attached to the frame by plastic clips and there will be a
distance between the conductor and the frame.
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Smm

Figure 5.6. Conductor layout, Case 3.

Case 4, Two conductors apart, one close to ground

The layout of Case 4 looks like Figure 5.7. One conductor is placed close to
the ground structure and the other conductor is placed 5 mm up and 5 mm
out.

Smm

Smm

Figure 5.7. Conductor layout, Case 4.

Case 4 is a case that is constructed to show what happens if the conductors
are separated and one conductor is close to the ground structure. The ground
structure will partly serve as a shield.

Case 5, Two conductors apart, away from ground

In the last case, the two conductors are placed 6 mm apart and 5 mm above
the ground structure. The innermost conductor is situated 5 mm from the
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vertical part of the ground structure as shown in Figure 5.8.

Smm

|

6mm

S5Smm

Figure 5.8. Conductor layout, Case 5.

In Case 5 are the conductors routed as if they were both parts of a real cable
harness but located at a distance of 6 mm away from each other.



Chapter 6

Analytical Investigation

The behaviour of the crosstalk between the cables is depending on the
parasitic components, which are influenced by physical characteristics. In this
chapter, the different conductor layouts are investigated by using
electromagnetic theory and a method for estimation of the parasitic
components is proposed.

6.1 Theoretical Background

In order to determine the parasitic components for a conductor,
electromagnetic theory is applied on the setup of interest. The goal is to build
a circuit model of the conductors in order to simulate the behavior of the
setup. These transmission line models are then used for investigating the
severity and occurrence of crosstalk.

Model

In order to determine the parameters, a two dimensional electromagnetic
model of the problem is set up. Since the conductors are shaped as long
narrow cylinders, and the charge is spread over the length of these, line
charges are used in the model to represent the conductors.

The ground structure is made of high-strength steel, and is assumed to have a
conductivity of 10 MS/m. For the lowest frequency in the investigated
frequency spectrum (10 kHz), the skin depth according to [15] is:

1 1
Jr fuo \r1010°-4-7.107 -10-10°

) =1.59 mm (6.1)

Since the ground structure is expected to have a high conductivity, it is
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approximated by a thin, perfectly conducting ground plane in the
calculations.

Method of images

The method of images is a method for solving electrostatic problems by
inserting image charges into a problem where a charge is located in the
vicinity of a ground plane. By inserting these image charges, the boundary
condition that the tangential component of the electric field vector must be
zero is fulfilled [15]. The method is also applicable for line charges.

In the case where a single line charge is located at a distance, y, over a ground

plane (see Figure 6.1), the image line charge will be located at the distance —y
underneath the ground plane.

Re R
(x,y)

1

R 2
_pl (Xa'Y)

Figure 6.1. A line charge over a ground plane and the corresponding image

charge.

The potential, V, at a point located at the distances R, and R, will then be:

ve_ P gL, o= 1 62)
2-rgy R 2-mey R )

At a location on the ground plane, where R = R, the potential will be zero
which is consistent with the assumption of a conducting ground plane.

Resistance
For low frequencies, the internal resistance of a conductor is a function of the
cross-sectional area and the conductivity ¢ of the conductor according to
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(15][72]

R=—"F—Qlm (6.3)
Trt-o
where the prime symbol denotes that the value of the component is a per-
unit-length value. In the case of high frequency signals, the resistance of the
conductor will no longer be frequency independent, but a complex-valued
frequency-dependent function. The resistance will increase proportional to

\/7 if the radius of the conductor is larger than the skin depth.

Since the frequencies of interest in the models are fairly low, the resistances in
the following models are assumed to be the theoretical DC resistance
presented in this chapter.

Inductance

Two types of inductances should be calculated for a transmission line system
which contains more than one conductor; the self inductances and the
mutual inductances between the conductors.

The self inductance of a conductor is defined as the magnetic flux per unit
current [15]. Since the magnetic field around the conductor is affected by
nearby current carrying objects, also the self inductance is depending on the
surrounding environment.

The mutual inductance is the inductance between two cables that are routed
parallel to each other. An alternating current in one conductor will induce a
voltage in the other conductor (see Figure 3.4).

According to established theory in the case where two conductors are present,
as in Figure 6.2, the following equations are valid [15]:

O, =L +M]I, (6.4)
O, =M1I,+L1],

L, and L, are the self inductances per-unit-length of the conductors and M is
the mutual inductance per-unit-length between the two conductors. The
magnetic flux, @, is determined by the line integral of the vector potential, A
as;
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o= §Zdl_ = [stmz'g/at wire]= 'L;—(;Z_]ln(%j (6.5)

where r is the distance from the current to the point of interest (in this case
the center of the conductor of consideration) and , is the permeability of
free space (47-1077 H/m).

rj-k

Figure 6.2.

Two conductors carrying the currents I and I respectively.

Combining equations 6.4 and 6.5 gives a generally applicable expression for
the self and mutual inductances as:

The terms in front of each current in

: I, (1 Mol |1
o= Y A1) 5 sl
k=current 1 2z Tk Jj=current 2 and 2z r]"/?
and its its (6 6)
image currents image currents ’
: I 1 Holj |1
PR S-S N RN TR SN
k=current 1 and 2 Tk J=current 2 2z "
its and its
image currents image currents

equation 6.6 will give the self and

mutual inductances per-unit-length values as
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C_ Ho 1
L= Y EIH(ZJ 6.72)
k=current 1

and its
image currents

L Mo |1 (6.7b)
L= Ho ol = .
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Jj=current 2
and its
image currents

My= Y Hoy —J (6.70)
k=current 1 and 2z r]’/?
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image currents
J=current 2

As can be seen in equation 6.7 the different inductances are highly depending
on the distances to a ground plane and other conductors.

Capacitance

As in the case with the inductances, two types of capacitances should be
calculated; self-partial capacitances and the mutual capacitance between
conductors.

Capacitance is defined as the ratio between the charge of the conducting
element Q and it’s potential, V.

C =

<R

(6.8)

The charge distribution on a conductor depends on both the insulation (if
any) and the surroundings. Conductors are often insulated by a dielectric
material. This material could for example be PVC (polyvinyl chloride), PE
(polyethylene) or PTFE (polytetrafluoroethylene). A dielectric material has a
dielectric constant, also called relative permittivity € that describes how the

material affects electric fields [42] (see Table 6.1).
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Table 6.1 Relative permittivity for materials used as insulation
Material | Relative
permittivity
PVC 3.8
PE 2.3
PTFE 2.1

The dielectric material around the conductor is polarized, i.e. there are bound
dielectric charges in the material. This characteristic will change the charge
density at the surface of the conductor (see Figure 6.3) [72].

Free space
€

+ + Dielectric
. insulation

Bound
charges

Free
charges

Figure 6.3. A conductor with radius a, and a dielectric insulation of thickness
b. The bound charges in the dielectric material will affect the
charge distribution.

The total amount of charges will not change, why the following equation

shall be fulfilled:

Pr=Pir=a t PlLR=a+b (6.9)

Since the total electric displacement field, D, of the conductor is independent
of the insulation, it is convenient to set up an expression for this:

D= P er a<R<w (6.10)
2-w-R
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r

D=¢y-¢,-F 6.11)

Where €, is the permittivity of free space (z% .10~ F/m). The relationship
z

between the electric displacement field D and the electric field E is given in
equation 6.11 and this yield the following expressions for the electric fields:

Py

EZ—'_ <R<(a+b
rrae KK (a+b) (6.12a)

E=L~ER (a+b)<R (6.12b)
2wy R ’

which gives the following relationships for the line charges on the surface of
the conducting material and the surface of the conductor:

_Pr
Pl k= = (6.13a)

r

P, R=a+b = PI Y/ Py (LIJ (6.13b)

g, g,
It is not only the insulation of the conductor that influences the charge
distribution, also the surrounding conductors have a big impact. If two
conductors located close to each other are replaced by line charges, these line
charges must be located at points so that the cylindrical surfaces of the
conductors form equipotentials [15]. These line charges will not be placed in
the centers of the conductors, but at locations where they keep the conductor
surface at an equipotential although there are other line charges present. This
effect will be more important the closer the cylinders or conductors are to
each other. In a case where only one conductor is present over a ground
plane, the image of the charge distribution and the charge distribution in
Figure 6.4 shall be located in the following way in order to make the
cylindrical surface at a radius equal to a an equipotential surface so that all
boundary conditions are met.
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d; a
)
1
D| |d

;7N

L * R

\ /

N /

Figure 6.4. The location of the line charge is affected by the ground plane and

the mirror charge. d, is the displacement of the line charge from
the middle of the conductor.

It has been shown [15], that in the case where the cylinders are of the same
size, the distance d, is given by

g _ @ (6.14a)
' d D-qd;
diz—di~D—a2=0 (614b)
2
g =D _ P74 (6.14c)
2 V4

The displacement of the line charges whit more than one conductor with
different line charges is a complex problem that does not have an exact
solution. A numerical iteration or simulation software is required to get an
answer. This displacement is therefore not taken into account in this thesis,
and the line charges are consequently assumed to be located at the center of
each conductor.

When the charge distribution and distances between the two line charges are
determined, it is possible to calculate the capacitances.
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insulation

conducting
material

d
A2
air
Figure 6.5. Two conductors separated by the distance d.

For the conductors in Figure 6.5, equation 6.8 will look like:
c:% oo =CV 6.15)

This will give the total line charges for the two conductors as shown in
equation 6.15

2 ' 1l
P ZCU Sy c, C,[wv
{“}: i , {Vl}z{c}l C%Z}L/l} (6.16)
P, ' '
2 —cy, ZCZj 2 21 22 2
j=1

where p,; are the per-unit-length line charges, cyij is the partial per-unit-length
capacitances and C, are the static capacitances per-length-unit. Static
capacitances do not have a physical meaning, but can be used to calculate the
physical capacitances between the conductors [72].

It is not possible to determine the static capacitances directly since the
capacitances depend on the entire set of conductors. Instead, it is possible to

calculate the static capacitances by defining a potential coefficient matrix, K
as

=[x Il 6.17)
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The electric potential from a line charge depends on the distance to the
charge and is defined by

1 1
V) =k-p = 27, ln[;)m (6.18)
When the method of images is applied, each line charge will be duplicated
(but with different signs) one or more times depending on the surrounding
geometry. This implies that each element in the potential coefficient matrix
will be the sum of the contributions from each line charge and its image
charges.

The static capacitance matrix, C, is the inverse of the coefficient matrix

¢ =[x T (6.19)

The physical capacitances are then calculated by using the following formulas:

C, =C1)+C12) (6.20a)
C, =C(2,2)+C(1,2) (6.20b)
Cy =—C(1,2) (6.200)

where C, and C, is the capacitance from each conductor to ground, and C,; is
the capacitance between two conductors, as shown in Figure 6.6.

P

Figure 6.6. The self-partial capacitances and mutual capacitance of the
conductors.

The mutual and self-partial capacitances of the conductors are depending on
the charge distributions. Since the distribution of the charges depends on a
number of different physical properties of the conductors like the insulation
and the other charged objects in the vicinity of the conductor, theses
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capacitances are difficult to estimate with a high accuracy. The error that is
introduced due to the assumption that the line charge is located at the centre
of the conductor in case of one single conductor above a ground plane can be
estimated by comparing a case where the displacement of the line charge is
not taken into account with a case where it is taken into account.

sy 4 [ s
1
D D| |d
/ - N\ / o N\
1 oR LR
\ / \ /
~_ 7 ~_ 7
Figure 6.7. Left: The line charge is assumed to be located at the center of the

conductor. Right: The line charge is displaced a distance d, from
the center of the conductor due to the ground plane and the image
line charge.

The radius in Figure 6.7 is 1.38 mm and the distance D is 4.4 mm.
The capacitance in the leftmost case is:
1 1

JESE ¥ (Y RY 13 N (RN ENE)

For the rightmost case, the new distances d. and d must be calculated:

D /1)2 44 [4.4°
dlv=7— T—ﬂz 27— 4 —1.382 =0.49 mm (6.22a)

d=D—-d; =3.91mm (6.22b)

=48 pF  (6.21)

This will give the capacitance as:
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C= ! =

)

1

)y

As can be seen will the capacitance be lower if the displacement of the line
charge is not taken into account.

(6.23)

=53 pF

The parameter values for the conductors in the investigated cases are
estimated by using two different procedures. These are described in the
following sections.

6.2 Method 1, accurate

In the first method described in this thesis, the electromagnetic theory from
Chapter 6.1 is utilized. This method is a rather accurate way of estimating the
parasitic components for the conductors. A Matlab script for estimating the
parameters is found in Appendix C.

Applying the method of images to a problem where the charge is located next
to a ground structure spreading out in more than one direction demands a
different approach. In the investigated cases, the ground shape has an L-
profile in the vicinity of the charges. This implies that each charge should be
mirrored in both the horizontal and vertical part of the ground structure. In
Figure 6.8, charge A is situated at point (x,,y,). In order to make the potential
of the vertical half-plane zero, a charge with the opposite polarity is placed at
(x,y,). This charge will however not make the potential zero on the
horizontal half-plane. A second image charge, also with the opposite sign to
charge A, is placed at (x,,-y,) and will make the potential of the horizontal
half-plane zero (but not the potential of the vertical half-plane). In order to
make the potentials on the vertical and horizontal half-planes zero, a third
image has to be placed in the third quadrant at point (-x,-y,). This charge
should have the same polarity as charge A.
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y
X
B
A
(-%:¥) A
X
)
X X
(X3 (xp7yp)
(-%7Y,) (X5-y)
A A
Figure 6.8. Two conductors and an L-shaped ground structure. The points

where the image charges or currents are located for each conductor
are indicated.

In the following calculations, the charges are represented by two conductors
which are replaced by line charges or currents when capacitance and
inductance calculations should be performed.

Inductance

In case of inductance calculations, the two charges in point A and B in
Figure 6.8 are replaced by currents. When the locations of the currents and
their image currents are known, it is possible to determine the self- and
mutual inductances of the conductors according to the equations in

Chapter 6.1.
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y
X
B
-|
‘A
(_szyZ) A
_|1><
(-Xl’yl)
|l>< -1, «
(-le-yl) (Xl’-yl)
(-sz-yZ) (sz'yz)
A | A_|
2 2
Figure 6.9. Two conductors and an L-shaped ground structure. The location

of their currents and their image currents are indicated.
For the first current, I, placed in point A (see Figure 6.9) the flux @ will

then be the sum of the contributions from both current I, and current I, and
is determined by the following equation:

o, =L L)y &%H_ 8 T TN . +&IH(LJ<_ L)

2r \a 2 X 2z | o ,x12+y12 27\ 2y
Hy 1 Hoy 1
+—In I, +—In (-1,)+
27 \/(xl_x2)2+()/l_)/2)2 2z \/(x1+"2)2+(71_)’2)2
Ho 1 Ho 1
+—In I, +—In (—[2)

27 \/(x1+x2)2+()’1+)’2)2 27 \/(Xl_x2)2+()’1+)’2)2

(6.24)
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From equation 6.6 we see that the terms in front of current I, will give the
self inductance of the conductor and that the terms in front of current I, will
give the mutual inductance between the two conductors. This gives an
expression for the self and mutual inductance for conductor 1 that will look

like:

L =200, CAan| (6.252)

27yl + 7
M:ﬂln{\/«xlﬂz 32) s~ n+n))

27 ((Xl_xz 21x1+x2 )’1+)’2)2)

] (6.25b)

The inductance for the other conductor, conductor 2 in point B, will be
determined the same way. First, a formula for the flux, ®

Mo 1 Ho 1 Ho 1 Ho 1
@, =% — |1, + 22 In| — |(~ 7,)+ E2 In| — e |1, + 2 | — (- 1,)+
Y (bjz 2 [szj( o)t 27 [2 [y 22 2y2( :)

+ By, ! I, + o, ! (—]1)+
27[ {\/(xl_xz)z*'()’l_}’z)zJ 2z {\/(xﬁ‘xz)z‘*‘(ﬂﬁ_)’z)z]
1

+%0n ! -1
+(+2,) J[ 7 [\/(xl_x2)2+(},1+),2)2J( &

(6.26)

/u() 20 1y

27[ [\/(xl +x2)2

As can be seen from equation 6.24 and 6.26, the terms for the mutual
inductance are the same regardless of which conductor that serves as a
reference due to reciprocity [15]. The expression for the self inductance of
conductor 2 will be

1 =Hoy, M 6.27)

2
27 byx3 + 3

Capacitance

The expressions used when calculating the capacitances are not so straight
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forward as for the inductances. To begin with, the two charges A and B in
Figure 6.8 will be replaced by two line charges, p,, and p,,.

y
X
_[|)12A
(-xzvyz)
R

(-Xl'yl)

P _

hx xR,

( Xl yl) (Xl’_yl)
(-X2| -yz) (Xzi -yz)
P, 4 Roa

Figure 6.10. Two conductors and an L-shaped ground structure. The location

of their line charges and their image charges are indicated.

When calculating the capacitances, the matrix elements in the potential
coefficient matrix must be determined first. Since the conductors have
insulation made of a dielectric material, the contribution from the conductor
itself will be affected by the dielectric constant €. The dielectric constant will
affect the conductor since it introduces bound dielectric charges at the
dielectric interference surfaces due to the polarization of the material (see
Chapter 6.1). According to equation 6.13b the amount of free charges that
will be located at the surface of the conductor will be

& —1 6.28
pl,mnducmr = pl,toml < = p/,toml *Ey ( : )

r

This will only affect the term describing the potential contribution from the
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line charge at the point where the potential is investigated.

As mentioned in Chapter 6.1, equation 6.18 , the potential V| in point A
becomes:

g f—
V= P ln(l)+ Prifs ! — |+ PLl L L2, ! +
27648, \a) 2mey \a+i,) 2mey, \2x) 27mey | o \/(xf + ),12)

+_—p/,1 ln[LJ+ P2 In| ! +
278 25 ) 27 \/(xl — X )2 +(}’1 —J)2 )2

P2 1 P2 1
+ In - - + In - - +
278 \/(x1+x2) +(J’1_)’2) 278 \/(x1+x2) +()’1+)’2)

_pl,21 1
n 2 2
276 \/(’ﬁ_xz) +(yl+}’2)

+

(6.29)

This will give the elements K, and K, in the coefficient matrix as

1|1, (1 1 4lx 91
Kiy=——| —1In| = |+e, In| —— |4+ 1n| 22 6.30
" 27e, | &, (&lj (aﬂ'ﬂj /x12+),12 (6.302)

((xl +x,)° +()’1 —J)2 )ZX(xl -x, ) +()’1 +) )2)

K2 = 27, ln{\/((’ﬁ _xz)z +(Jl _}’2)21(’(1 +x2)2 +()/1 +}/2)2)J

(6.30b)

The potential V, in point B will be described in a similar way
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v, =L 1 ! O, 1 }
27, \/(xl X )2 +(}’1 —J)2 )2 27, \/(xl +x, )2 +()’1 —J2 )2
+ PL1 In ! +_pl’1 In ! +

27 \/(xl +x, VO +9,) ) 2o \/(xl —x P+t )
L P2 ln(lj+ PLate 1y ! — |+ L 1 L2, ! +
2mepe, \b) 27, \b+i, ) 2me, |\ 2x,) 27g, 2\/(x22 +)’§)
+ﬂln[Lj
2re, 2y,

As can be found above the expressions for describing the contribution to the
potential on the reference conductor from the other conductor are equal in
equations 6.29 and 6.31 due to reciprocity. This gives that the expression for
the matrix element K, will be the same as for K, in equation 6.30b. The
coefficient K, will look like

(6.31)

1|11 1 2lx, 5|
Ky =— | Lin[ L) g, ctn| 1 | 1n| 2222
270 n( bj x n[ b+, J n > (6.32)

2
X+

When the elements in the coefficient matrix, K, are known the matrix should
be inversed in order to give the static capacitance matrix, C.

C:K_I:(CH Clzj (6.33)
Cy Cp

The self and mutual capacitances will then be given by equation 6.20.

Results

The above described method for determining the components was applied on
the different cases described in Chapter 5.3. A general picture of how the
different symbols are defined can be seen in Figure 6.11.
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Figure 6.11. General picture of the investigated setup.

Common values for all five cases are the physical dimensions and
characteristics of the conductors according to Table 6.2.

Table 6.2. Constants for the investigated setup
g_for the insulation 3.8
r 0.40 mm
r, 1.4 mm
i 0.70 mm
i, 0.76 mm

Case 1

In Case 1, only the communication conductor is present and located at a
distance of about 10 mm up and out from the ground structure. The
coordinates for the conductor are as follows

Table 6.3. Coordinates for Case 1

Xl YI
11.1 mm 11.1 mm
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Inserting the above values into equation 6.2 will yield the following value on
the inductance, L, per meter

P I U1 :ﬂh{ 2111

2 | 2 ey? | 27 0398941117 +11.1

Since only one conductor is present in this case, the coefficient in equation

6.30a will be

] =0.74 uH  (6.34)

1|1, (1 1 2|
K= —In| — [+&, - In| —— |[+]n] —=— | |=
" 27wy | €, (rcj ¥ (E*‘icj [x12+),12

2011.1-11.1
= ! Lln( ! j+£'ln( 1 j+ln | | =52.66-10°
27g,| 3.8 10.3989) 3.8 10.3989+0.7 V1112 +11.12

(6.35)

This will give capacitance per meter as tne inverse of the coefficient K|

C=K"'=19 pF (6.36)

Case 2

In Case 2, both conductors are present. They are located next to each other in
the corner of the ground structure. The coordinates will be as follows

Table 6.4. Coordinates for Case 2

X, Y, X, Y,
1.35 mm 1.35mm | 4.55mm | 2.35 mm

Inserting the coordinates into equation 6.7 will yield the following values for
the inductances

PO 57 O _ﬂh{ 2)1.35-1.35)

0.39894/1.35% +1.35°

i)

J: 0.31 uH I'm (6.37)
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M =Ho, \/((xl+x2)2+(y1—y2)21( ) +()’1+)’2)2)
27 ((xl_x2)2+(.yl_y2) X(X1+X2) +()’1+y2)2)

o | (13544558 +(135-2.35) J(1.35- 4557 +(1.35+2.35)) |
Y h{\/ (135455 +(1.35-235) J(1.35+4.55) +(1.35+2. 35)2)J = 0045wt

(6.38)

L= &IH[M} = &ln[ 2|4'55 . 235' J =0.22 uH Im

2 | k2 ay? | 27 (1.3824/4.55% +2.35°

(6.39)

The coefficients in the coefficient matrix in equations 6.30 and 6.32 will be

2
Ky, = : Lln 1 +é,-In ! — |+1In |x1yl| =
2rey | €, \ 7. 7.+, \/x12 +)/12

2|1.35-1.
1 Lln(;}ﬁ.ln(;}ln 235135 Vo 00
27ey | 3.8 10.3989) 3.8 (0.3989+0.7 V1.35% +1.357

(6.40)

2rs, ((x1 —x )2 +()/1 — )2 )2 X(Jﬁ X, )2 +(J’1 )2 )2)

1 1{\/((1'35”'55)2+(1'35"2'35)2X(1'35"4'55)2+(1'35+2'35)2J]=4.o7~109

Ky, = 1 ln[\/((xl+x2)2+(}’l_yZ)ZX(xl_x2)2+(yl+)/2)2)J:

27, | V((1.35-4.55) +(1.35-2.35) [(1.35+4.55)° + (1.35+2.35) )
(6.41)
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11, (1 1 23
Ky = —In| —|+&,-In| —— [+In| —=—==| |=
2 271'(90 57 [Vbj * [Vb +le ( 'xg_;’_y%

2|4.55-2.
_ 1 Lln(;)ﬁ.h{;jm _A455-239 )| 141000
27, | 3.8 \1.382) 3.8  \1.382+0.76 V4.55% +2.357
(6.42)
This will give the static capacitance matrix, C, as

-1
ok = 14.7-10° 4.07-10°) [ 0.737-107° -0.213-107"
4.07-10° 14.1-10° -0.213-10°  0.771-107%°

(6.43)

The self and mutual capacitances per meter will be given from equation 6.20

C,=C(L)+C(1,2)=52 pFIm (6.442)
C, =C(22)+C(2,1)=56 pFIm (6.44b)
Cy =—C(,2)=21 pFIm (6.44¢)

Case 3

In Case 3, the conductors are located 5 mm above and 5 mm out from the
ground structure according to Figure 5.6. The coordinates for the conductors

will be

Table 6.5. Coordinates for Case 3

X, Y, X, Y,
6.1 mm 6.1 mm 935mm | 7.14 mm

This together with equation 6.7 will yield values for the inductances as

L, =0.62 uH I m
L, =022 uH/Im
M =0.045 uH | m

The capacitances will according to equations 6.16, 6.18, 6.19 and 6.20 be
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C, =52 pFim
C, =56 pFlm
Cuy =21 pFIm

Case 4

In Case 4 will conductor 1, the thin conductor for communication, be
located in the corner of the ground structure. Conductor 2 is located 5 mm
up and 5 mm out from the ground structure.

Table 6.6. Coordinates for Case 4

Xl y] X') y?
1.35mm | 1.35mm | 7.14mm | 7.14 mm

When using the method described in this chapter, the following inductance
and capacitance values per meter are gained

L =031 uHIm
L, =0.40 uH Im
M =0.014 uH |m

C, =65 pFlm
C, =31 pF/m

Case 5

n Case 5, the thin conductor is situate mm up an mm out from the
In Case 5, the th duct tuated 5 p and 5 t from th
ground structure according to Figure 5.8. The thicker conductor, conductor
2, is located 5 mm up and 6 mm away from conductor 1.

Table 6.7. Coordinates for Case 5

XW y] X? y')
6.1 mm 6.1 mm 1424 mm | 7.14 mm

These coordinates yield the inductances and capacitances per meter as



96 Chapter 6. Analytical Investigation

L =0.45 uH Im
L, =0.62 uH I'm
M =0.093 uH Im

C,=19 pFilm
C, =25 pFlm
Cy =6.1pFIm

6.3 Method 2, approximate

In many theoretical books [15][26][72], formulas for determining the
parasitic components for a conductor over a ground plane are given. These
formulas are useful as long as the ground plane is a flat conducting surface.
This is however seldom the case in automotive applications where the chassis
constitutes a ground structure. This implies that the ground structure will not
only be under the conductor but also on the side of the conductor. In this
thesis a rather “extreme” ground structure in the shape of a U-channel is
utilized. It is extreme in the way that the angle between the vertical and
horizontal plane is 90° and that it spreads out far away in both directions.

An approach to simplify this ground structure and the calculations will be
made in this chapter. In order to do so, a number of simplifications and
assumptions will be made. A short summary of them will be given here
below:

- Line charges are assumed to be located in the middle of the
conductors for electrostatic analysis

- The line charges of two conductors are assumed to have the same
value but opposite signs

- The skin depth is assumed to be so small that the ground structure
can be replaced by an infinitely thin structure

- The insulation of the conductors are not taken into account in the
electrostatic analysis
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A simple Matlab script for determining parameters of a system like this is

provided in Appendix C.

Instead of using the whole ground structure when the self inductances and
capacitances should be determined, an equivalent plane for each conductor is
constructed. First, a line from the height on the y-axis where the center of the
conductor is to the point at the x-axis above which the conductor is situated
is drawn according to Figure 6.12.

B
NS W

Figure 6.12. Two conductors and their equivalent planes.

Since the part of the ground structure that is nearest to the conductor will
influence the parameters most, a line from the center of the conductor,
perpendicular to the other line is drawn and will constitute the distance from
the conductor to the equivalent plane.

o

Figure 6.13. Conductor A and the equivalent ground plane.

The distance r, in Figure 6.13 is determined by finding the angle o as
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a= arctan[ﬂj (6.45)

*1
This gives the distance r, as
(6.46)

7, =y -sin(a)

When this distance is determined, the conductor and its equivalent plane can

be drawn as Figure 6.14.
A

Figure 6.14. Conductor A and the equivalent ground plane.

When the equivalent plane is created, the method of images can be utilized to
get the equation for the self inductance and capacitance of the conductor.

Inductance

According the Chapter 6.1, the method of images for a conductor carrying
the current I over a ground plane will look like

(%

I,
J0 0
N_/
Figure 6.15. A current carrying conductor above a ground plane and the image

current.

The self inductance of the conductor is determined by using equation 6.7,
which will gain the following equation
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L:&[ln(l]_h{ ! D: o h{z"ﬂj (6.47)
2.1 a 2.7, 2. a

In order to calculate the mutual inductance it is not possible to use the
equivalent ground plane, since both conductors shall be taken into account.
The approach will instead be to calculate one mutual inductance for the two
conductors when only the vertical part of the ground structure is present and
one mutual inductance when only the horizontal part of the ground structure
is present. These two inductances will then be coupled in parallel.

X 1X

Al -1,

Figure 6.16. The distances D, D, and D, are employed in the mutual

inductance calculations.

The distances in Figure 6.16 are given by using Pythagorean theorem
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D= \/(xl —x )+ =0 ) (6.482)
D, :\/(x1 +x; )2 +(}’1 —J)2 )2 (6.48b)
Dy = (e, =2, + (3, + 3, ) (6.48¢)

This will give the expressions for the mutual inductance as
Ho 1 1 Ho D,
My = [ L) o] | = oy 2
A e
Ho 1 1 Ho D,
M, =Ho | L) opn| | |2 Hogy 22
2 Z'E(H(D] H(DZJ] 2.1 n(D) (6-491))

-1

M =M, 1l M, = 1D + 1D (6.49<)
Mo ln(lj Mo ln(z)
2. D 2. D

Capacitance

As mentioned above, the insulation of the conductors will not be taken into
account. The figure for the electrostatic calculations will then look like

R

1~/
Figure 6.17. A line charge over a ground plane and the image charge.

According to equations 6.18 and 6.19, the self-partial capacitance for the
conductor can be described as
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P 1 1 P 2'74]
V= In| — |-1 = 1
2-ﬁ-£0[n[¢z] n[2-rﬂD 2-m-g n( a (6.502)

P _2-7mg
v h{z.rﬂj (6.50b)

a

C=

The mutual capacitance between the two conductors, C,, is calculated by
assuming that both conductors have the line charge p, but with opposite
signs. For this calculation, no ground structure is taken into account since
this would yield a far more complicated expression. The image charges are
therefore not taken into account.

The mutual capacitance for the two conductors in Figure 6.16 will be found

by dividing the line charge with the potential difference between the two
cables as equation 6.51 below shows

P
C..o—_Pi_ (6.51a)
MY, :

v, - _ P h{lj_ln(ij __ P D (6.51b)
2.8, a D 2.8y a

- Py 1 1 Py D
Vv, = In| = |=In| = ||=—£L _1n =2
2 Z.ﬁ.go(n(b) n(DD 2-7-& nb (651c)
Yo _2-7g

o D D D (6.51d)
l (1 ( j 1 ( B ! [ ZJ
278, a b a-b

CM:

Where a and b are the radii of the two conductors and D the distance
between them.

Results

Just as in Chapter 6.2, the parameters for the five cases will be calculated. The
values for the radii are the same as in Table 6.2 and the notations will be the
same as in Figure 6.11.
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Case 1

Case 1 is the case when only one conductor, the thin conductor intended for
communication, is present. The coordinates for the conductor is given in
Table 6.3. Before the self inductance and capacitance can be calculated, an
equivalent plane for the conductor must be constructed.

The coordinates (see Figure 6.13) will give the angle o according to
equation 6.52

X, 11.1) o
o =arctan| — | =arctan| —— | =45
arc an(}/1 j arc an(1 1 (6.52)

Equation 6.53 will then give the distance from the center of the conductor to
the ground plane as

7, = y; -sin(ar) =11.1-sin(45°) = 7.85 mm (6.53)

Inserting this values into equation 6.47 and 6.50 will yield the values for the
self inductance and capacitance per meter conductor as

L=t h{z"’ﬂj: o 1n(2'7‘85j:0.73uH/m (6.54)

2.7 a 2.7 10.3989
2-7w-€ 2.7 &
C= o = 0 =15 pF/
2. 2785\ P (6.55)
In a In
a 0.3989

Case 2

In Case 2, two conductors are present and therefore both the mutual
inductance and the mutual capacitance between the conductors must be
calculated.

The two equivalent planes for the conductors in Figure 6.11 must be
constructed first (see Figure 6.13).
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a= arctan( a ] = arctan(1 35) 45° (6.56)
" 1.35 ’

7, = y, -sin(ar) = 1.35-sin(45°) = 0.955 mm (6.57)

B = arctan[x—zj = arctan( 4'55) =62.7° (6.58)
¥y 2.35

7, = 9, -sin(f) = 2.35-sin(62.7°) = 2.09 mm (6.59)

When the distances r, and r, to the equivalent planes are known for the
conductors, the self inductances will be

s m(z"ﬂj: Ho 1n(2'°'955):o.31yH/m (6.60)

2.7 a 2. 0.3989
Ho 2.7 Ho 2-2.09)
vy n( b j 27 n(1.382 pEm - (6.61)

The mutual inductance is given by equation 6.49 and will be

D:\/(xl _xz)z +()’1 _)’2)2 =

(6.62a)
=J(1.35-4.55)" +(1.35-2.35) =3.35 mm
_ 2 N
Dy —\/x1+x2) +()’1 }’2) (6.62b)
=(1.35+4.55) +(1.35-2.35)> =5.98 mm
Dy =y~ +(n 43 = (6.62¢)
=J(1.35-4.55) +(1.35+2.35)" = 4.89 mm
-1
1 1
M=MIIM, = n _
Lo 1n(5.98j m 1n(4.89j
2.7 \335) 27 (335 (6.63)
=0.046 uH Im

For the self-partial capacitance calculations, the equivalent planes are utilized
again.
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C = 2-7-&, _ 2-7-&, =35 pFIm (6.642)
27 2-0.955
Fy s
a 0.3989
2.7 2-w-&
C, = 0_- 050 pF/
2T, 2200y 0P (6.64b)
In In
b 1.382
CM:M—";O:[D:&%mm]: 2'”"92 =
D 3.35
ln — n——
a-b 0.3989-1.382 (6.64c¢)
=18 pF/m
Case 3

Case 3 is the case where the conductors are located at a distance of 5 mm up
and 5 mm away from the ground structure. With the method described in
this chapter, the following per meter values for the parameters are given:

L, =0.62 uH Im
L, =042 uH Im
M =0.15uH Im
C, =18 pFlm
C, =26 pFlm
Cuy =18 pFlm

Case 4

In Case 4 the communication conductor is placed close to the ground and
the voltage feed cable is placed 5 mm up and 5 mm away from the frame rail.
The coordinates yield the following parameter values per meter

L =031 uHIm
L, =0.40 uH Im
M =0.023 uH Im
C,=35pFIm

C, =28 pFlm
Cy =12 pFlm
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Case 5

In Case 5, the thin conductor is located 5 mm up and 5 mm out from the
ground structure. The thick conductor is located 6 mm away in the
horizontal direction from the thin conductor and 5 mm above the ground
structure. According to the method described in this chapter, the per meter
parameters in this case will be:

L, =0.62 uH Im
L, =0.45 uH /m
M =0.075 uH Im
C, =18 pFlm

C, =25 pFIm

Cy =12 pFim






Chapter 7

Simulation

By using electromagnetic simulation software it can be easy to test a variety of
conductor layouts to find an optimal layout. This chapter describes
simulations carried out to determine the values of the parasitic components
for the different conductor layouts.

7.1 Simulation software

CableMod from SimLab Software GmbH is the simulation software that is
utilized in this thesis. This is mainly a software program for modeling cable
harnesses and crosstalk. There are different ways to define the conductor
layouts and ground structure (chassis). One way is to import the whole
vehicle structure as a ground shape (see Figure 7.1).

Figure 7.1. A simplified 3D simulation model of a heavy duty vehicle.

When this is done, the cable harnesses could either be imported from a CAD

107
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file or the harness could be defined by inserting knots and connect them via
sections in order to create routes for the conductors.

In some cases only the conductor cross-sections, layouts and the presence of
metallic structures are important. It is then possible to create a simulation
model by only defining a two dimensional cross-section of the setup.

When the ground structure and conductor layouts are defined, also the types
of conductors should be defined. There is a library of predefined conductor
types, and it is also possible to define new conductors knowing the cross-
sectional area and the thickness and type of insulation.

When the physical characteristics are described, the software makes a two
dimensional transmission line model of the setup. Since this modeling uses a
two dimensional field approach it is necessary that it is possible to create
homogeneous and uniform cross-sections along a certain line length of the
cable harness. In the case when the two dimensional cross-section is defined
from the user, this is never an issue. In more general cases, the software will
subdivide the geometry into partly homogenous and uniform cross-sections.
The user will select the conductors of interest and then CableMod will extract
these conductors and divide them into a set of transmission line systems with
variable lengths depending on the frequency and surrounding geometry. The
software will also prepare all cross-sections for the field calculations in order
to provide connectivity from any conductor terminal on one side of the
transmission line system to the other.

The two dimensional transmission line models will contain per unit length
parameters as resistance, mutual inductances, mutual capacitances and
conductances. These parameters are derived by employing a static two
dimensional field calculation which is applied to the cross-sections. The field
calculation requires that all cross-sections are further subdivided into smaller
segments, called a mesh. The smaller the size of the mesh, the more accurate
the field calculations will be, but it will also mean a higher number of
unknowns. When all cross-sections are meshed, the model is created. This
model is valid up to a specified frequency (this frequency will determine
whether the model shall be lumped or distributed depending on whether it is
electrically long or short), and the user must also decide whether the model
shall include ohmic (the resistance of each conductor) and/or dielectric losses
(the conductance of each conductor).
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The model can then be used for AC (frequency), transient (time), impedance
or scatter analysis in CableMod. It is also possible to create and export either
a Spice or Saber model or to view the model as a text file.

7.2 Method

CableMod utilizes two types of electromagnetic simulations methods,
boundary element method (BEM) and partial element equivalent circuit

(PEEC). The two methods are briefly described in Chapter 4.2.

7.3 Model and settings

For the investigated models in this thesis, five different cross-sectional layouts
are created in CableMod. The ground structure is defined as a U-shape with a
thickness of 8.3 mm, a width of 301 mm and a height of 93.5 mm. The
material of the ground structure is defined as iron.

o
* [mm]

Figure 7.2. The cross-section of the simulation model.

Two types of conductors are defined. One is a thin conductor intended for
communication. The copper part of this conductor has a circular cross-
sectional area of 0.5 mm’” and the PVC insulation around this conductor has
a thickness of 0.7 mm. The other conductor is thicker and intended for
voltage feed. This is also made of copper and has a cross-sectional area of 6
mm’” and a 0.76 mm thick layer of PVC insulation. The two conductors are
routed differently in the five cases under investigation (see Chapter 5.3).
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In the two dimensional model setting of CableMod, the models are chosen to
be cascaded (lumped) models since the lengths of the conductors are set to
0.1 m and the maximum frequency of interest is set to 30 MHz. The ohmic
losses are included in order to provide a value for the resistance of each
conductor.

74 Simulation results

The five different cases described in Chapter 5.3 are all implemented in
CableMod. As mentioned above will the conductor layouts will be defined in
the two dimensional “wire-dialogue” in the program.

The values for the resistance, the mutual inductances and the mutual
capacitances are extracted from the two dimensional transmission line model
view after the model is created.

Case 1

The first case contains only one conductor and the cross-section will look like

Figure 7.3.

As can be seen from Figure 7.2 the origin of the ground structure is located in
the middle of the structure’s horizontal extension and in the middle of the
thickness. The conductor under investigation will therefore have coordinates
differing from Chapter 6.2 since the origin there was located at the
intersection of the two perpendicular thin ground planes.

-147 -145 -143 -141 -130 -137 -135 -133 =131
x [mm]

Figure 7.3. Simulation model, Case 1.
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The results will be extracted from the two dimensional transmission line view

which looks like

* Model o TLM 31 _TLM 31
* Number of lines o1

* Type > Lumped/Cascade
Model (slIsim P)

-model TLM 31 TLM 31 P

+ INDINVERT=YES CAPINVERT=YES TERMINALS=2
NODES=2 GNDNODES=0

+ EDGES=1 GNDEDGES=0 F(G)=1

+

+ TC1S1 TC1S2

+ NC1S1 NC1S2

+

+ E=(NC1S1,NC1S2)

+ R(1)=0.0038300734

+ D(1)=128594.28

+ L(1,1)=7.4742015e-008

+ C(1,1)=9.530651e-013 C(2,2)=9.530651e-013
+

+ V(D=1

.include "D:\...\ tImodel.tIm"”

*

* Top Circuit

* Model Name - TLM_ 31

* Simulator > slsimpt

* Ohmic Losses : Yes

* Dielectric Losses - No

* Model Type : Cascade Model
* TLM Length [m] 0.1

* Valid up to Frequency [Hz] = 30000000

* Number of Terminals 12

* Number of Cross Sections -1

* Number of Cross Instances o1

*

.subckt TLM_ 31 IN_Og5mm
OUT_0qg5mm

*instances of cross sections

* TL Instance - TLM_ 31

* Number of Wires o1

PTLM_31 OUT_0qg5mm IN_0qg5mm

TLM_31 TLM 31
.ends
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This will give the per
meter values for the

L=0.75 uH /m inductance and
capacitance as

C=9.53-2=19 pFim

Case 2

In Case 2, both conductors are present. As can be seen in Figure 7.4 they are
conductors located close to each other and near the ground structure.

-147 -145 -143 141 139 137 -135 133 13
% [men]

Figure 7.4. Simulation model, Case 2.

Since there are two conductors present, also the mutual inductances and
capacitances between the conductors are determined. An extract from the two
dimensional transmission line model will then look like

+ L(1,1)=2.1176138e-008 L(1,2)=4.2374323e-009
L(2,1)=4.2374323e-009  L(2,2)=3.1726309e-008
+
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+ C(1,1)=3.69019745e-012 C(2,2)=3.69019745e-012
C(1,3)=9.6969555e-013  C(2,4)=9.6969555e-013
+ C(3,1)=9.6969555e-013  C(4,2)=9.6969555e-013

C(3,3)=2.7655214e-012 C(4,4)=2.7655214e-012
Where L(1,2) and L(2,1) are the mutual inductance between the conductors
and C(1,3), C(2,4), C(3,1) and C(4,2) are the mutual capacitances. This

gives the parasitic components per meter as

L =032 uH Im
L, =021 uH Im
M =0.042 uH Im
C, =55 pFIm
C, =74 pFlm
Cy =19 pFlm

Case 3

In Case 3, both conductors are located at a distance of 5 mm up and 5 mm
away from the ground structure (see Figure 7.5).

146 145 144 143 142 141 140 4138 4138 137 136 135 134
* [ren]

Figure 7.5. Simulation model, Case 3.

The created model has the following parameter values per meter
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L =0.61 uH /m
L, =0.43 uH/Im
M =0.23 uH I'm
C, =14 pFlm
C, =24 pFlm
Cy =27 pFlm

Case 4

In Case 4 is the thin communication conductor placed in the corner of the
structure and the voltage feed conductor 5 mm up and 5 mm out.

-146 -145 -144 143 -142 141 140 139 138 137 136 135 134 133
xxxxxxx

Figure 7.6. Simulation model, Case 4.

This setup yields the following values per meter

L =032 uH/Im
L, =0.40 yH I m
M =0.014 uH I m
C, =063 pFlm
C, =32 pFlm
Cy =22 pFIm
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Case 5

Finally, in Case 5, the thin communication conductor is placed 5 mm up and
5 mm out from the ground structure. The voltage feed cable is located 5 mm
above the ground plane and 6 mm away from the communication conductor.
The setup can be seen in Figure 7.7.

-147 145 -143 141 138 137 -135 133 131 129 127 -12
® [mm]

Figure 7.7. Simulation model, Case 5.

The values for the parasitic components per meter conductor in the model
are

L, =0.63 uH/Im
L, =0.45 uH Im
M =0.078 uH I'm
C, =20 pFlm
C, =26 pFIm

Cy =48 pFim






Chapter 8

Measurements

In the previous chapters, the values of the parasitic components are estimated
analytically and by simulation. As described in Chapter 2, it is useful to have
a measurement to compare the computed or simulated results with if
possible. The previous developed values will therefore be compared to
measured values.

This chapter describes the experimental setup and the methods for measuring
the parasitic inductances and capacitances. The measurement results of the
components for the different conductor layouts are also presented.

8.1 Experimental setup

Two conductors and a ground structure are used in the measurements,. The
aim is to find the parasitic inductances and capacitances between the
conductors and the ground structure. A schematic of the setup is shown in
Figure 8.1.

Signal Oscilloscope
generator
Conductor
Frame rail
Figure 8.1. Overview of the different parts of the measurement setup.

117
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Ground structure

As described in Chapter 5.2, a part of a frame side rail from a heavy-duty
vehicle is used as a ground structure in the investigations. The frame part is
1.6 m long U-channel originating from a 4x2 tractor. A cross-section of the
frame is shown in Figure 5.3.

The frame is made of high-strength steel and has a thin (approximately
70 um) thick layer of coating. There are 128 holes with a diameter of
155 mm drilled in the frame rail. Since the diameter of these holes is smaller
than 1/20 of the wavelength of the highest frequency of interest [48], and the
holes only constitutes a small part of the total surface, the holes will not have
any effect on the results.

In order to facilitate electrical contact with the frame, another two holes are
drilled. The coating surrounding these two holes is removed and two
terminals are attached for easy mounting of conductors. One of these holes is
located 10 cm from the end of the frame, and the other one is located 1 m
further away from the end. A top view of the frame rail is shown in
Figure 8.2.

Terminal Terminal

3 3
© 00 00 0 00O OO0 O OO0OOOO0 OO0 OO0 0 0 0 0 0 0 0 0 0 0 0 0
o 0 0 0 0 0 0 0 0 0 00 0 0 0 0 0 0 0 0 0 0 0 0 0 06 06 0 0 0 0 0
O 0 000 O0OOOT® OOOO O O0OOO O OOO OO OO OO O OO0 0 0 0 0 0 0 0

© 00 0000 0O OO OO OO0OOO OO0 OO0 O 0 0 0 0 0 0 0 0 0 0 0 0 0

Figure 8.2. The frame rail.

Conductors

As mentioned in Chapter 5.2, two types of conductors are used in the
experimental setup. The thin conductor, intended for communication, has a
cross-sectional area of 0.5mm’ and a 0.7 mm thick PVC insulation [17]. The
thicker conductor, intended for voltage feed to the load, has a cross-sectional
area of 6 mm’ and a 0.76 mm thick PVC insulation [61]. Each conductor has
a length of 1 m.
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Signal generator and oscilloscope

The signal generator used in the measurements is an old fashioned vacuum
tube amplifier of type Oltronix RC-oscillator RCO-6K. This generator is
chosen since it has the ability to generate a pure sine with high amplitude and
high current limit. For measurements, an oscilloscope from Tektronix (TDS

640A) is used.

In Figure 8.3 the whole setup is shown.

Figure 8.3. The measurement setup.
8.2 Inductance measurements

Two types of inductances are measured; the inductance from each conductor
to the frame (ground) and the mutual inductance between the two
conductors. Due to the lack of a sinusoidal generator with a very high current
limit, the measurements of the self inductance for each conductor are not
possible to measure without also getting the inductance of the frame. Since
the inductance of the frame is hard to estimate, all inductance values for the
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frame and conductors are to be seen only as comparative values. The
measurement of the inductance between one conductor and the frame is
performed by applying a sinusoidal voltage to the frame via a 0.1 Q
resistance. The conductor under investigation is placed on the frame and
connected to the frame in one end and the oscilloscope and generator in the
other. The setup is shown in Figure 8.4.

Conductor under investigation

010 Frame
Figure 8.4. Measurement setup for measuring the self inductance of a
conductor.

The equivalent circuit for the inductance measurement shown in Figure 8.4

looks like (Figure 8.5)

Figure 8.5. Equivalent circuit for measuring the self inductance.

where R is the DC resistance of the frame and conductor under
investigation.

The value for the inductance of the conductor and the frame will then be
given by:
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V=jorLd=jo Lk 8.1
V,-R
jro-Vy

In this setup, the frequency of the sinusoidal is set to be 100 kHz.

The mutual inductance between the two cables is measured in a similar way.
Both conductors are connected to the frame in one end. In the other end, one
conductor is connected to the signal generator via the 15 Q resistance and the
other is connected to the oscilloscope as seen in Figure 8.6.

\%

0.5 mm?2 conductor

6 mm?2 conductor

Frame

Figure 8.6. Measurement setup for measuring the mutual inductance.

The equivalent circuit for the setup looks like in Figure 8.7 and the
expressions for calculating the inductance are given in equation 8.2.

Figure 8.7. Equivalent circuit for measuring the mutual inductance.

Applying Kirchoff’s voltage law for the equivalent circuit in Figure 8.7 yields
the following expressions:
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17:17R+M-§=R~1'+j-a)-M-1' (8.20)
t
— ar . =
Vosc:M'Z:]'w'M.[ (8.2b)
V._-R
M=Im L_
(j'w'VRj (8.2¢)

In the setup, the resistance, R, is chosen to 15 Q and the frequency set to
200 kHz. The two voltages V,_and V, are measured and will together with
equation 8.2 give the inductance.

8.3 Capacitance measurement

In the experimental setup, the capacitance from each conductor to the frame
(ground) and the capacitance between the two conductors are measured. The
measurement of the capacitance between a conductor and the frame is carried
out as shown in Figure 8.8. The conductor under investigation is placed on
the frame, and at each end of the conductor, a resistance is connected. A
closed loop for the current in the conductor is created by connecting the two
resistances with each other via a conductor situated away from the frame and
the voltage over one of the resistances is measured.

Conductor under consideration
% Frame

L 1

1 kQ

Figure 8.8. Measurement of the self-partial capacitance.

The voltage connected to the frame is coupled to the conductor via the
capacitance between the frame and conductor as shown in the equivalent
circuit in Figure 8.9.
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C
v 1kQ 1kQ |V,
=2R
Figure 8.9. Equivalent circuit for measurement of the self-partial capacitance.

An investigation of the equivalent circuit in Figure 8.9 will give equation 8.3.
Since the resistances are connected in parallel, the resulting resistance in the
equivalent circuit has only half the value of the physical resistances.

L (8.32)
jo-C
A (8.3b)
R
1
C=Im| ——— (8.3¢)

Since the resistance R, is known and the voltages V and V| are measured,
equation 8.3 gives the capacitance between the conductor and the frame. The
frequency of the sinusoidal voltage is in these setups set to be 10 kHz.

In the setup where the capacitance between two conductors is measured, the
two conductors are placed next to each other on the frame. One conductor is
connected to two resistances as in the previous setup and the other conductor
is connected to the signal generator in one end and remains unconnected in

the other. The setup looks like Figure 8.10.
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l' 6 mm?2 conductor

% 0.5 mm?2 conductor

Frame
1
L T
1kQ
Figure 8.10. Measurement of the mutual capacitance between two conductors.

There is no difference on the equivalent circuit for this setup compared to the
previous one. The equivalent circuit can therefore be seen in Figure 8.9 and
the value for the capacitance between the two conductors is calculated by
using equation 6.51.

8.4 Measurement uncertainties

It is only in theory that a measured value is exact and correct. In the real
world, a measured value is defective and not as accurate as wanted. The
measurements that are made in this thesis are only carried out once why no
standard deviations or mean values are calculated. However, it is possible to
estimate the uncertainties of the measurement results by looking at the
specified uncertainties of the different components of the setup. These
uncertainties and the results from them will be described in this chapter.

Oscilloscope and probes

As mentioned in Chapter 8.1 the oscilloscope that is used during the
measurements is of type Tektronix TDS 640A [70]. According to the
datasheet from the oscilloscope, the vertical accuracy is 1.5%, which implies
that the voltage levels could either be 1.5% higher or lower than the levels
shown on the oscilloscope.

The probes that are used together with the oscilloscope are of type Tektronix
P6139A [71]. These are 10X probes which means that there will be a voltage
division between the oscilloscope and the probe. The input resistance of a
probe can together with the oscilloscope vary between 9.95 MQ and
10.05 MQ. The input capacitance is specified in the datasheets as 8 pF +
0.8 pF.
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Inductance measurements

The inductance measurements, as well as the capacitance measurements are
performed as indirect measurements since the currents in the setups are
measured as a voltage over a resistance. In the setup for measuring both the
self and mutual capacitances this resistance had a value of 0.1 Q with an
accuracy of 5%. The resistance is called R in Figure 8.11.

In Figure 8.11 the whole measurement setup is shown. The two voltages that
are measured, V, and V,, are depending on the probes (one of the probes is
encircled by the dashed rectangle to the left in the figure).

-
‘ RL
| L

|
} | L § |
| |
% | | |
} | |
| | |
| R[]
| LT

0.1Q+5% |

Figure 8.11. Measurement setup including oscilloscope and probes.

An equivalent circuit for the measurement is shown in Figure 8.12.
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@ v OSCD v, D RL

0SC V,

Figure 8.12. Equivalent circuit for the measurement setup.

For the circuit, the inductance value is calculated by taking the quotient of
the two voltages, Vq, and then finding the total impedance RL consisting of
the inductance in series with the resistance of both the ground structure and
the conductor. The inductance will then be the imaginary part of the

impedance as:

VooV R IIC, ) OSC/IRL (8.4a)
! R,IIC,+R,1IC, OSCIIRL+OSCIIR,
R IIC OSCIIR
V,=V- — : - (8.4b)
R,IIC,+R,1IC, OSCIIRL+OSCIIR,
OSC-RL

_V, _OSCIIRL osc+RL RL(OSC+R,)

"7V, OSCIIR,  OSC-R, "R, (0sc+r) 849
OSC +R,
V -R, -OSC
Im 05(? R 1-V
+ —_
L= ” 7 (8.4d)

2.7 f

In the case where the mutual inductance is measured, a 15 Q resistance is
used. This resistance has an accuracy of 10%.

Capacitance Measurements
The capacitance measurements are as mentioned above also indirect
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measurements where two voltages are measured and employed for calculation
of the sought parameter. In the measurements, two resistors of 1 kQ each are
used (denoted R in Figure 8.13). These resistances each have an accuracy of

5%.

Figure 8.13. Measurement setup for capacitance measurements including
oscilloscope and probes.

A simplified equivalent circuit for the setup is shown in Figure 8.14.

Xc

L7

OSC

=
<)
77
N

=

L]
[ ]
=

Figure 8.14. Equivalent circuit for measurement of capacitances.

In the case of the capacitances the two voltages are also measured and an
unknown impedance is calculated. The reactance is then found as the
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imaginary part of this reactance.

R :

Vv 11C, __(oscii1/2-R) (8.5

R,IIC,+R,IIC, (OSCI/1/2-R)+ X,
N R,11C, (8.5b)
L =

R,IIC,+R,IIC,
v, OSC1/1/2-R
L=V = ( ) (8.50)

v, 1 (0SCII/2-R)+X,

X.=(0sCi1/2-R L_l _ OSC-1/2R 1 8.5d)
v, OSC+1/2R| V, :
1

- - @ 8.5
O (%) (8:59

Uncertainty estimations

In order to estimate the uncertainties in the measurements, equations 8.4 and
8.5 are implemented into Matlab and the different combinations of resistance
values and voltage values are all tested in order to get a maximum and a
minimum value for the parameter. These values are presented in next chapter
for the parameters of each case.

8.5 Measurement results

The aim of the experiments is to find how the parameters depend on the
geometrical properties of the conductor layout. Five different layouts are
therefore utilized and they are described more in detail in Chapter 5.3.

Case 1, Single conductor

In Case 1, only the communication conductor is present. The conductor is
placed at a distance of 10 mm out from the frame and 10 mm up.
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Measurement of the inductance, Measurement of the capacitance,
Communication cable, Case 1 Communication cable, Case 1
15
10r )
= = 5
S S
g g0
2 .| S 5 ! _
-0.5 : -10 1‘1_‘ :.':: — Communication
‘ e ‘ 15 e | Generator
0 0.5 1 15 2 0 1 2
Time [s] x10° Time [s] x10™"
Figure 8.15. Left: The results from the measurement of the inductance. The

dotted line is the voltage over the inductance and the black line the
voltage over the resistance in the setup. Right: The voltage from
the generator (dotted) and the voltage over the resistance (x1000,
black) in the measurement setup for the capacitance measurement.

The results are presented in Figure 8.16. By using equations 8.4 and 8.5, the
following values will be obtained.
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0,80 ]: 40 ,|_
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5 0,40 = 20 4
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0,10 5
0,00 0
Communication Conductor Communication Conductor
Figure 8.16. Left: The result from the measurement of the inductance with the

margins of error indicated. Right: The results from the capacitance
measurement.
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Case 2, Two conductors together, close to ground

In Case 2, both conductors are present and routed next to each other close to
the corner of the frame. The results from the inductance measurements are
shown in Figure 8.17.

Measurement of the inductance, Measurement of the inductance,
Communication cable, Case 2 Battery cable, Case 2
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S S
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L L -0.5 L L L
0 05 1 15 2 0 0.5 1 15 2
Time [s] x10° Time [s] x10°
Figure 8.17. The results from the measurement of the self inductances of the
communication conductor (left) and the battery conductor (right).
The dotted line is the voltage over the inductance and the black
line the voltage over the resistance in the setup.
Measurement of the mutual inductance, Case 2
0.1
>
>
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=
>
-0.1y
0% 0.5 1 15 2
i 5
Time [s] %10
Figure 8.18. The result from the measurement of the mutual inductance

between the conductors. The dotted line is the voltage over the
inductance and the black line the voltage over the resistance in the
setup.

This will yield the following self inductances and mutual inductance.
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Figure 8.19. The results from the measurement of the self and mutual

inductances with the margins of error indicated.

The capacitance measurements are shown in Figure 8.20 and 8.21, and the
results are given below in Figure 8.22.

Measurement of the capacitances, Case 2

20
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(0]
S 0
=)
> 3
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- Generator
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Time [s] x10”
Figure 8.20. The result from the measurement of the self-partial capacitances.

The dotted line is the voltage from the generator and the black
(communication conductor, x500) and red (battery conductor,
x500) lines are the voltages over the resistances in the setup.
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Measurement of the mutual capacitance, Case 2
20 w
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""" — Capacitance
----- Generator
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Time [s] x10™
Figure 8.21. The result from the measurement of the mutual capacitance. The

dotted line is the voltage from the generator and the black line is
the voltage over the resistance (x1000) in the setup.
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Figure 8.22. The results from the measurement of the self and mutual
capacitances of Case 2 with the margins of error indicated.

Case 3, Two conductors together, away from ground

In Case 3 both conductors are lifted 5 mm up from the frame. The thin
communication conductor is placed 5 mm out from the vertical side of the
frame. Figure 8.23 and 8.24 show the results from the inductance
measurements.
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Measurement of the inductance, Measurement of the inductance,
Communication cable, Case 3 Battery cable, Case 3
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Figure 8.23. The results from the measurement of the self inductances in
Case 3 of the communication conductor (left) and the battery
conductor (right). The dotted line is the voltage over the
inductance and the black line the voltage over the resistance in the
setup.
Measurement of the mutual inductance, Case 3
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Figure 8.24. The results from the measurement of the mutual inductances in

Case 3. The dotted line is the voltage over the inductance and the
black line the voltage over the resistance in the setup.

An analysis of the results will yield the following inductance values
(Figure 8.25).
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Figure 8.25. Results from the measurement of the self and mutual inductances

of Case 3 with the margins of error indicated.

The capacitance measurements are shown in Figure 8.26 and 8.27 from
which the following capacitance values are received.

Measurement of the capacitances, Case 3
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Figure 8.26. The result from the measurement of the self-partial capacitances.

The dotted line is the voltage from the generator and the black
(communication conductor, x500) and red (battery conductor,
x500) lines are the voltages over the resistances in the setup.
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Measurement of the mutual capacitance, Case 3
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Figure 8.27. The result from the measurement of the mutual capacitance. The
dotted line is the voltage from the generator and the black line is
the voltage over the resistance (x1000) in the setup.
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Figure 8.28. Results from the measurement of the self and mutual capacitances
of Case 3 with the margins of error indicated.

Case 4, Two conductors apart, one close to ground

The thin conductor for communication will be placed in the corner of the
frame in Case 4, whereas the thick conductor for voltage feed is located 5 mm
up and 5 mm out from the frame.
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Measurement of the inductance, Measurement of the inductance,
Communication cable, Case 4 Battery cable, Case 4
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Figure 8.29. The results from the measurement of the self inductances in
Case 4 of the communication conductor (left) and the battery
conductor (right). The dotted line is the voltage over the
inductance and the black line the voltage over the resistance in the
setup.
Measurement of the mutual inductance, Case 4
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Figure 8.30. The results from the measurement of the mutual inductances in

Case 4. The dotted line is the voltage over the inductance and the
black line the voltage over the resistance in the setup.

The measurement results for the inductances in Figure 8.29 and 8.30 will
give the following inductance values (Figure 8.31).
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Figure 8.31. Results from the measurement of the self and mutual inductances

of Case 4 with the margins of error indicated.

In Figure 8.32 are the results from the capacitive measurements.

Measurement of the capacitances, Case 4

Measurement of the mutual capacitance, Case 4
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Figure 8.32. Left: The result from the measurement of the self-partial

capacitances. The dotted line is the voltage from the generator and
the black (communication conductor, x500) and red (battery
conductor, x500) lines are the voltages over the resistances in the
setup. Right: The result from the measurement of the mutual
capacitance. The dotted line is the voltage from the generator and
the black line is the voltage over the resistance (x1000) in the

setup.
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The graphs in Figure 8.32 will gain capacitance values as
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Figure 8.33. Results from the measurement of the self and mutual capacitances

with the margins of error indicated.

Case 5, Two conductors apart, away from ground

In the last case is the thin communication conductor placed 5 mm up and
5 mm out from the frame. The battery conductor is located 6 mm away from
the communication conductor, and 5 mm up. The inductance measurement
results are shown in Figure 8.34.

Measurement of the inductance, Measurement of the inductance,
Communication cable, Case 5 Battery cable, Case 5
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Figure 8.34. The results from the measurement of the self inductances in

Case 5 of the communication conductor (left) and the battery
conductor (right). The dotted line is the voltage over the
inductance and the black line the voltage over the resistance in the
setup.
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Measurement of the mutual inductance, Case 5
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Figure 8.35. The results from the measurement of the mutual inductances in

Case 5. The dotted line is the voltage over the inductance and the
black line the voltage over the resistance in the setup.

The inductance values gained from these measurements are
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Figure 8.36. Results from the measurement of the self and mutual inductances

of Case 5 with the margins of error indicated.
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Measurement of the capacitances, Case 5
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Figure 8.37. The result from the measurement of the self-partial capacitances.
The dotted line is the voltage from the generator and the black
(battery conductor, x500) and red (communication conductor,
x500) lines are the voltages over the resistances in the setup.

Measurement of the mutual capacitance, Case 5
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Figure 8.38. The result from the measurement of the mutual capacitance. The
dotted line is the voltage from the generator and the black line is
the voltage over the resistance (x1000) in the setup.

The capacitances values obtained from the measurements in Figure 8.37 and
8.38 will be
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Figure 8.39. Results from the measurement of the self and mutual capacitances

with the margins of error indicated.






Chapter 9

Analysis of the results

In the previous chapters, different ways of determining the parasitic
components for two conductors in different conductor layouts are presented
with results. In this chapter, all results will be summarized and the circuit
models for the different setups will be presented and analyzed. Finally, some
general guidelines will be presented for design of an electromagnetically
compatible system.

9.1 Case 1

In Case 1 only the thin communication conductor is present according to
Figure 9.1.

10mm

10mm

Figure 9.1. Cross-section of the conductor layout in Case 1.

The calculated, simulated and measured values for the parasitic components
are shown in Figure 9.2.

143
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Figure 9.2. Summary of the results for the inductance in Case 1.

As can be seen, the values for the self inductance of the conductor agree fairly
well. The uncertainties of the measured value indicate that the self inductance

could be as low as 0.75 pH, which agrees even better with the simulated and
calculated values.

Capacitance [pF]

Simulated  Method 1 Method 2  Measured

Figure 9.3. Summary of the results for the capacitance in Case 1.

The values for the self-partial capacitance for the accurate analytical
calculations and the simulations agree well. Since the distance between the
conductor and the ground structure is rather large, the assumption that the
line charge is located at the centre of the conductor does not affect the value
of the capacitance. In the case where Method 2, the approximate method
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with the equivalent planes, is used, the value of the self-partial capacitance is
lower. This is due to the fact that the equivalent plane will be located at a
distance of about 7 mm from the line charge and thereby only give one
“contribution” to the self-partial capacitance, whereas the accurate method
will have three contributions although not all with the same sign (one from
the vertical part of the ground structure, one from the horizontal part and
one from the positive line charge located diagonally to the conductor). The
measured value of the self-partial capacitance deviates from the simulated and
calculated values and the reasons for this will be discussed in Section 9.3.

9.2 Case 2

In Case 2, both conductors are present and routed close to each other in the
corner of the ground structure, as in Figure 9.4.

L)

Figure 9.4. The conductor layout in Case 2.

Compared to Case 1, the inductance is expected to decrease and the
capacitance to increase due to the reduction in distance between the
conductor and the ground structure.
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Figure 9.5. Summary of the results for the inductances in Case 2.

As can be seen in the diagram of Figure 9.5, the self inductance does decrease
as expected. The inductance of the battery conductor is lower than the
inductance for the communication conductor. This is due to the increase in
the radius of the conductor. The magnetic flux density B outside a conductor
is defined as

-1
B=t0" (9.1)
2--r

where I is the current of the conductor, and r the radius of the conductor.
From this equation, it is possible to see that when the radius of the conductor
is increased, the flux density will decrease. Since the inductance is
proportional to the flux density, also the inductance will decrease.

For both the communication conductor and the battery conductor there is a
rather large difference between the measured values for the self inductances
and the calculated/simulated. This is due to the approximation that is made
in both the simulations and the calculations that the conductivity of the
ground structure is very high wherefore the method of images can be
employed. This is however not true as can be seen from the measurements.
The ground structure was modelled to have a conductivity of 10 MS/m, but
the material of which it is made has actually a conductivity of only 3 MS/m
[63]. The skin depth is depending on the conductivity according to
equation 6.1, and a lower conductivity will give a larger skin depth. The
phenomena can be seen in Figure 9.6 where Case 2 is simulated in a FEM
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analyser and the current density, J, and vector potential, A, are studied for
different values of the conductivity, o.

Figure 9.6. A FEM simulation of a current carrying conductor and a ground
structure. The vector potential A and the current density, ] are
plotted. The three ground structures have different conductivities;
Left: 6 = 100 MS/m, Middle: 6 = 10 MS/m and
Right: 6 = 3 MS/m. Frequency = 100 kHz.

For the three different conductivities of the ground structure in Figure 9.6,
the self inductance of the communication conductor will be 0.27 pH
(6 = 100 MS/m), 0.45 uH (6 = 10 MS/m), and 0.66 uH (6 = 3 MS/m). In
the case where the conductivity is high, the skin depth will be almost
negligible and the value of the self inductance will be close to the simulated
and analytically calculated values. In the case where the true value for the
conductivity is used, the measured value for the self inductance will be close
to the value from the FEM simulation. This implies that for an accurate
analysis of the setup, the conductivity of the ground plane must be taken into
account. This will however not affect the crosstalk to any larger extent if the
crosstalk is considered to be weak and coupled via the mutual inductance and
capacitance.

Since the two conductors are routed close to each other in this setup, the
mutual inductance will not be very high, but also in this case the conductivity
of the frame does affect the measurement results. Not as much as in the case
of the self inductance since the mutual inductance is depending on the flux
between the two conductors, but it will increase the mutual inductance
compared to the simulated and analytically calculated values.
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Figure 9.7. Summary of the results for the mutual inductance in Case 2.

The measurement of the mutual inductance is larger than the simulated and
calculated values since the conductors are clamped together in reality.

The capacitance of the thin communication conductor is expected to increase
in this case compared to Case 1. The results in Figure 9.8 confirm this
theory. Since both conductors are clamped to the ground structure, the effect
from the assumption in the calculations, that the line charge is located in the
middle of the conductor, will be significant here. This is clearly seen from the
differences between the simulated and calculated self-partial capacitance for
the battery conductor. The effect is less obvious for the communication
conductor since a displacement of the line charge from the centre of the
conductor will not imply any larger difference in the distance between the
line charge and ground structure.

The measured value for the self-partial capacitances agree well with the
simulated values in the case where the battery conductor is investigated. The
measured capacitance value for the communication conductor deviates a bit
since it is closer to the ground structure in reality than in the simulation and
calculations.
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Figure 9.8. Summary of the results for the capacitances in Case 2.
9.3 Case 3

In Case 3 both conductors are elevated 5 mm above ground and routed next
to each other. This is the most realistic case since the conductors due to
mounting reasons seldom are routed as close to the frame as in Case 2.

Smm

|

Smm

Figure 9.9. Conductor layout, Case 3.

When the conductors are located at a larger distance from the ground



150 Chapter 9. Analysis of the results

structure, their self inductances are expected to increase at the same time as
their self-partial capacitances decrease.

‘El Simulated @ Method 1 B Method 2 O Measured ‘
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Figure 9.10. Summary of the results for the inductances in Case 3.

As seen in Figure 9.10 the self inductances do increase. The difference
between the measured values and the simulated/calculated values are smaller
in this case since the distance to the ground structure is larger and hence the
skin depth does not have as much effect as in Case 2.
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Figure 9.11. Summary of the results for the mutual inductance in Case 3.
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The measurement of the mutual inductance will give a smaller value than the
simulated and calculated values. This is most likely because the conductors
are closer to each other in the measurements than in the simulations and
calculations.

The measured values for the self-partial capacitances deviate a lot from the
simulated and calculated values. This tendency is shown already in Case 1
and it is obvious here again (see Figure 9.12).
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Figure 9.12. Summary of the results for the capacitances in Case 3.

Since there is a better agreement in Case 2 between theoretical and measured
values for the self-partial capacitances, a measurement error is probably
introduced when the cables are raised from the ground structure. In order to
raise the conductors, 5 mm thick books are employed. Paper has a relative
permittivity of about 5 [35], which means that the presence of the paper
instead of air will enable that more charges can be stored and hence the
capacitance increased. In order to see if this assumption is correct, an
electrostatic FEM model is built.
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O

Figure 9.13. FEM model of a conductor on a rectangular area that is made of

paper (left) and air (right). The flux density, D, is shown.

The FEM model contains only the battery conductor located 5 mm above the
ground structure and about 7 mm out from the vertical part of the ground
structure. In the FEM model, a rectangular area between the ground structure
and the conductor is defined. This rectangle is defined as paper with a relative
permittivity of 5 in one case and as air in the other case. The energy stored in
all areas except the conductor and its insulation is integrated, and the stored
energy will yield the capacitance by using the following formula:

1. . 2-W
W=-CV? = C=
5 vE 9.2)

Where W is the energy and V the voltage of the conductor. This will give a
capacitance value for the battery conductor in Figure 9.13 of 36 pF for the
case where the rectangle is defined as paper and 22 pF in the case where it is
defined as air. Since the simulated and analytically calculated values are 23-24
pF and the measured value is 41 pF, the presence of the paper in the
measurements is most likely the reason for the deviation in value. Since there
are no papers available as spacers in the real setup, the simulated and
calculated values will in this case be the most realistic values.

9.4 Case 4

In Case 4 the communication conductor is located in the corner of the
ground structure and the battery conductor raised diagonally above.
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Smm

S5mm

Figure 9.14. Cross-sectional view of the conductor layout in Case 4.

For this case the inductance value for the communication conductor is
expected to be the same as in Case 2, and the self inductance value for the
battery conductor is expected to be somewhat smaller than in Case 3, since
the conductor is a bit closer to the frame. Although the communication
conductor is in the same position as in Case 2, the value for the self-partial
capacitance is expected to change since the physical surrounding of the
conductor has changed (the battery conductor is moved away from the
communication conductor). The self-partial capacitance for the battery
conductor is also expected to change compared to Case 3, partly due to the
distance to the communication conductor, but also due to it being located
closer to the ground structure.

The determination of the inductance shows that the measured value deviates
most for the communication conductor since this one is located closest to the
ground structure and thereby most affected by the skin depth. The values
gained from the simulation and the analytical calculations (both Method 1
and 2) agree well with each other.
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Figure 9.15. Summary of the results for the inductances in Case 4.

The values for the mutual inductance agree well for all methods for
determination except for Method 2. This is due to the fact that the diagonal
currents in Figure 6.9 are not taken into account in the analysis.
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Figure 9.16. Summary of the results for the mutual inductance in Case 4.

The differences in self-partial capacitance between the measured and
simulated/calculated values originates from the location of the line charge and
the stack of paper situated next to the conductor. Method 2 for the self-
partial capacitance of the communication conductor deviates from the other
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simulated and calculated values since it does not take the surrounding
environment into account. In the case of the battery conductor the paper
underneath the conductor is the main reason for the deviation in the
measured value compared to the other values.

O Simulated @ Method 1 m Method 2 O Measured
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Figure 9.17. Summary of the results for the capacitances in Case 4.

In the fourth case the mutual capacitance between the conductors is so low
that it is hard to measure with the used equipment.
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Figure 9.18. Summary of the results for the mutual capacitance in Case 4.
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9.5 Case 5

In the last case, both conductors are elevated 5 mm from the ground
structure and separated 6 mm.

S5Smm

Figure 9.19. Conductor layout, Case 5.

In this case the mutual inductance is expected to be rather low due to the
distance between the conductors and the distance to the ground structure.
Also the mutual capacitance is expected to be low.
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Figure 9.20. Summary of the results for the inductances in Case 5.
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Since both conductors are raised above the ground structure the skin depth in
the ground structure does not affect the measurement results to any larger
extent and thus the values from the simulations and calculations agree well
with the measurements.
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Figure 9.21. Summary of the results for the mutual inductance in Case 5.

As in Case 2, the conductors are closer in reality than in the theoretical
models, why the measured value of the mutual inductance deviates from the
simulated and calculated.
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Figure 9.22. Summary of the results for the self-partial capacitances in Case 5.
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In the measurements of the self-partial capacitances, the books that are used

to raise the conductors affect the results to a large extent, which can be seen
in Figure 9.22.
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Figure 9.23. Summary of the results for the mutual capacitance in Case 5.

As in the previous case the mutual capacitance is low and the paper books
present, why the measured value deviates from the theoretical values.

9.6 Influences on the parameters

In the earlier sections of this chapter, it has been shown how both the
conductor layout and the surroundings affect the parasitic components. It is
therefore interesting to investigate some basic physical properties of the
electrical system and how these affect the parameters.

Conductor insulations

In the investigations of this thesis, conductors that are isolated with polyvinyl
chloride (PVC) are employed. This is the most common insulation material
for conductors, but there are also others like polyethylene (PE) or
polytetrafluoroethylene (PTFE). Both of these have lower relative permittivity
than PVC (see Table 6.1). The different insulations are dielectric materials
and do only affect the capacitances of the setup.

A lower value on the permittivity implies that a higher electric field is needed
to store a certain amount of charges. This can be seen in Figure 9.24.



9.6. Influences on the parameters 159

Figure 9.24. The flux density plots for three conductors with different
insulation materials. The material around the conductor to the left
has a relative permittivity of 1.5, the material in the middle: 3.8 (as
PVC) and the material to the right 10.

This implies that a conductor will have a higher self-partial capacitance for a

higher value of the permittivity of the insulator. This is illustrated in Figure
9.25 for a single conductor over a ground plane.

25

Capacitance [pF]

17 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10
Relative permittivity

Figure 9.25. The capacitance for a thin communication conductor 5 mm above

a ground plane as a function of the relative permittivity of the
insulation material.

Also the mutual inductance between two conductors will increase when a
material with a high permittivity is employed as insulation.
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Conductor types

When it comes to the dimension of the conductor the cross-sectional area is
usually a parameter which the designer of the system can not affect. It is
however still useful to know what the different conductor sizes imply for the
circuit.

If the skin effect in the conductors is neglected (this is often possible to do for
long, thin conductors) the resistance of the conductor will increase with a
decreased cross-sectional area since there is less copper to carry the current
(see equation 6.3).

Regarding the inductance, this will decrease when the cross-sectional area
increases according to Figure 9.26.

o
~
:

Inductance [uH]
o
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0.5F
0.4F
0.3+
0'20 0.5 1 1.5 2 2.5 3
Radius [mm]
Figure 9.26. The self inductance of a conductor as a function of the radius of

the conductor.

The decrease in inductance emanates from the fact that the flux density B is
inversely proportional to the radius of the conductor according to
equation 9.1. In order to find the inductance of a conductor, the flux density
is integrated which will give the flux, proportional to the inductances
according to equation 6.5.

When a conductor has a large cross-sectional area, it will also have a large self-
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partial capacitance, see Figure 9.27.
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Figure 9.27. The self-partial capacitance of a conductor as a function of the
radius of the conductor.

The reason for the increase in self-partial capacitance is that the electrically
stored energy is dependent on both the capacitance and the voltage according
to

1
W, =EC-V2 ©.3)

The voltage V is proportional to the electric field, which in turn is reversely
proportional to the radius of the conductor. This implies that the capacitance
will increase if the voltage decreases in order for the electrical energy to stay
constant.

Distances

In previous sections of this chapter it is demonstrated that the layout of the
conductors influences the parasitic components of the conductor. In the case
of the self inductance, it is only the conductor and the ground structure that
interacts, but in the case of the self-partial capacitance also the presence of the
other conductor is of importance. The results from the cases in this thesis and
the underlying physics can be summarized as follows.

The self inductance of a conductor is only depending on the surrounding
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ground structure and not any other conductors. When the conductor is close
to ground, the magnetic field surrounding the conductor will create an image
current in the ground structure. This image current will have opposite sign
(as shown in Chapter 6.1) and hence decrease the magnetic flux and thereby
also the inductance. This implies that when the conductor is moved further
away from the ground plane, the distance between the current in the
conductor and the image current will increase and the image current will not
cancel the magnetic flux very effectively. The self inductance of the conductor
will thereby increase as can be seen in Figure 9.28(d).

The mutual inductance between two conductors is affected by both the
distance between the conductors and the vicinity to the ground structure.
When the conductors are routed close to each other, the magnetic field from
one conductor that affects the other conductor will be higher in the vicinity
of the conductor. When the conductors are raised above the ground
structure, the mutual inductance will also increase since the mirror current
that will exist in the ground plane will be located further away from the
conductor and thus not cancel the magnetic field from the conductor to any
larger extent. These effects can be seen in Figure 9.28(b) and (d).

Already in the basic formula for a plate capacitor (see equation 2.3) it can be
seen that the capacitance is inversely proportional to the distance between the
two plates. The self-partial capacitance for a conductor is defined as the
capacitance between the conductor and infinity (ground). This implies that
the closer the conductor is to ground, the higher the capacitance (see
Figure 9.28(c)). The capacitance is however more complex and also nearby
conductors will affect the self-partial capacitance. As can be seen in Figure
9.28(a) and (c) the self-partial capacitance of one conductor increases when
the other conductor is moved further away from the conductor.

Also in the case of the mutual capacitance the distance is of importance. The
distance to the ground structure plays a minor role whereas the distance
between the conductors is more important (see Figure 9.28(a)). When the
conductors are placed close to each other the mutual capacitance will increase
as in the case of the mutual inductance.



9.7. Circuit models 163

Lx10™ 15x10”
9 Ne)
—Mutual inductance
_2'5 —Mutual capacitance 1
3 Self capacitance | | T,
8 )
S 2
8 1.5 <
o 3]
© =]
Q.
g 1 T05
O =
0.5
0 ‘ ‘ 0 ‘ : :
0 10 20 30 40 50 0 10 20 30 40 50
Distance between conductors [mm] Distance between conductors [mm]
(@) (b)
11 11
2.5% 10 3X 10
2 ‘fMutual capacitance 25 —Mutual capacitance
o Self-partial capacitance| | Self-partial capacitance
Q (] 2
o 1.5¢ o
= =
g 8 1.5
S S
s 1r @
Q. Qo 1
© ©
o o
0.5r 0.5
0 0
10 20 30 40 50 0 10 20 30 40 50
Distance to ground plane [mm] Distance between conductors [mm]
(c) (d)
Figure 9.28. (a) The mutual capacitance between two conductors and the self-

partial capacitance of one conductor as a function of the distance
between them. (b) The mutual inductance between two
conductors as a function of the distance between them. (c) The
mutual capacitance between two conductors and the self-partial
capacitance of one conductor as a function of the distance to the
ground plane (the distance between the conductors remains
unchanged). (d) The mutual inductance between two conductors
and the self inductance of one conductor as a function of the
distance to the ground plane (the distance between the conductors
remains unchanged).

9.7 Circuit models

When the parasitic components of a circuit are known, they can be used in a
circuit simulation. There are different circuit simulation software programs
on the market, and most electrical engineers have at some point got in
contact with this type of software why it is a good tool to use when analyzing
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crosstalk.

In this thesis, free software from Linear Technology called
LTSpice/Switchercad III [40] is employed. The simulation model contains
the two conductors with their parasitic components. Four simulation models
are built for each case, one for each parameter setup for the parasitic
components.

In the simulation model the communication conductor is terminated with a
voltage source that has a sampled CAN bus signal as output. This signal looks
like Figure 9.29 and is sampled directly from the CAN High conductor in
the brake system of the Volvo FH12 heavy truck.
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Figure 9.29. CAN High signal sampled from the Volvo FH12.

The other end of the communication conductor is terminated in a simple
model of a CAN transceiver, consisting of a 10 pF capacitance in parallel with

25 kQ.

The battery conductor has a model of a 24 V battery in one end [5] that
includes a 24 V DC voltage source with a series resistance of 0.5 Q and
0.16 F in parallel. The other end of the battery conductor is connected to a
simple model of a 1-quadrant step down converter (see Appendix B).
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Figure 9.30. Power electronic converter and motor model.

The converter contains a small DC-link capacitor of 1 nF, a schottky diode of
type MBRB2545Ct from International Rectifier for freewheeling, and a
MOSEET for automotive applications of type IRF1405 from International
Rectifier. The gate driver for the MOSFET is built by an ideal voltage source
and a gate resistance of 4.4 Q.

A picture of the complete simulation model is shown in Figure 9.31.

Two measurement points are inserted; Vdc, which is the DC-link voltage and
Vcan, which is the voltage at the input of the CAN transceiver.

The simulation software is written as a SPICE (Simulation Program with
Integrated Circuit Emphasis) software. It can be used for both transient
(time) and frequency analysis. The transient simulation can be used for
investigation of the voltage level at the input of the CAN transceiver in order
to see if the voltage levels will be so high that they can interfere with the CAN
signal or possibly break the transceiver. The frequency analysis can be used to
plot transfer functions.
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Motor inductance

Motor EMF
R_battery_cond L_battery_cond MOSFET
L T Ve X 17
Battery Vde Schottky diode
C_battery_coig Gate resistance
Mutual capacitamfi T DC-link capacitance Gate driver
Mutual inductance via the coupling coefficient <
C_communication_coﬁ k=M/sqrt(L_battery_cond*L_communication_cond)
CAN signal Vcan
T CAN transceiver
- : T
— L_communication_cond 67
R_communication_cond
Figure 9.31. Complete simulation model for battery, battery conductor, power

electronic converter and motor (upper part) and communication
conductor and CAN transceiver.

In this thesis, the circuit models are used in order to compare and calibrate
the different parameter setups from the simulations, calculations and
measurements.

Comparison between the parameter values

In Chapters 6.2, 6.3, 7.4 and 8.5 parameter values for the different setups are
presented. These parameter values are estimated by using analytical
calculations, simulations and measurements. One of the goals for this thesis is
to see if the analytically calculated values are good enough for prediction of
crosstalk between two wires. This is done by comparing crosstalk at the CAN
transceiver input in the LT Spice simulation circuit in Figure 9.31.

In the simulation model the CAN transceiver is the most vulnerable part and
thus the voltage at the input of the transceiver is most interesting to study.

In Case 2, where the conductors are located close to each other in the corner
of the ground structure, both the mutual inductance and capacitance are
higher than the values from simulation and calculation. The resulting voltage
at the input of the CAN transceiver can be seen in Figure 9.32.
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Figure 9.32. Voltage at the CAN transceiver, Case 2.
In the simulation model, a CAN signal is put on the CAN conductor the first

160 ps and after that, no signal is present on the conductor but the
disturbances from the switching of the motor.
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Figure 9.33. DC-link voltage (grey) and drain source voltage over the
MOSEFET in Case 2.

The DC-link voltage and the drain-source voltage looks like Figure 9.33.
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As can be seen on the DC-link voltage, there are very high oscillations in the
system. If only the battery conductor is present in the simulation model, these
oscillations will remain as they result from the parasitic components of the
conductor together with the power electronic control of the inductive load
and the battery. An AC analysis of the circuit will give a node voltage at the
DC-link for the frequency span that looks like Figure 9.34. The resonance
frequencies in this figure agree with the different oscillating frequencies that
are seen in Figure 9.34.
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Figure 9.34. The voltage at the DC-link as a function of the frequency.

However, as seen in Figure 9.34, the results for the different parameter setups
are very similar. This implies that in the case where the conductors are close
to each other and to the ground the analytically calculated values are accurate
enough to foresee the behaviour of the circuit.

In Case 3 where both conductors are moved away from the ground structure
but still located next to each other, the results from the different parameter
setups differ more in the circuit simulations as can be seen in Figure 9.35.



9.7. Circuit models 169

=
(0]
(o2}
8
°
>
=20+ ‘ B
— Simulation
——Method 1
-30r Method 2
—Measurement
_40 L L L I
0 0.2 0.4 0.6 0.8 1
Time [s] %10

Figure 9.35. Voltage at the CAN transceiver, Case 3.

There are higher disturbances in Case 3 than in Case 2, which can be seen
when the two figures are compared. The disturbances at the input of the
CAN transceiver are lowest for the circuit model using parameter values
gained from the measurements. When the different DC-link voltages are
studied, it is also possible to see that the disturbances in the model with the
measured values are lowest, which implies that the level of disturbances not
only are connected to the mutual inductance and capacitance of the circuit
but also to the other parasitic components like self inductance and
capacitance. In this case, both the measurement and Method 2 give smaller
disturbances than Method 1, which is most likely due to the fact that the
measurement and Method 2 give a lower value for the mutual inductance,
since the disturbances at the DC-link voltage are of the same magnitudes as

in Method 1.

In Case 4, where the communication conductor is located in the corner of the
ground structure and the battery conductor is raised and moved away from
the ground structure, the circuit simulation results are almost the same in all
cases except for Method 2. The disturbances when the parameters calculated
with Method 2 are employed are higher since the coupling factor, k (see
equation 3.1) is higher for Method 2 (0.064) compared with the other
parameter setups (0.027-0.041).
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Figure 9.36. Voltage at the CAN transceiver, Case 4.

For the last case, Case 5, where the conductors are located at a distance away
from the ground structure and separated, the results from the circuit
simulation deviate between the different parameter setups. The circuit where
the parameters from Method 1 are employed has the highest disturbances
although the disturbances at the DC-link voltage are almost the same as for
the circuit with the parameters gained from simulation. This is due to the
high coupling factor between the two inductances in the circuit with
parameters calculated by using Method 1, and vice versa for the coupling
factor in the case of the parameters from simulation.

The coupling factor for the measured parameters is rather low, but the
disturbances are in this case coupled via the mutual capacitance.
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Figure 9.37. Voltage at the CAN transceiver, Case 5.

An over all view of the four cases with two conductors and the different
parameter setups gives at hand that the parameter values gained from both
analytical calculation methods will give satisfactory results for estimating
worst case crosstalk. The disturbances at the DC-link are almost the same for
all parameters except for the parameters gained from the measurement that

are higher.

Comparison between different parameter setups

The methods for estimating the parasitic components of a system that are
presented and used in this thesis all aim to give an understanding of how the
conductor layout affects the crosstalk.

The results for the cases when the parameters estimated using Method 1 are
employed are shown in Figure 9.38.

It is possible to see that the conductor layout in Case 4 has the lowest
disturbances. In this case the communication conductor is located in the
corner of the ground structure and the battery conductor is located 5 mm up
and out from the corner of the ground structure. In Case 4 both the mutual
inductance and capacitance of the conductors are rather low, and the ground
structure will work as a shield for the communication conductor.
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Figure 9.38. Voltage at the CAN transceiver when accurate analytical

calculations are employed (Method 1).

Case 3 where both conductors together are moved away from the ground
structure will have the highest disturbances due to the high values for both
the mutual inductance and capacitance.

Although Method 2 is an approximate method, it will still point out the
conductor layout in Case 4 as the most robust one against crosstalk. It will
also be possible to se that Case 3 is the layout with the highest disturbances.
Case 2 and 5 are almost the same as for Method 1. Case 2 has the highest
amplitude in the beginning but the disturbances are dampened faster than in
the layout of Case 5.
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Figure 9.39. Voltage at the CAN transceiver when approximate analytical

calculations are employed (Method 2).

The results from the circuit models when the parameter values from the
simulations are used look about the same as seen in Figures 9.38 and 9.39.
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Figure 9.40. Voltage at the CAN transceiver when the values from the

simulation software are employed.
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The results from the circuit simulation when parameter values from the
measurements are employed differ a bit from the other circuit simulation
results. This emanates from the fact that the parameters deviates from the
theoretical values due to differences between the measurement setup and the
theoretical models. Although the results deviate from the other results, the
same conclusions can be drawn from the circuit simulations regarding Case 3
and 4. When it comes to Case 2 and 5, the capacitances are highly affected by
the presence of the books used to raise the conductors.
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Figure 9.41. Voltage at the CAN transceiver when the parameter values from

the measurements are employed.

In this section, the parameter values for the different layouts and from the
different methods to estimate them are employed in circuit simulation
models. It is possible to see that all parameter setups will give a good
apprehension of which conductor layouts that most likely will suffer from
crosstalk. It has been shown that also an approximate method for estimating
the parameters can be useful for comparison between different conductor
layouts.

9.8 Guidelines

There is no single solution that will solve all problems with crosstalk.
However, there are some guidelines that could be good to keep in mind when
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a system is designed, and this thesis would not be complete without
mentioning them. Many of the general advices that exist for building an
electromagnetic compatible system are not applicable in the automotive
industry due to cost, weight and spacing, but they are still mentioned in this
section.

An important thing to remember is that all metallic conductors are in fact
functioning as radio antennas. This implies that non-metallic
communications paths such as for example fiber-optics would be a better
choice for communication. But fibre-optic conductors are sensitive to
vibrations, hard to mount (due to their sensitivity) and connect why they are
better suited for use in non-automotive applications.

A good way to limit disturbances is to use a conductor for ground return and
to route this as close to the lead in conductor as possible. This has been
shown in Chapter 2.3, and will decrease the common mode currents in the
system. In the automotive industry it is common to use the chassis as ground
return instead of a conductor. This can create problems, not only due to
common mode currents, but also due to the common ground impedance that
different loads will share and that is described in Chapter 3.2.

An even better solution for the lead in and current return conductor are if
they are twisted to form a twisted pair. This will further increase the
robustness of the system since such a twisted conductor pair will ensure a
homogeneous distribution of the capacitances and reduce the magnetic loop
to almost zero.

Some disturbances and crosstalk can be avoided by separating
communication conductors from conductors with high switching currents.
This will decrease both the mutual inductance and capacitance according to
Chapter 9.6. The technical report IEC 61000-5-2 [32] recommends that all
conductors are classified after their frequency and current content and routed
so that the conductors that are in the vicinity of each other contains about the
same frequency and current content.

Many systems that work as disturbance sources are pulse width modulated.
Some benefits can be gained by restricting the frequency spectrum through
limiting the rise and fall times. This method is studied in [41] and shows that
this could be effective in the higher frequency ranges. The limitation can be
done rather easily but will increase the switching losses of the system.
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Shielding of the conductors is an effective way to decrease disturbances and
crosstalk, but it is important to ground the shield properly and to ensure that
the “pigtail” (the parts at the ends of the conductor that are not shielded) are
as short as possible. It is also important to make sure that the shield remains
grounded during the life time of the product. This demand together with
increased cost and more complex assembly often makes shielding a poor
alternative for the automotive industry.

Even if all of these guidelines are followed, there might still be problems in a
system that may have to be solved by use of filters at the output and/or input
of the different systems.
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Conclusions

The aim of this thesis is to investigate different ways to predict the parasitic
components of a two conductor system where the conductors are located near
a ground structure that expands in three directions. An approximate method
for analytical calculation of the components is also proposed in order to find
a way to easily estimate the parasitic components.

10.1  Summary of results

Four different ways for determining the self and mutual inductances and
capacitances of a system with two conductors and a ground structure are
investigated in this thesis.

First, the parameters are estimated by using ordinary analytical calculations.
The ground structure is assumed to have a very high conductance wherefore
the method of images is employed and each conductor is mirrored in both
the horizontal and vertical part of the ground structure.

The second method for analytical calculations is a method proposed by the
author. For the estimation of the self inductances and capacitances of each
conductor an equivalent ground plane is constructed. The parameters are
then estimated by only looking at a ground plane and one conductor at a
time. The mutual inductance is calculated by a parallel coupling of the
mutual inductance between the two wires when only the horizontal part of
the ground structure is present and when only the vertical part is present. The
mutual capacitance is calculated between the two conductors without taking
the ground structure into account.

The parameters are also estimated by using an electromagnetic simulation
software called “CableMod”, by SimLab. This software utilizes the boundary

177
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element method on a two dimensional model of the cross section of the
setup. In the software, a two dimensional transmission line model is built and
from this it is possible to extract the values of the parasitic components.

Finally, a real setup is used for measurements of the different components. A
ground structure, equal to the one used in the previous investigations, is used
together with two conductors.

The results from the different estimations are evaluated for five different
conductor layouts. First, the values of the parameters are compared. It can be
seen that the conductance of the real ground structure is not as high as
expected which affects the inductance values, and that the physical distance
bodies of paper used to raise the conductors from the ground structure affects
the capacitance values. The values yielded from the approximate calculations
deviates from the more accurately estimated values as expected.

In order to see how good the different parameter setups are for predicting
crosstalk, circuit models are constructed in a SPICE simulation software. The
circuit simulations show that although the different parameter setups vary
when it comes to exact levels of crosstalk, they agree on which conductor
layout that is most robust against crosstalk. It is also possible to see that even
if the approximate calculation method is rather rough, it will provide results
that are good enough for both understanding of the phenomena and
comparison between different conductor layouts.

10.2  Future work

One thought behind this thesis is to facilitate for the engineers in the
automotive industry to decide how a system should be realized in order to
minimize crosstalk by routing the conductors properly. The thesis has only
brought up the case where two conductors are present and neither of them is
shielded nor twisted. In future automotive applications it might be that
shielded cables have to be used which implies that an approximate method
where shielded, twisted and multi conductor systems are present should be
constructed and investigated. All of these cases are possible to simulate with
the correct type of software today, but in order to save time and money and
to get a feeling for what is happening in the system for different layouts,
approximate methods are useful. Approximate methods for twisted pair and
shielded conductors should therefore also be developed.
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10.3  Reflections
In this section, some of my thoughts and experiences will be described.

During the last years, I have had the opportunity to talk to and work together
with skilled engineers in the Swedish automotive industry. The different
challenges that they meet at a daily basis have inspired me and given me
valuable input for my research.

It is obvious that if some time can be saved in a project, this means a lot to
the industry. Being able to predict and/or build a simulation model of the
system is a great help for the designers since it will facilitate easy and quick
alternations of the system in the simulation model to see the responses. It will
also build up knowledge for an inexperienced EMC engineer, since EMC is
not something that can be easily learned from a book. When it comes to the
simulation software programs there are some problems. To start with there
are, as mentioned earlier in the thesis, numerous software programs on the
market that are applicable for different problems. These might be expensive
and some of these software programs are not very intuitively to use for
beginners.

This thesis shows that an approximate calculation of the values of the
parasitic components is almost as good as values from an electromagnetic
simulation software program. An approximate calculation will, even though it
is rough, give the user a better apprehension about which parameters that
affects the parasitic components of the setup. This is important knowledge
and can tell about the “roots of causes” of a problem. It will also be easier for
the EMC engineers to talk to engineers from other engineering sciences about
how the system will respond to different changes in the design.

It is therefore my personal recommendation that not only electromagnetical
simulation software programs should be used at an early stage of a product
development, but also approximate calculations based on the physics of the
system in order to decide whether a solution or design is feasible or not.
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Appendix A

Nomenclature

Abbreviations

AC

CAN

CISPR

CM

DC

DM

ECU

EMC

EMF

EMI

ESD

EU

EUT

Alternating Current
Controller Area Network
International Special Committee on Radio Interference
Common Mode

Direct Current

Differential Mode

Electrical Control Unit
Electromagnetic Compatibility
Electro Motive Force
Electromagnetic Interference
Electrostatic Discharge
European Union

Equipment Under Test
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FMEA Fault Mode and Effects Analysis

FTA Fault Tree Analysis

IEC International Electrotechnical Comission

IEEE Institute of Electrical and Electronics Engineers
ISO International Organization for Standardization
LIN Local Interconnect Network

LISN Line Impedance Stabilization Network

MOSFET Metal-Oxide-Semiconductor Field Effect Transistor

PCB Printed Circuit Board
PE Power Electronics

PVC Polyvinyl Chloride
PWM Pulse Width Modulation
Symbols

A Magnetic Vector Potential
B Magnetic Flux Density
C Capacitance

D Displacement field

E Electric Field

f Frequency

G Conductance

H Magnetic Field
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I Current

k Coupling coefficient

L Inductance

M Mutual Inductance

R Resistance

R, Gate resistance

\Y% Voltage

4 Impedance

Greek Symbols

€ Dielectric constant, Permittivity
0 Angle between magnetic field and loop antenna
v Permeability

p Line charge

c Conductivity

@ Magnetic Flux

Q) Angular frequency






Appendix B

Pulse Width Modulation

Pulse width modulation (PWM) is a common way of controlling electrical
loads on demand. It is cost effective but is often a source of electromagnetic
interferences. In this Appendix, the theory and realisation of a pulse width
modulated system are described.

The converter

A power electronic energy converter in an electrical control system operates as
a power amplifier. The energy conversion of a process can be influenced by
controlling the voltage fed to the load. In a low power system it is possible to
control the voltage continuously, but in many cases the output power has to
be controlled by modulation in order to reduce the power losses in the
converter itself. Voltage modulation means that the instantaneous value of
the output voltage alternates between well-defined levels, and is thus not
controllable to an arbitrary value in every time instant. The goal when using
carrier wave modulation is to obtain linearity between the reference of the
output voltage and the average of the output voltage measured over a finite
time period.

There are several different ways to modulate the output voltage. This thesis
will focus on a type of modulation where a carrier wave is used, but there are
also modulation methods that involve a direct control of secondary quantity
such as current or torque.

A power electronic converter involves the use of power electronic

components, arranged to operate as switches, i.e. as elements that either
conduct with ideally with no voltage drop across them or block with ideally
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no current — like a mechanical switch. When studied closely it is found that
the circuit on each side of the switch element has different electrical
properties. One side is always capacitive and one side is inductive. This is the
same as to say that a power electronic switch element cannot/should not be
used to connect two capacitors of different charge since the initial current
through the switch would be infinite, or the switch element cannot/should
not be used to break up an inductive circuit since the induced voltage would
force the current to continue through the semiconductor chip, in both cases
the switch element would be destroyed. The capacitive side of the circuit has
a continuous voltage and the inductive side has a continuous current through
the switch transition. Correspondingly, the capacitive side has a
discontinuous current and the inductive side a discontinuous voltage.

Carrier wave modulation

The principle for modulation can be derived from Figure B.1. A two-position
switch that controls the potential v_ is shown in the circuit in Figure B.1.
When this switch switches perlodlcally, the output voltage alternates between
the potentials v, and v, with the same frequency.

- Uy +

N Vi

Figure B.1. A power electronic switch, controlling the potential v.. When the
switch is in its upper position, v, equals v, and when it is in its
lower position, v_ equals v,.

In this circuit the capacitive side is represented by the capacitive potentials v,
and v, and the inductive side by an inductive current i flowing through a load
consisting of a resistance (R), an inductance (L) and a counter
electromagnetic force (e) in series. The output voltage will then be a function
of the switch position according to
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u=s-(v, —v,)=s-u, (B.1)
State of
the switch
1
0 ,
0 T 2T Time
Voltage
Ua
Up
0 T 2T Time
Figure B.2. Upper diagram, state of the switch as a function of time. Lower

diagram, output voltage as a function of time, the dashed line is
the average output voltage.

For the following discussion, a circuit according to Figure B.3 is assumed.
This is a 2-quadrant DC converter that is suitable to explain carrier wave
modulation method used in this thesis. The same method, with small
additional assumptions, can be used for more complex converters, see [1].

Udc
—
f— 4{ [
—|
R L
w
Load
—
p— 4{ = e —
—|
0

Figure B.3. A 2-quadrant DC converter with an RLE load.



196 Appendix B Pulse Width Modulation

Modulation of power electronic switches is about the selection of time
instants to “flip the switch” in order to obtain a desired average output
voltage within a certain time interval. In this thesis, the output voltage is
created by using carrier wave modulation. The carrier wave itself is derived
from a study of the average voltage in one half switch period.

Voltage
Uge
0 w \
0 7, Tt T 2T Time
Figure B.4. Output voltage pulses symmetrically positioned in one switch
period.

Assume that the output voltage pulses are positioned in the middle of the
switch interval, see Figure B.4. The average voltage U during the first and
second half of the switch interval can then be described according to:

— T

u(0<7, <T/2)=Ud[-[1—T/+2j (B.22)
T

u(T2<7r <T)=U, —

( 7 <T)=Us 7> (B.2b)

where T is the switch period at the assumed switching frequency f =1/T.

Modulation is now about selecting the time instants T, and T to obtain an
average value of the voltage that is equal to the voltage reference within the
particular half pulse. This is done by using a modulator.

The modulating wave and the modulator

The modulating wave, u_, used in carrier wave modulation is selected to be
equal to the predicted average voltage for each half period, according to:

u, =14 (B.3)

m
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The modulator is represented by a comparison between the desired output
voltage and the carrier wave, where the switch changes state when the
comparison changes sign. This can either be done in an analogue manner
with a triangular wave generator and comparators or digital by using a timer
circuit or an up/down counter with a digital comparator.

With a carrier wave according to equation B.2, the output voltage is
linearized with respect to variations in the supply voltage. Figure B.5
illustrates a few modulation periods with varying voltage reference and supply
voltage.

Carrier
U zJ wave )\ /\
- v v
Voltage Time
—A
Udc2
N H H H
Time

Figure B.5. Upper: Carrier wave and reference, lower: output voltage, note
that the pulse width decreases when the supply voltage increases.

If the supply voltage is lowered, the pulse width is increased in order to
maintain the desired average output voltage.

Current sampling

When a generic RLE circuit is driven by the output voltage of the converter
according to Figure B.6, the current will cross its average value at the time
instants when the carrier wave turns.

The current will have one out of two derivatives according to:
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Ualc—é’—R'i
a_l L (B.4)
dr —e—R-i
L

From Figure B.6 it is indicated that the current ripple will pass through its
average value twice every switching period. Assuming that the electric time
constant L/R>>T, this occurs at time instants that coincide with the turning
of the carrier wave. Thus, in applications where current feedback is needed,
there are excellent opportunities to sample the current at these time instants.

Triangular carrier wave and reference value
T

300 T T

200

s
;:fv 100
s
>
0 _
-100 1 1 1 1 | | | |
0 Ts 2Ts 3Ts 001 002 003 004 0.05 0.06
Time (s)
Converter output voltage
300 :
250
~ 200
2
S 150
j=2]
£ 100
o
> 50
0
-50 | | | | | | | L
0 Ts 2Ts 3Ts 001 002 003 004 0.05 0.06

Time ()
Load current

Current (A)
@ w s A
8 & 8 &

1 1 1 1 1 1 1 1
28 Ts 2Ts 3Ts 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)
Figure B.6. 2-quadrant converter supplying a resistive-inductive load with a
back emf.

Modulation frequency

In some applications, it might be of interest to have a carrier wave frequency
much faster than the sampling frequency. When this is implemented, it is
important to make sure that the sampling instants still coincides with the
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turning of the carrier wave. This implies that the carrier wave has to consist of
an integer number of half periods between two sampling instants.

The frequency of the carrier wave is equal to the switching frequency of the
converter. This frequency is depending on the application. A high switching
frequency implies a faster and more accurate control of the controlled
quantities, and in many applications, a switching frequency higher than
20 kHz is used since the human ear does not perceive frequencies higher than
this. The problem with a high switching frequency is that the switching losses
are proportional to the switching frequency, i.e. selecting switching frequency
for an application is a trade off between high frequency in order to spare the
human ear and to get an accurate control of the system and switching losses.

This method to create variable output voltage by controlling the pulses
voltage pulses is called Pulse Width Modulation (PWM).

Types of converters

There are different types of converters depending on which direction the
energy flow should have. Three types are available, 1-quadrant, 2-quadrant
and 4-quadrant converters. The quadrants are defined in Figure B.7 where u
and i are the converter output voltage and current. A 1-quadrant converter
can for example work in an area where the voltage and the current are
positive. A 2-quadrant converter could operate with strictly positive voltage
but a bi-directional output current, or the opposite combination. This means
that the energy flow can have different directions in a 2-quadrant converter.
In Figure B.7 it is possible to see the difference between the different types.

Figure B.7. From left: the working area of a 1l-quadrant converter, a 2-
quadrant converter and a 4-quadrant converter.
A 4-quadrant converter, or full-bridge converter, is built with two phase legs,
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each consisting of two semiconductor switches and their anti-parallel diodes
Figure B.8. The semiconductors in a converter are often IGBTs (Insulated
Gate Bipolar Transistors) or MOSFETs (Metal-Oxide-Semiconductor Field
Effect Transistor). The main focus of this thesis will be on the MOSFETS,
since this is the component that has been used in the laboratory setup. The
purpose of the anti parallel diodes is to provide an alternative path for the
current in some switch states.

—
=
—

Tl
T

R L
DC-input  —— L+ —
TLoad
— -
- <
- O
Figure B.8. An H-bridge

The two switches in one of the phase legs in a full-bridge converter are
switched such that when one is conducting the other is turned off to avoid
short-circuiting the DC-input. In most cases both switches are also never in
their off state simultaneously, except for a short time interval called blanking
time, which also has the purpose to avoid short-circuiting.

For a full bridge converter it is possible to have any combination of polarities
for the voltage and the current. This implies that the converter could be used
in only one of the four quadrants if wanted. In this thesis, a full bridge
converter has been used as a 1-quadrant step down converter. A step down
converter converts energy from a higher voltage to a lower.
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P\X/Mi H
Signaﬁt% . — Off

DC-input —m——

] "~ Load !
Off% i lﬁ Eonducting

———— ]

Figure B.9. A 4-quadrant converter (left) used as a 1l-quadrant step down
converter (right).

Figure B.9 shows a picture of a how the 4-quadrant converter is used as a step
down converter. When the semiconductor switch is conducting, the current
flows from the dc-input voltage through the MOSFET and to the load. Since
the load is inductive the current will increase. When the switch is turned off
the inductance will continue to lead the current through the freewheeling
diode. Due to the inductive nature of the load, the current will slowly rise
during the time period when the MOSFET is conducting and slowly fall
when it is freewheeling through the diode.






Appendix C

Matlab codes

In this chapter are the Matlab codes for Method 1 and 2 presented. Each
code can be implemented in Matlab as an .m-file, but there is no graphical
user interface included wherefore data for each conductor must be inserted
into the file for each layout under investigation.

Method 1, accurate method

%7(7(7(7(

% * Calculation of conductor parameters *
% * Accurate method *

clc
% Origo of the coordinate system is located in the corner of
%the ground structure

al_x= ; %Coordinates for conductor A
al y= ;
bl x= ; %Coordinates for conductor B
bl y= ;

%Data for conductor A

r_a=0.398942; %Radius of copper conductor

a i=0.7; WThickness of insulation
i_eps_a=3.8; %Relative permittivity of insulation

%Data for conductor B
r_b=1.3819766;
b_1=0.76;

i_eps b=3.8;
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eps=1e-9/(36*pi); %Permittivity

% Inductance calculations
Inductance_a_ uH=2*1le-7*
log((4*al_y*al x)/(r_a*(sqrt(((2*al_x)"2)+((2*al_y)"2)))))

Inductance_b_uH=2*1e-7*
10g((4*b1_y*b1_x)/(r_b*(sqrt(((2*b1_x)"2)+((2*b1_y)"2)))))

Mutual _inductance_uH=2*1e-7*
(log(sart((((bl_y+al_y)"2)+((b1l_x-al_x)"2))*
(((bl_y-al_y)"2)+((bl_x+al_x)"2)))/
(sare((((b1_x-al_x)"2)+((bl_y-al_y)"2))*
((@Ll_y+b1l_y)"2)+((al_x+b1_x)"2))))))

%Capacitance calculations

%Coefficient matrix

k1=((/i_eps_a)*(log(1/r_a)))+((i_eps_a-1)/i_eps_a)*
(log(1/(r_ata_i)))+log((4*al_y*al_x)/
(sart(((2*al_x)"2)+((2*al_y)"2))));

k2=log(sqrt((((b1l_y+al_y)"2)+((bl_x-al_x)"2))*
(((bl_y-al_y)"2)+((bl_x+al_x)"2)))/
(sare((((b1_x-al_x)"2)+((bl_y-al _y)"2))*
(((@l_y+bl_y)"2)+((al_x+bl_x)"2)))));

k3=((1/i_eps_b)*(1og(1/r_b)))+((i_eps_b-1)/i_eps_b)*
(log(1/(r_b+b_i)))+log((4*bl_y*bl_x)/
(sart(((2*b1_x)"2)+((2*b1_y)"2))));

k=[k1l k2; k2 k3];
k=k*(1/(2*pi*eps));

C=inv(k);
Capacitance_a=(C(1,1)+C(1,2))
Capacitance_b=(C(2,1)+C(2,2))
Mutual_capacitance=-1*C(1,2)
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Method 2, approximate method

% AAXEXEAAXAAAAXAXAAAXAAAAXAAAAAAAAAkAAhAkhkhhAAhkdhhhiihih

% * Calculation of conductor parameters *
% * Approximate method *
%

clc
% Origo of the coordinate system is located in the corner of
% the ground structure

al x= ; %Coordinates for conductor A
al_y= ;
bl x= ; %Coordinates for conductor B
bl y= ;

%Data for conductor A

r_a=0.398942; %Radius of copper conductor
%Data for conductor B

r_b=1.3819766;

eps0=(1e-9)/(36*pi); %Permittivity of vacuum

%Equivalent plane conductor A
alfa=atan(al_x/al_y); %Angle
a_r=al_y*sin(alfa); %Distance to equivalent plane

%Equivalent plane conductor B
beta=atan(bl_x/bl_y);
b_r=bl_y*sin(beta);

%Inductance calculations
Inductance_a=2*(1le-7)*log(2*a_r/r_a)
Inductance_b=2*(1e-7)*log(2*b_r/r_b)

%Distances for the mutual inductance calculation
D=sqrt(((b1l_x-al_x)"2)+((bl_y-al_y)"2));
Dl=sqgrt(((bl_x+al x)"2)+((bl_y-al_y)"2));
D2=sqrt(((b1l_x-al_x)"2)+((bl_y+al_y)"2));
M1=2*(1e-7)*1og(D1/D);

M2=2*(1e-7)*1og(D2/D);
Mutual_inductance=1/((1/M1)+(1/M2))

%Capacitance calculations
Capacitance_a=2*pi*eps0/log(2*a_r/r_a)
Capacitance_b=2*pi*eps0/log(2*b_r/r_b)
Mutual_capacitance=eps0*2*pi/log((D*2)/(r_a*r_b))






Appendix D

Automotive Network Protocols

There are a number of different network protocols within a vehicle. The
Controller Area Network (CAN) is probably the most well known protocol,
LIN (Local Interconnect Network) is one of the slowest on board network
and FlexRay is the future network standard within the vehicles. These three

protocols will be briefly described in this Appendix.

data rate
[bit/s]
embedded control multi media
256M
D2B, MOST
10M optical ring
FlexRay
time triggerad (TDMA)
fault tolerant, depen-
dable
™ 2x2 wire [ optical
CAN-C Bluetooth
arbitration (CSMA)
125K dual wira
wirgless medium
CAN-B
arbitration
20K fault tolerant dual wire
LIN
time triggered
master-slave
single wire, no quartz relative communication cost
per node
0.5 1 2.5 5
Figure D.1. A comparison between different automotive network protocols
[39].
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The three protocols can all be present at the same time in a vehicle since they
complement each other according to Figure D.1. CAN was introduced in
1988 and was complemented by LIN about 10 years later for loads that did
not require high data transmission rates. The increased complexity of the
electrical system of the vehicle in combination with a number of electrical
loads that are more safety critical has driven the development of FlexRay that
today (2008) has started to be used in series production.

Local Interconnect Network (LIN)

The Local Interconnect Network, LIN, is a low cost serial network for
distributed electronic systems in vehicles [78]. It complements the faster
network protocols like CAN for smart sensors and actuators that do not

require the bandwidth or versatility of CAN.

LIN has a single wire 12 V bus with speeds of up to 20 kbit/s. It has one
master and several (typically not more than 12 though) slave nodes. More
slave nodes can be attached to the network without requiring any hard- or
software changes.

Controller Area Network (CAN)

The Controller Area Network (CAN) was developed for the automotive
industry in order to combat the increasing size of the cable harnesses in the
late 1980’s [9]. It is a serial bus for real time control and it operates with a
maximum speed of 1 Mbit/s.

The CAN bus consists of two twisted copper wires. On each of the wires is an
opposing signal with the exact same information (CAN High and CAN low)
in order to make the system more insensitive to disturbances. In CAN all
messages are transmitted to all receivers where each receiver has to decide
whether to respond to or discard the message. One of the problems with the
CAN protocol is that although the messages has a priority number no one
can guarantee a maximum transmission time for a message since it might
collide several times with other messages of the same priority or higher. This
is one of the reasons for developing FlexRay.

FlexRay

In the year 2000 the FlexRay consortium was founded. The aim was to
enable new automotive systems and to complement both CAN and LIN.
FlexRay communication uses a high data rate (10 Mbit/s for single channel
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and 20 Mbit/s for dual channel) compared to the previous network protocols.
It is a fault-tolerant and redundant system.

Unlike LIN and CAN, that are two event driven protocols, FlexRay is both
time and event triggered. Each electrical control unit (ECU) in the system has
a time slot in the static segment of a cycle when it might send messages on
the bus, and in each cycle there is also a dynamic segment where the ECUs
are allowed to write in case of an event.

Since the time slots in FlexRay guarantees that no messages will be delayed or
collide, it is necessary for safety critical electrical loads in the vehicle like x-by-
wire.



