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Abstract

In railway traffics the low friction between wheel and rail causes long braking
distances, normally much longer than the driver's sight distance, i.e. if the
driver starts the braking when a problem is discovered on the track it may be
too late to brake the train. Therefore safe railway traffic can not only rely on
the driver, there must also be a signalling or even a automatic surveyor system,
which supervises the positions of different trains along the track and organise
the traffic. Such a system uses train detection systems to check if a certain
section of the track is occupied or not. Train detection systems can be disturbed
by harmonics generated by the vehicle’s drive system. Therefore it is necessary
to be able to predict the line interference generated by a vehicle.

In this work, fast algorithms for calculation of harmonic from a traction drive
system, based on three phase induction motors, are presented. The generation
from both machine converters and line converters can be calculated. Both ideal
and non-ideal commutations are taken into account.

The non-ideal commutations causes asymmetries, which can be compensated
for. Following compensation methods are investigated in this work:

« Dead time compensation. The compensation method feeds back the
differential between the integral of the inverter output voltage, or rather the
output flux, and the voltage time area reference.

» Position asymmetry compensation. The compensation method is based on
feed back of the DC-component in the machine inverter phase currents.

» Compensation of a remaining dc bias in Hall-effect current transducers. In
the method, the fundamental current content in the DC-link current is fed
back to the control system.

The compensation methods are found to be effective in most operating
conditions.
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1 Introduction

In railway traffics the low friction between wheel and rail causes long braking
distances, normally much longer than the driver's sight distance, i.e. if the
driver starts the braking when he discovers a problem on the track it is too late
to brake the train. The conclusions will be that the railway traffic can not only
rely on the driver for the traffic safety, there must also be a signalling or even a
automatic surveyor system, which can supervise the positions of different trains
along the track and organise the traffic. Such a system exists, denoted
“signalling system”, but it can be interfered by the emission of harmonics from
electrical traction drive systems.

This work presents solutions to some of the problems of guaranteeing safe
railway traffic with electric trains when variable frequency AC-motor drive
systems are introduced. Such drive systems generate undesired frequency
components in the supply line, which can disturb the railway signalling system.
The aim for the safety design is to guarantee that the interference does not cause
a fatal disturbance. The signalling system as well as the traction system shares
the rails for information and energy transfer:

Energy. The rails act as the current return path back to the substation for the
power current. In a double rail system the current has the same directions in
both rails and should be equally distributed between the two rails, i.e. the
current is in common mode. In a single rail system only one rail is used as the
current return path.

Information. To avoid collisions the signalling system uses train detection
systems to indicate if a section of the track is occupied by a train. The standard
train detection system, called a track circuit, is formed of one transmitter, the
two rails and at least one receiver. The transmitter sends an electric signal in
one rail to the receiver and the current returns to the transmitter in the other rail.
The signalling current is in differential mode.

1.1 History

The track circuit was invented in the USA at the end of the last century, when
all traffic was based on steam locomotives, and there was no risk of
interference. With the introduction of electric traction the problems started.
Originally this problem was solved by letting the train detection system use a
certain frequency which was not generated by the vehicle drive system. This
was possible in the days when AC track circuits were used on DC supplied lines
where the traction motors were controlled by series resistor, and when DC track
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circuits were used on AC-supplied lines where series motors were fed with a
constant frequency adjustable voltage from a transformer. With chopper
controlled drive systems it was still possible to handle the situation by letting
the chopper frequency differ from the track circuit frequency.

However, with the introduction of variable frequency drive system, based on
induction motors, the frequency spectrum, produced by the drive system,
became more or less continuous. Interference with the same frequency as the
train detection system frequency is occasionally generated.

1.2 Definitions and an overview of a DC supplied drive
system

DC supplied lines are normally used in suburban traffic, but also for high-speed
passenger trains and in locomotives, operating on main line in densely
popul ated areas. The onboard electrical equipment is simpler compared to trains
on AC-lines. On DC supplied lines the line voltage is normally low, 750V,
1.5kV or 3kV. The line current will be correspondingly high, and the voltage
drop along the line demands short distances between substations, but as the
distance between the feeding substations in suburban traffic is short thisis not a
big problem.
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Figurel-1 A DC supplied AC-motor drive system with a brake chopper
phase.

The main power handling parts of a DC supplied AC-drive system in a railway
vehicle are depicted in figure 1-1.

1. The power line is either () a third rail situated at ground level, or (b) an
overhead catenary. The advantage of a third rall system is its low
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resistance due to the large cross section area, compared to the resistance
in an overhead catenary with a small cross section area. The low
resistance allows long distances between feeding substations. Third rail
systems are normally used in combination with heavy traffic like subways
and main line trains, where the supply voltage is below 1kVDC
(typically 750VDC). An overhead catenary is used for tram systems,
since it is impossible to use a ground level third rail, as the tram traffic
often is mixed with other traffic. At voltages above 1 kVDC, like 1,5 or
3 kVDC, overhead catenaries are always used to supply any kind of DC-
railway traffic.

In third rail systems current shoes (2a) are used as the current collector,
pantographs (2b) are used in systems with overhead catenaries.

The voltage source DC-link where the capacitor stabilises the DC-voltage
feeding the machine converter.

The line inductor forms together with the DC-link capacitor a line filter,
which reduces line interference.

The three-phase machine converter produces the desired motor voltage at
the desired motor speed. As the motor speed and the motor torque varies
during the train operation, the motor voltage and the motor frequency will
also vary. This is the reason why the drive system generates a more or
less continuous spectrum of line interference. The inverter does not
produce a pure sinusoidal output voltage, but the voltage is PWM-
modulated, and the generated interference originates from both the
variable fundamental frequency and from the modulator switching
frequency. Due to imperfections in the power converters, low frequency
harmonics on the motor side will be reflected in the DC-link.

The modulated voltage does not only give rise to line interference, it also
produces undesired torque pulsation, sound and vibrations in the three
phase squirrel cage induction motor and in the mechanical gear. Also for
thisreason, it is desired to reduce the harmonic content.

When the drive system operates in braking mode, the power shal
normally be generated back to the line, but if this is unreceptive, the
braking power is converted to heat in the brake resistor(s). The brake
chopper operates also in pulse width modulation mode and will generate
line interference, but with constant frequency.
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The current, including harmonics, leaves the vehicle via the wheels and
returns to the feeding substation in the rails, where interference can occur
with the track circuit frequency.

1.3 Definitions and an overview of an AC supplied drive

system

AC-supplied lines are used in high-speed passenger trains and in locomotives,
operating on main line. By means of transformers in substation an on board the
train, the line voltage can be high, 15 kV and 25 kV are standard levels in
Europe. The line current will be correspondingly low, and the voltage drop
along the line will therefore be low, and the distance between substations can be

long.

The main power handling parts of an AC supplied train with an AC drive
system are shown in figure 1-2.
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Figurel1l-2  An AC supplied AC-motor drive system.

1.

In AC-supplied systems, the power line is always an overhead catenary,
due to the high voltage.

The current collector is a pantograph.
The main transformer

The line converter is a four quadrant ("4qs”) converter, with two bridges,
which can consume and regenerate power at unity power factor. The line
converter rectifies the line voltage to a DC-voltage in the DC-link. Since
the line frequency is constant, the line converter does not generate a
variable spectrum except for the machine converter produced DC-link
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voltage ripple, which will be modulated to the line by the line converter.
From this point of view, the line converter can be compared to a chopper
drive system, where the switching frequency can be selected to give a
harmless influence.

The second harmonic link is a shunt branch. The function of the line
converter is to rectify the line voltage and generate a DC-voltage,
simultaneously a current component with twice the line frequency will be
generated. The second harmonic link is alow-impedance path at twice the
line frequency, and therefore the second harmonic ripple in the DC-link
will be low. The second harmonic link must be carefully tuned.

The voltage source DC-link.

The three phase machine converter produces the desired motor voltage at
the desired motor frequency. As the motor speed and the motor torque
varies during the train operation, the motor voltage and the motor
frequency will change. The inverter does not produce a pure sinusoidal
output voltage, instead the voltage is PWM-modulated. The generated
interference originates from both the variable fundamental frequency and
from the modulator switching frequency. In a DC supplied drive system,
the continuous spectrum from the machine converter results in a
continuous spectrum of line interference. In an AC-supplied drive system,
the continuous spectrum will not reach the line, instead it will cause a
continuous spectrum of DC-link voltage ripple, that the line converter
modul ates to a line side spectrum, with variable sidebands around the line
converter switching frequency harmonics. Due to imperfections in the
power electronics, low frequency harmonics will be produced into the
line.

The modulated voltage does not only give rise to line interference, it also
produces undesired torque pulsation, sound and vibrations in the three
phase induction motor and in the mechanical gear. Also for this reason, it
IS desired to reduce the harmonic content.

The linefilter reduces the line converter interference.

The current return path via the wheels and the running rails. In AC-
supplied lines the running rails are only partly used as the current return.
With some arrangements the return current is removed from the railsto a
cable situated in the mast tops, but some of the generated line interference
will still be found in the running rails, where it can interfere with track
circuits.
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1.4 Thechallenge

In modern AC motor driven trains, the spectrum from the machine converter is
variable and the frequency of the harmonics depends on the actual vehicle
speed. The spectrum from the line converter has varying amplitude, but as long
as the frequencies are constant it is possible to avoid critical frequencies by
choosing certain switching frequencies.

The continuous spectrum from the machine converter is the major problem in
the low frequency area due to the switching pattern, restrictions like minimum
pulse length. Besides the fact that the switching itself being non ideal, the actual
switching will be delayed due to semiconductor component imperfections and
due to snubbers, which makes the prediction more difficult. Therefore, this
thesisis concentrated on machine converters and its non-ideal switching.

It is of fundamental importance that the line current spectra generated from the
train does not interfere with the train detection system. The traction system has
to be designed in order to avoid exciting critical frequencies for the train
detection system, or the train detection system has to be designed in such away
that it is not sensitive for the spectra generated by the train.

Parts of the signalling system can be very old, and it has been designed without
considering all the problems that new technique do cause. The signalling
system, new or old, is also a part of the infrastructure. As Europe is becoming
one region, trains will pass border between countries and therefore new traction
drive systems must fulfil the demands of severa signalling systems. The
investments to install a new signalling system are normaly very high.
Therefore, the signalling system will not be changed when a new traction
system isintroduced.

One challenge is to be able to predict the emission from a drive system aready
at the design stage. Traditionally, it has been regarded that current in the rail or
in the earth causes interference with the signalling system. However, as the
switching in modern semiconductor based converters has become faster, other
coupling mechanisms, e.g., inductive coupling, must be taken into account.
Another challenge is the mitigation of those harmonics that are liable to disturb
the train detection system. If the mitigation has to be done by passive filters,
these have a tendency to become physically large. Thus, software based
methods to obtain the same result ar of outmost importance.
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1.5 Thegoal of thework

It is necessary to be able to predict the electromagnetic emission from the drive
system already at the design stage in order to ensure that the generated level
from a manufactured and commissioned vehicle will be lower than the detection
level of the train detection system.

In the design stage of the drive system it is presumed that the induction motor is
fed with a voltage which is based on an ideal modulation pattern, but due to
imperfections in the modulator and in the power semiconductors undesired
harmonics will be generated.

The first goal is to construct and establish mathematical tools, which can be
used to predict the emission of electrical interference from an electrical train,
which has a traction drive system based on three phase induction motors.
The algorithms shall also calculate the non-ideal effects as commutation
delay, asymmetries etc., which always are present in areal converter.

The second goal is to develop compensation methods by which it will be
possible to reduce the generation of the undesired harmonics, which are
generated due to the non-ideal effects in a real converter. The work is
restricted to the motor inverter.

1.6 Main contribution

The contribution from the author to thisthesisis divided in two areas:

The calculation program Ascalp, see chapter 4, which is used for fast
calculations of generations of harmonics from a drive system based on three
phase induction motors. In DC supplied drive systems, the generation from
the machine converter, including brake chopper phases, is calculated. In AC
supplied drive system the harmonics from both the line converter and the
machine converter are calculated. In the latter case also the cross
modulation, where the machine converter DC-link ripple by the line
converter can be taken into account.

Three compensation methods, which reduces the machine converter
generated harmonics caused by non ideal commutations. One compensation
method reduces the harmonic with six times the fundamental frequency that
Is caused by the so called dead time. Another method reduces the harmonics,
that are caused by asymmetries.
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1.7 Thecontentsof thethesis

This paragraph is an overview of the content of the thesis. The first part is a
description of today’s signalling and traction equipment.

Chapter 2 is a description of existing signalling system. Especially the function
and the interference mechanisms of different kinds of track circuits are
described.

Chapter 3 is a description of traction drive systems based on three phase
induction motors. Also a description of the drive system control is included.

Chapter 4 is mainly a description of the drive system as the source of line
interference generation. In this chapter the calculation program Ascalp is
described, which is used for calculation of the harmonic generation. In chapter 4
also the non-ideal commutation effects in the in the converter is classified.

In chapter 5, finally, compensation principles are presented, which can be used
for correction of some of the non-ideal effects.
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2 TheSignalling System

As mentioned in the beginning of Chapter 1, a supervising system must be used
in railway traffic. The supervising system controls that permission is given to
one train to run on a certain part of a track section if, today automatic, it is
ensured that the section is not occupied.

In the early days of railway traffic supervision was done by means of token.
Each section of the track, normally the part between two stations, had its own,
and only one, token, .i.e. a physical object used as evidence. A train was only
allowed to run on a certain track section, when the train driver possessed the
token. The token was given to him at the departure station and he left it at the
arrival station, where he received a new token for the next track section. The
token-based system works well when every second train runs in opposite
direction. However when two trains after each other run in the same direction,
the token must be brought back from the arrival station to the departure station
by some other means.

When electricity was introduced in the society the problem was solved in an
electrical way. In the station at each end of atrack section a limited number of
tokens were stored in a token instrument, one in each station. Both token
instruments were connected electrically. When a token was taken from either of
the two instruments, both became locked by electric means and it was not
possible to take another token until the first token was returned to any of the
instruments. In this way a number of trains can run in the same direction
without any need for trains running in opposite direction. ([3] page 60).

When telephones and telegraphs were introduced, and today even radio, the
"token” could be brought as a message, but to do this the token had to be
converted from a physical to a logical thing. Instead the risk of duplication of
the token arose. To avoid that two trains simultaneously got a token for the
same track part, the rules and regulations of token handling became very
rigorous.

However, even with rigorous rules, there was always an uncertainty if the track
section really was not occupied when a train was given permission to run.

A need of a train detection system, that could check if the track really was free
became more and more obvious. In today’s complex railway traffic in and
around big cities, the train detection system is a fundamental part of the
computerised supervision and interlocking system.
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Most train detection systems are based on track circuits, and therefore track
circuits form the basis of modern signalling ([1] page 182), but have also
become the most important victim of low frequency interference from the drive
system.

The aim of all railway signalling systems is to prevent head-on and end-on
collisions, prevent derailments and to allow trains to travel at maximum speed

allowed for the line and for the vehicle. To achieve this, information about
restrictions etc. is given to the driver by visual means, track side coloured lights

or semaphore arms. Information can also be presented to the driver's cab by a
display, often in combination with an audible signal and recently also as ATC
([2] page 5). The information from the train detection system is transferred to
the supervising traffic control, where the track interlocking is done.

A signalling system has the following key elements ([2] page 5):
. A train detection system based on track circuits or axle counters

. Control of points and crossings (a point is where a track is split in two
tracks or two tracks are merged into one single track)

. Interlocking of points and signals
. Indication to the driver by line side signals or cab signalling
. Enforcement of signal controls on the train with train stops or ATP

(automatic train protection)
. Braking characteristics of the trains on the line

2.1 Thetrack circuits

The main purpose for the track circuit is to prove that there are no other rail

vehicles in a track section. When this is done, points may be operated and
signals may be cleared for a train to move safely into the section. The second
purpose for the track circuit is to detect the presence of a train within a certain
section of the track. When this is being done the route ahead of the train will be
locked in order to ensure the safe transit of the train ([1] page 182). The track
circuit makes it possible to indicate on the train traffic surveyor’s control panel

the detailed position of a train along the track in order to keep the surveyor

knowing where different trains are. The track circuits consists of a transmitter, a
receiver and the two rails. The transmitter sends a signal to the receiver at the
other end of the track section and the running rails are used as conductor to
connect the transmitter to the receiver. If there is a train in the track section the
signal will be short circuited by the wheel sets in the train and no signal reaches
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the receiver. The track circuit is isolated from adjacent track circuits by means
of insulated rail joints, that prevents the signal from interfering other track
circuits. The insulated rail joints must not prevent the traction current (the
power current) from returning to the sub station. There are three ways to
achievethis:

In single rail system one rail, "the traction rail”, is used for traction current.
This rail has no insulated rail joints. The other rail, "the signal rail”, is divided
into insulated sections. A track circuit is formed of one of these sections and the
corresponding part of the traction rail. Single rails system is used on tracks with
such traffic, where the traction current has a small magnitude, i.e. traffic with
low weight vehicles, the number of vehicles is low or where high voltage
supply is used. The voltage drop in the running rail is therefore low, despite that
only one rail is used as the traction current return. Single rail track circuits are
normally not allowed at crossings, due to the current shunt in the surrounding
earth. The ballast resistance is low due to salt etc. ([7] page 2).

In double rail system the traction current has high magnitude and is equally
distributed between the two rails, the traction current is a common mode
current. The signal current has different directions in the two rails and is
therefore a differential mode current. Both running rails have insulated rail
joints, see figure 2-1. Between adjacent track circuits an impedance bond is
connected, which has a low impedance for common mode traction current and a
high impedance for the differential mode signal current. The impedance bond
allows the traction current to pass on to the feeding supply substation, but
prevents the signal from reaching adjacent track circuits and from shunting the
receiver. This system is used on the tracks with heavy traffic, where both
running rail must be used as traction current return, in order to keep the voltage
drop low.

Track circuit systems on continuously welded rails shall preferable not use
insulated rail joints, and therefore jointless track circuits are used. In these kind
of track circuits the signal current is prevented from passing to adjacent track
circuits by means of a short circuit between the rails, normally a tuned LC series
link. Adjacent track circuits use different frequencies and therefore each track
circuit uses its own tuned link. At the short circuit a train can not be indicated,
because a short circuiting wheel axles have no meaning there. Instead adjacent
track circuits overlap, see figure 2-23.

Safety.

Fail safe. The signalling system must be designed to be fail safe. Any
component or subsystem failure must lead to a default safety state which
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ensures safety in al circumstances ([2 ] page 5), i.e. the track side signals shall

turn to red. Electronic design and components must comply with the following:

([1] page 198): "Components must be chosen to avoid any possibility of self
oscillation, and all transistors and other active components must be continually
switching, and failure, whether an short circuit or open circuit, must cause the
relay to drop.”

Right side failure means that a not occupied track circuit is indicated as
occupied. This situation is not dangerous but leads to traffic disturbance.

Wrong side failure means that an occupied track circuit is indicated as not
occupied and it is of course a very dangerous situation. The design of a
signalling system is to prevent a wrong side failure to happen. Coding is one
traditional way to immunise a track circuit, i.e. to decrease the probability for a
wrong side failure. Examples are the phase shift in an AC power frequency vane
relay track circuit sections, or the switching between two frequencies in
frequency shift key (FSK) track circuit sections. The problem of coding is that it
reduces the probability for a wrong side failure to almost nothing, but the
probability for a right side failure is increased, at least as long as the electric
interference is unchanging, and this will lead to disturbed traffic.

Restrictive side. Stop is normally coded as no signal, and if the signal
disappears because of an error, the train will automatically be stopped.

Response time. A track circuit can respond to transients, caused by sudden
change in torque reference, by bouncing current collectors etc., because
transients contain a wide band of frequencies. The most effective way to
immunise the track circuit receiver against transients, is to make the response
time as long as is possible concerning the interlocking and control system. A
track circuit shall be "fast to drop, slow to pick up”, i.e. it shall turn to red
quickly but turn to green slowly.

2.2 Principal aspectsof track circuit action

Thetrack circuit is not occupied.

In the basic function the transmitter sends the signal to the receiver, and if the
receiver receives the signal the track circuit is regarded to be not occupied, and
another train is allowed to enter the track circuit. The green light is turned on if
the train traffic surveyor allows traffic in the actual section and in the actual
direction, see figure 2-1.
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Figure2-1. An unoccupied track circuit.

Thetrack circuit isoccupied.

When atrain occupies the track circuit, the current signal will be short circuited

by the train’s wheel axles and the current will not reach the receiver, and the
track circuit is regarded as occupied and another train is not allowed to enter the
track section. The red light is turned on. See figure 2-2. An advantage with track
circuits is that even a "dead” vehicle will be indicated, as long as it has the
capability to short circuit the rails.

During work on the track, when an accident has occurred or at other occasions
when a train is not allowed to enter a certain track section, a short circuit
between the two rails can be done by means of a wire.

I wheel set

red light

A

Receiver Transmitter

' N

——— »
»

Figure2-2. An occupied track circuit

Fail safe.

If there is a current interruption in the supply to the transmitter, to the receiver
or in the track circuit the train detection system will not work, but as no current
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signal reaches the receiver, the track circuit will automatically be regarded as
occupied. Thered light isturned on, see figure 2-3.

red light

Receiver Transmitter

Figure2-3. Atrack circuit with the transmitter disconnected.

Broken rail.

If onerail is badly broken, there is a derailment risk, and therefore atrain is not
allowed to run on that part of the track. Fortunately a broken rail is also acircuit
interruption. As no current signal will reach the receiver, the track part will
automatically be regarded as occupied. The red light is turned on. See
figure 2-4.

I A broken rail

red light

Receiver Transmitter

Figure2-4. Atrack circuit with a broken running rail.

Disadvantage with poor rail isolation.

If the rails are not carefully isolated from earth shunts, some part of the current
signal will be shunted to the other running rail viawet and dirty sleepers. If the
track circuit islong enough all current signals will be shunted and no current is
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left for the receiver. The track circuit will be indicated as occupied. The red
light is turned on. See figure 2-5.

red light

A

A

Receiver Transmitter

' N

>
»

Figure2-5. Atrack circuit with bad isolation from earth.

2.3 Track circuit interference mechanisms

In a machine converter fed AC-motor drive system the variable output
frequency forms a problem. The design of the machine converter modulation
pattern has the restriction to avoid generation of output frequencies which will
appear in the line current as frequencies equal to and interfering with the track
circuit frequencies. The machine converter is often combined with a brake
resistor chopper. The brake chopper produces a constant frequency, which can
be chosen to differ from the track circuit signalling frequency. The brake
chopper frequency can however cross modulate the machine converter DC-link
ripple frequencies and can give rise to unexpected interference frequencies.

| nterference with the traction current return path in the running
rails,

In double rail track circuit systems the traction current shall idealy be
distributed equally between the two rails, the current is a common mode current.
The track circuit receiver is not sensitive to common mode current in the rails
and shall therefore not be sensitive to harmonics in the traction current. In
single rail track circuits systems, the traction current return is by definition in
differential mode, but the track circuit system shall be designed for this.
However during abnormal situation like a broken impedance bond in double rail
system or a broken rail in a single rail system a higher amount of traction
current will pass the receiver and can then interfere with the track relay in a not
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occupied track section. The light will turn to red, a right side failure. See
figure 2-6.

red light A broken bond

A

I Y

Receiver Transmitter

>
»

Figure2-6. Atrack circuit that isinterfered by a fraction of a traction current
from a adjacent track section which passes the track receiver
where it cancels the track circuit current in a not occupied track
section.

Another situation, and much more serious, is shown in figure 2-7. The track
section is occupied and the light should be red, but due to the broken bond a
fraction of the traction current is forced to pass the receiver. In this case the
frequency and phase content of the traction current is assumed to be such that it
can trip the track circuit receiver. As the receiver responds to the signal, the
light is turned to green, a wrong side failure.

green light

Receiver Transmitter

\ —

\— A broken bond

Figure2-7. A track circuit that is interfered by a fraction of the traction
current that passes the track relay in an occupied track section




the signalling system 17

I nterference from earth current.

When tracks are not isolated from earth the current return from tracks in the
vicinity can also be found in stray earth currents, which can pass the track
circuit receiver in another track and interfere with track relay. Similar situations
as those described in figures2-6 and 2-7 can happen, either a not occupied
track can be indicated as occupied or an occupied can be indicated as not
occupied. An example of awrong side failure is shown in figure 2-8.

earth current

i

green light
< ———¢
A 4 '
. A 4 -
Receiver Transmitter
A 4 '
—— »
— earth current

Figure 2-8. A stray earth current with the correct frequency content passes
the track circuit receiver

| nter fer ence from a differential mode current induced by the third
rail current.

Receiver

2

Transmitter

AN Third rail
© L

Magnetic field

Figure2-9. Interference from a third rail or from an overhead power line to
the track circuit.
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The traction current in the third rail, in the catenary or in an overhead power
line will induce differential mode current in the track circuit, see figure 2-9. If
the harmonic content in the traction current is high or the track circuit trip level
islow, the track circuit can be disturbed.

Interference from a differential mode current induced by
magnetic components on board thetrain.

Magnetic devices on board the train can induce a differential mode interference
current in the track circuit, especially when they are mounted in the vehicle
under-frame. The inductive coupling depends on the orientation of the magnetic
axis of the component. The worst orientation is a vertical orientation where the
magnetic field effectively is coupled to the track circuit, see figure 2-10.

The vehicle front

-~ The magnetic
component

The wheelset

' I \_ The magnetic field

"""" TSN Therails

Figure 2-10. Inductive interference from components with a vertical magnetic
axis.

An orientation of the magnetic component where the magnetic field can go
down and return within the same track circuit will be a correct installation and
no interference current will be induced..

| [
Receiver ||Transmitter

@ _[ —___['®

the magnetic field from the
magnetic component

Figure2-11. A magnetic field which normally is safe can at the boundary
interfere with two track circuits.



the signalling system 19

The best orientation seems to be with the magnetic axis along the track. With
this orientation the component can be installed anywhere in the underframe. But
this orientation has one disadvantage; at the track circuit boundary the magnetic
field can go down in one track circuit and return in the adjacent track circuit,
and interference currents will be induced in both track circuits, see figure 2-11.
Finally, the best orientation is obviously with the magnetic axis horizontal and
perpendicular to the track direction. If this orientation shall be effective, the
magnetic component must be installed above the midpoint between the two
running rails, seefigure 2-12.

The vehicle front

Figure 2-12. Inductive interference from components with the magnetic axle
horizontal and perpendicular to the track direction.

2.4 Track circuitsin reality

Track circuits signal frequencies vary from DC to some tens of kHz. In Sweden
the number of different kinds are limited. On the AC supplied main lines DC
track circuits are used, and SL, Stockholm Underground, uses 75 Hz AC track
circuits. On the other hand, in UK almost any kind of track circuit can be found.

In this thesis four different kinds will be described: DC track circuits, power
frequency AC track circuit, audio frequency AC track circuits and high voltage
impulse track circuits.

DC track circuit.

DC track circuits are the simplest and least costly track circuits and should
therefore be the first choice, as long as the track is not DC supplied ([8] page
B1). Thefirst track circuits, invented over a hundred years ago, used dry cells as
electric energy supply. This system worked well in combination with steam
locomotive technology. With the introduction of electrical traction this system
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was easily disturbed. At this point the never ending story of traction current
interference with track circuits started.

DC track circuits shall only be used on AC supplied lines, not on DC supplied
lines. It is always a bad combination to have the same frequency in the track
circuits asin the traction supply.

On AC supplied lines the voltage is high and consequently the current is low.
Therefore asingle rail system can normally be used. The track circuit is fed via
arectifier and an inductor is smoothing the current. A variable resistor is used
to adopt the current level. The receiver is protected from interference AC
current by means of afilter, seefigure 2-13 ([1] page 196).

/— Insulated rail joint

filter

3 H > track

rectifier relay

Figure2-13. ADC track circuit.

The first DC track circuits with dry cells supply, had low signal levelsin order
to reduce the wear and number of batteries ([8] page B2). Low signal levels are
one reason why they were not immune to disturbance. Modern DC track circuits
are supplied from the public grid viarectifiers.

filter H | filter |
H-

track § ‘ ‘ g \g track

relay rectifier relay

Figure2-14. A DC track circuit in areas with high geomagnetic currents.
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The Swedish National Railway Administration ("Banverket”) uses DC track
circuits on the main lines. Batteries are integrated as a UPS-supply. Track
circuits longer than 200 m have relays at both ends as protection against heavy
geomagnetic currents ([2] page 128), see figure 2-14.

DC track circuits are only well suited in combination with AC supply. However
as the AC supply itself can energise the track circuit relay, it can also be a
source of interference, see figure 2-15 and figure 2-16.

"""""""""""""""" =DC magnetic field

_______________ =AC magnetic field

Figure2-15. Normal DC track relay action.

; magnetic shunt
copper slugs

"""""""""""""" =DC magpnetic field

_______________ =AC magnetic field

Figure2-16. An AC-immunised DC track relay.

To immunise the DC track circuit, the magnetic circuit is changed. A magnetic
shunt and two copper rings, "slugs”, are put in the iron core. As an AC
magnetic flux tries to penetrate the copper rings, a current is induced in them
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and they become quite impermeabl e to the AC magnetic flux, which instead will
pass the magnetic shunt. Only the DC magnetic flux can penetrate the rings and
trip the track relay. ( [1] page 194), seefigure 2-16.

Important interference sources for DC track circuits are asymmetric
commutations in the line converter, transformer inrush and pantograph-catenary
arcing, which cause saturation in the main transformer. All three sources
generate DC components, with duration long enough to trip the track circuit,
[24] and [25].

Buried metal objects in the vicinity of the track can together with the soil form
simple galvanic cells, which can cause corrosion to the object. To avoid this a
cathodic protection system with opposite potential must normally be applied to
the object. An earth current from the protection system can flow via the rails
and interfere with the DC track circuit ([8] page B8). Also reinforced concrete
sleepers can form a galvanic cell. The voltage is not high enough to compete
with short circuiting wheel axles, but can keep a disconnected DC track circuit
energised for several minutes ([8] page B10). These examples show the problem
with low DC track circuit signals, and the solution is that the track should be
isolated from ground, or if it has to be grounded, it shall only be grounded at
one point within each track circuit.

Double element vanerelay AC track circuits.

Initially, AC supplied track circuits were developed for use in DC supplied
lines. They were fed from the public mains 50 Hz. However, with another
frequency, for instance 83.3 Hz, AC track circuits can also be used on lines
supplied with 50 Hz or 16%/s Hz. 83.3 Hz track circuits can also be used on DC
supplied tracks if the DC supply contains too much 50 Hz harmonics, due to
rectifier components asymmetries or if there is a high amount of 50 Hz
vagabonding current.

In the double element vane relay a contact is closed when the vane is turned.

The torque, needed to move the vane, is produced by eddy currents induced in

the vane by the fluxes from two signals, called "local” and "control”. The phase
shift between these signals shall be 90 degrees. If the two signal frequencies are
unequal the torque will have a beat frequency and the relay will not operate.
The relay will therefore only respond correctly to "control” current of the same
frequency as the “local” current, and with the correct phase shift. The local
signal voltage is typically 110 VAC, the control signal only 1-3 VAC. ([7] page

4). The electromagnetic amplifying action of the double element vane relay is
both elegant and fail-safe. See figure 2-17 ([1] page 202-207).
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Special measures are necessary in 50 Hz traction areas to prevent the supply to

the local coil of the relay being disturbed by 50 Hz current. The "local” supply
for relays can demand specified relay rooms, can be screened or can use 50 Hz
earth leakage current detection equipment.

B S

CONTROL CORE

LOCAL CORE

VANE

Figure2-17. A double element vanerelay AC track circuits.

The control signal shall be connected to the running rail via a capacitor or an
inductor in order to get the 90 degrees phase shift, see figure 2-18.

W

L -
Control

—— isolating transformer
e

Vane type track relay

Figure2-18. Snglerail double element vane relay track circuit.

The capacitor is preferred in order to avoid transformer saturation due to DC
current. The capacitor must be of an adjustable type in order to get the correct
phase shift with varying rail and ballast impedance.

In double rail double element vane relay track circuit systems, adjacent track
circuits are connected with impedance bonds, see figure 2-19. The impedance
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bond iron core shall have an air gap to avoid saturation when a DCsupply
traction current is not equally distributed between the two rails. Otherwise the
impedance bond will act as a short circuit between therails.

] i

Impedance bond
[Control
e

Vane type track relay

P

N

—— isolating transformer

Figure2-19. Double rail double element vane relay track circuit with
Impedance bonds.

A tuned impedance bond

O3 O
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=== jsolating transformer Control

— e

Vane type track relay

Figure2-20. A tuned impedance bond.

The impedance characteristics of the track circuit can be improved by tuning the
impedance bond. With a capacitor connected in parallel to the impedance bond,
the impedance between the two rails can be made resistive, and the total
Impedance can be raised allowing longer track circuits, see figure 2-20.

With an auto coupled impedance bond the track circuit can be fed with higher
voltage, and the track sections can be made longer, see figure 2-21.
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Vane type track relay

Figure2-21. A double element vane relay track circuit with auto coupled
Impedance bond.

Tuned reed track circuit

Tuned reed track circuit can be used on both DC and AC supplied tracks and
also on non-electric tracks where long track circuits (tunnels for instance) are
required. Generally they can be used on the same kind of tracks where double
element vane relay track circuits are used, see figure 2-22. ([1] page 213). A
reed track circuit is characterised by a pair of mechanically tuned reed filters,
one reed filter in the transmitter and one reed filter tuned to the same frequency
in the receiver. A coil mechanically excites the reeds, and the reed filter can be
tuned to a considerable precision and they have a high Q-value. The transmitter
has an oscillator and a feed amplifier, with the reed filter in the feed back loop.
The output from the amplifier isfed to the track viaa L C-filter. One purpose for
the LC filter is to prevent traction surges and other interference from back
feeding the transmitter that could cause saturation and/or damage.

The receiver has an LC-filter in series with the reed filter and a relay amplifier,
which operates a DC-relay. The reed frequency band can lie as close to each
other as 3 Hz. The typical reed frequency bands for 50 Hz traction supply are
363, 366, 369, 372, 375 and 378 Hz ([23]). The use of different frequency band
for adjacent track circuits gives freedom from faulty operation due to insulated
joint failure. In fact reed track circuits can be used as ajointless track circuit on
continuously welded tracks.
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Figure2-22. Atuned reed track circuit.

Jointlesstrack circuits.

When continuously welded rails are used, it is impossible to use insulated rail
joints. Instead jointless track circuits shall be used, which can be of either
voltage or current operated type. They are normally operated in the audio
frequency band.

This technique involves an oscillator and amplifier at the feed end. The
frequency signal must be filtered and amplified at the receiver end before it can
operate the track relay. By the use of suitable fine tuned filters, either
electrically or mechanically tuned, crosstalk is avoided. Adjacent and parallel
tracks should use different frequencies. ([1] page 215)

In track circuits with insulated rail joints the end of atrack circuitsis defined by

the insulated joint. In jointless track circuits, a short circuit between the two

rails will instead act as a definition of the track circuit boundary. This is of
course a contradiction. How can a short circuit be used, when the presence of a

train is indicated by the short circuiting wheel axles? However if the boundary

short circuit is situated a certain distance from the receiver, it is still possible to

send enough current through the receiver to make the track relay to pick-up. As

long as the short circuiting wheel axles are not too close to the boundary short
circuit a train’s presence can be indicated. However when the train gets close to
the boundary, the wheel axle’s short circuit has little impact on the receiver
current and the train’s presence can not be indicated.
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To solve this problem two adjacent track circuits, A and B in figure 2-23, have
different frequencies and the track circuits overlap. B’s track circuit starts
before A’s track circuits finishes, i.e., when the wheel axles, still within A’s
track circuit, are close to A’'s boundary short circuit, their presence cannot be
detected by A’s track circuit. Instead its presence will be detected by B’s track
circuit. The boundary short circuit can not be a real short circuit, instead it is
realised as a series LC-filter, tuned to the track circuit frequency, i.e., at the
track circuit boundary two such LC-filters are present, one for track circuit A
and one for track circuit B. See figure 2-23 where the voltage operated Aster
"Type U” track circuit is depicted. This track circuit is a typical example of an
audio frequency jointless track circuit ([1] page 219).

< Itrack circuit B I >

—track circuit A —»

LA é

T T

track circuit C
% T

B’s boundary relay \ A’s boundary feed

short circuit short circuit

Figure 2-23. Aster "Type U” jointless track circuits.

Type T121 Track Circuit is designed to be used on both AC and DC supplied

tracks and also on non electrified lines([9] page B2). It can be used on both
jointless and joint track. It is a voltage operated track circuit, similar principle

as the Aster ‘U’ track circuit, but with some improvements. The equipment has
great immunity to high values of interference signals. ([2] page 135).

The principle operation of the track circuit is to operate with FSK, "frequency
shift key”. The audio frequency carrier signal shifts between two frequencies,
34 Hz apart, and the modulation frequency is 4.8 Hz. The reason for two
frequencies is to immunise the track circuit against interference. Both signals
must have correct modulation frequency and both must be detected by the
receiver. Otherwise it is regarded to be an interference and the track side signal
turns to red.

The frequency difference 34 Hz is chosen for one reason: If the lower of the two
frequencies is interfered by one modulated 50 Hz harmonic, the next higher 50
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Hz harmonic shall not be able to interfere with the higher of the two
frequencies. The TI21 track circuit system uses 8 different carrier frequencies,
each modulated +/-17 Hz. Adjacent track circuits on the same track uses two
different carrier frequencies. However aso tracks running side by side must use
different carrier frequencies due to earth currents. Thus a single track needs
two, a double track needs four and four tracks need eight carrier frequencies([9]

page B2).

The TI21 transmitter consists of a 4.8 Hz multivibrator, which modulates the
carrier frequency oscillator. The modulated signal is amplified and fed to the
track via a transformer, for matching and isolation purpose, and a filter. In the
T121 receiver, the signal first passes a transformer. By means of filters, the
signal is then split into two parallel branches for each FSK frequency. The
signals in the two branches are demodulated to two anti phase square wave
signals. Both must be present if the receiver shall pick up. The relay picks up
after two seconds, but it dropsin afew milliseconds ([9] page B4).

HVI (high voltage impulse) track circuits.

HVI track circuits operate with 50 to 100 V amplitude pulses. These track
circuits are used on track with low traffic or with old vehicle traffic, where the
railhead can have a thin film of rust and/or dirt, which destroys the electrical
contact between the rail and the wheels. The voltage peaks are high enough to
penetrate the film.

1.5ms
8 ms 330 ms

_________________ »

—— —
Figure2-24. TheHVI track circuits pul ses.

The pulse is asymmetric where the positive amplitude is seven times the
negative amplitude. The duration of the positive peak is 1.5 ms and the duration
of the negative pulseis 8 ms. The repetition frequency of the pulsesisonly 3 Hz
([10] page B2), seefigure 2-24.

HVI track circuits are immune to DC since both the transmitter and the receiver
are connected to the track via transformers. The receiver is designed to
recognise the asymmetric HVI pulse, and therefore it is immune to AC
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interference signals that has a symmetric wave form (except under transient
conditions) ([10] page B3).

2.5 Onboard signalling system for Automatic Train
Control system (ATC)

One disadvantage with track side signalling systems is that there is no safety
system which handles the problem when the train driver passes a red light

signal. Also during stress, the driver can hesitate whether the latest signal he
passed was "red” or "green”. At traffic jam the speed of the vehicles should be
reduced in order to keep the traffic flowing. This can be solved with an ATC
(automatic train control) system, which also includes an onboard presentation
system where the information is displayed to the driver in the driving cab.
Besides when the information is onboard the train it can be used to
automatically apply the emergency brake of the train if the drivers fails to act
correctly.

Running direction

619 Pick up coils
< |
/ .
{Receiver | Transmitter

Figure2-25. An ATC system with pickup coils at vehicle front and with the
information coded into the track circuit current.

Until now we have regarded the track circuit signal current as being without
extra information. However itow frequency ATC system the current is coded

with information about the maximum allowed train speed, and after being
picked up by the train the information can be presented to the driver. Just above
each rail at the front end of the train, two pick up coils are mounted, where they
pick-up the magnetic field from the track circuit current in the two rails. The
output signal from the two coils are differentially connected, and they are
therefore only sensitive to the differential mode signal current and insensitive to
the common mode traction current, see figure 2-25.
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The pick up coils can also pick up interference from other sources. The motor
current in the motor cables can be inductively coupled to the coils. If the cables
are not routed in symmetry to the coils, e.g. the motor cables can be more close
to one of the coil than to the other, the interference from the motor cables will
be picked up and the ATC system can be disturbed, see figure 2-26. The most
effective solution to this problem is to twist the motor cables and to route them
along the vehicle centre axle.

Correct motor

cable routing —\

\

/

The gear
The wheelset \\K
&=———————~

U/

The motor

Bad motor

cable routing Pick up coils

Figure2-26. Inductive interference from motor cables to pick up coils on
board thetrain.

In audio frequency track circuits ATC system the amount of information can
be increased. The Swedish National Railway Administration, responsible for the
main line track system uses aradio communication AT C-system which sends
information from a micro-wave transmitter between the rails up to an antenna
onboard the train. The consequence of the use of such a system is not taken into
account in thisthesis.



the traction system 31

3 TheTraction System

In this chapter, the traction system, depicted in figure 3-1, will be described.
Traction is the action of drawing or pulling a vehicle over a surface by motor
power. The traction system consists electrically of the substation, of the
transmission line and of the vehicle drive system.

Both the DC and AC supplied drive systems, based on three phase induction
motors fed from a machine converter will be studied in this work while DC
motor trains are excluded. Special attention is paid to the DC supplied drives
system, since the variable current spectrum will reach the line directly and
interfere with the track circuits of the signalling system. Such a traction system
often includes brake chopper phases. This kind of traction system is very
common in metro traffic, of which Stockholm "T-bana” (Underground) is one
example.

The converter can either use GTO thyristors in combination with snubbers or
use snubber-less IGBTSs.

ZIine
Zsupstation drive svstem
filter Y
control

7~
\Y ) Usubstation motor

- OO OO

ZraiI

Figure3-1. Ageneral traction system

3.1 Energy supply

AC supplied lines use either 50 Hz or2461z in countries with 50 Hz mains,
while in the USA corresponding supply frequencies are 60 Hz or 25 Hz. If the
line frequency equals the frequency of the power grid, the supply system is only
a transformer, if the line frequency differs from the public mains frequency, the
line voltage is either produced in special power plant for traction, or in some
kind of a rotating or a static converter. The general problem for AC supply is
that on the public three phase side of the supply system the power flow is
anticipated to be constant due to a three phase symmetrical load, while on the
traction single phase side the active power is pulsating with twice the line
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frequency. As the public electric companies normally do not alow this
pulsating power the supply systems must be combined with filters. Power
semiconductor converters will produce harmonics to the traction side, and those
harmonic frequencies must be separate from the signalling system frequencies.

On DC lines the supply system consists of rectifiers. In these system the power
flow is constant both on the public side and on the traction side, so the DC
supply does not have the same filter problem as the AC supply. One maor
problem is that 50 Hz track circuits are often used in combination with DC
supplied systems. Due to asymmetries in the firing angles of the rectifiersand in
the three phase transformers, a large 50 Hz component can be found on the
traction side. The asymmetry is especially pronounced when Hg-valve rectifiers
are used.

A substation unit can normally supply alimited number of trains. In areas with a
lot of traffic a number of such units are used to form a substation. Typical
substation power is 10-30 MV A, and atypical locomotive power is 3-4 MW.

European main linerailway electric supply system

The European countries have different railway supply systems and the supply
systems at each side of a national border are often not the same. There are some
exceptions. Germany, Austria and Switzerland form one group with 15 kV 16
2/3 Hz. Sweden and Norway form another group with the same system. But
Denmark, located between Sweden and Germany, has a different system. France
and UK have the same system as Denmark, 25 kV 50 Hz. However this supply
system is mainly used on the main lines north of London. South and south-east
of London the main lines are supplied with 750 VDC, which makes direct train
traffic from France to London difficult.

The different supply systems are not the only reason why it is difficult for a

train to cross a border. The supply system can be the same on both sides of a

border, but the signalling systems with their track circuits are different. As an
example: France has built a TGV train ("train de grand vitesse”) which can
cross a number of borders in central and western Europe, but the train became
very expensive. However there are high ambitions within the European
community to harmonise the railway traffic ([6] page 275).

In table 3-1 the different supply systems on main lines are presented.
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Table 3-1. Different main lines railway supply system in Europe ([6] page 276).

System  Voltage Country

AC 25kV 50Hz UK, France, Finland, Denmark, Luxembourg,
Portugal, Spain

AC 15kV 1623 Hz Germany, Austria, Switzerland, Sweden, Norway

DC 3kV Belgium, Spain, Italy, Poland

DC 1.5kV France, Netherlands

DC 750V UK

DC railway traction power supply

This supply started to be used, mainly in the USA at the end of the last century.
The voltage was 500-700 VDC, but at the beginning of this century systems
with 1200 VDC started to be used ([11] page 582). The original advantage of
DC supply was its simplicity to operate DC series motors, by means of series
resistor control, in combination with switching from series to parallel
connection during acceleration, all equipment mounted on board the vehicle.
3kV supply systems is dating from 1920s and 1930s and are used on main
lines. 1.5 kV is normally used on regional and interurban traffic with up to
typically 100 km distance between feeding substations, but also some main lines
use this voltage. Urban metros and trams use 600 V and 750 V, but mainlinesin
England are also electrified with this voltage.

el
— ﬂ‘T
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Figure3-2. Sxpulse and twelve pulse rectifier.
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The DC voltage is fed from a converter which rectifies the three phase voltage
of the mains, normally with a six pulse or a twelve pulse rectifier, into DC.
Circuit diagrams for different rectifiers are depicted in figure 3-2.

By means of (3.1) the production of the ideal dc side harmonics can be
calculated. This expression is not usable for calculation of the non ideal
harmonic due to the rectifier imperfections. ([6] page 277):

VSN )
Y i -2 {1~ cos(y) exp(jmy)} - imLsin(y) exp(jmy)) (3.1)

where:

yisthe overlap angle
misthe harmonic order.
pissix or twelve

From a 50 Hz six pulse rectifier the 300, 600, 900 Hz etc. harmonics are
basically generated, and from a 50 Hz twelve pulse rectifier the 600, 1200, 1800
Hz etc. harmonics are basically generated.

The basic harmonics will also be found on the public three phase side of the
rectifier, and can be calculated by means of (3.2) ([6] page 278).
_sin[(n-1at] .\ sin[(n +ad]

o =1(sin(at) n-1 n+1

) (3.2)

Almost all multiples of 50 Hz appears in practical operation with dlightly
asymmetrical three phase supply and asymmetrical firing pulse patterns, and
therefore track circuit frequencies are avoided at multiples of 50 Hz, e.g. no
reed frequency are used at 400.

AC railway traction power supply

The disadvantage with DC supply is its rather low voltage which leads to a
large line current for a certain vehicle power. The large current leads to high
losses and high voltage drop on the supply line. The advantage of AC supply
instead of DC is that it is easy to achieve a high voltage by means of a
transformer. The high voltage makes it possible to supply main lines over long
distances with a reduced number of substations. ([6] page 279). The AC supply
became practica when the single phase commutator series motor was
constructed, but the problem of commutating a 50 Hz current by the mechanical
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commutator, lead to the use of alower frequency. Initially the supply voltage on
the Swedish mainlines was 15 Hz 15 kVAC. The voltage was produced in
special power plant. Later on rotating converters, fed from the public mains
produced the supply voltage, and then the frequency was changed to 1623 Hz
([11] page 585). Today power semiconductor converters are more and more
coming into operation.

With the introduction of on board rectifiers, especialy solid state rectifiers, it
was possible to supply traction motors with DC voltage. Later AC
electrification has therefore been 50 Hz 25 kV, with start in France after the
Second World War. The 50 Hz can easily be supplied to the line via
transformers directly from the public grid.

3.2 Energy distribution

DC line

DC supply lines are only defined by the line resistance when concerning the
electrical power distribution. However when also the harmonics distribution is
taken into account, the reactance of the line must be included. Normally the line
impedance, (= inductance) reduces the line interference, and therefore the line
interference is studied at worst case situations, i.e., when the vehicle is located
directly at a substation where the supply line length diminishes.

When used for metros, and, if the voltage are below 1 kV, the power is normally
distributed via a third rail just along the track, see figure 1-1a. However, for
obvious reason, the distribution to trams and street carsis an overhead catenary,
seefigure 1-1b.

In DC supply the current return is formed by the rails, but the current return can
split so a fraction will flow through the earth which can cause some problems,
metallic construction in the earth is already mentioned, see DC track circuitsin
chapter 2.4. The earth current will not be shunted by short circuiting wheel
axles, and this earth current can enter the rails again where it can interfere with
the track circuit receiver. Also earth current from adjacent tracks can enter the
rails and interfere with the track circuit receiver. Harmonics in the earth current
can crosstalk and interfere with other signal cables routed in the ballast. For
these reasons, as mentioned before, it is highly recommended that the rails are
insulated from earth, ([14] page 103). Another solution to this problem is the
use of an isolated fourth rail as the current return. This system is used in the
London Underground, and an extra advantage with this four rail system is the
separation of the signalling current in the running rails from the traction current
return.
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AC line.

AC supply lines normally uses high voltage in order to reduce the power loss, as
the current becomes low. Therefore, the resistance of the supply line has a
minor interest, it is rather the line inductance that determines the power
distribution. The line inductance, together with the substation and vehicle
transformer impedance and the line stray capacitance forms a resonance circuits
that makes it difficult to predict the frequency behaviour of the line. Asthe long
lines have alarge inductance the power factor can be 0.8 as an average. In phase
controlled drive systems the power factor is reduced and can be aslow as 0.4 at
start. The power factor can be areal problem on long single fed lines where the
reactive power reduces the feeding voltage at the vehicle. The introduction of
phase controlled drive system has also increased the generation of AC lines
harmonics.

The simplest and least capital intensive way of connecting the supply to the line
Is to connect one end of the transformer secondary winding to the catenary and
the other to therail, see figure 3-3 ([6] page 281).

3 N
S s
u earth current

Figure3-3. Smplefeeding.

The disadvantage of this connection is that a major fraction of the return current
will be through the earth. The earth current will crosstalk to other signal cables
in the track bed, and it can aso interfere with the track circuits as described in
the DC line part above. Besides, the overhead catenary will, together with the
current return in the rails, form a big loop that will act as a transmitter of radio
frequency interference.

The problems of crosstalk with telephone lines became obvious from the start of
AC railway electrification, and different attempts have been used to control the
current return path.

The situation can be improved by connecting a return conductor in parallel with
the running rails ([6] page 281).

With the installation of booster transformers with unity ratio, see figure 3-4, less
current return will spread to earth and a larger fraction of the current will
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remain in therail ([15] page 107). This arrangement reduces both cross talk and
emissions. It can also solve the problem of carrying the traction current over an
insulated rail joint, see figure 2-1 and figure 2-13.
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Figure3-4. AC supply with a booster transformer for reduction of the earth
current.

However as the current still isin therail, it can disturb the telephone lines. Also
the loop antenna is still rather big. Both these effects will further be reduced
when booster transformers are used to pick-up the return current from the rails
to a conductor installed close to the top of the masts, see figure 3-5. As the
distance between the overhead power line and the current return now is small
the line impedance is reduced ([13] page 92, [15] page 107).
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Figure3-5. AC supply with a booster transformer in combination with a
mast top current return cable for further reduction of the earth
current.

The same advantage as with the booster transformer in combination with the

mast top current return conductor can be achieved with an auto transformer, see

figure 3-6. With this arrangement the line inductance is further decreased and

the voltage drop along the line is reduced, which allows higher power to be
distributed at a long distance from the substations. Also the spacing between
substations can be increased. "Malmbanan” in the northern part of Sweden uses
auto transformer distribution.
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Figure3-6. Auto transformer feeding for further reduction of the line
Inductance.

In AC system, the distance between substation is normally much longer than in
DC systems. This will together with line inductance result in high rail
potentials, and therefore the rails must be earthed ([12] page 89, [13] page 92).
With the use of booster or auto transformers the earth current problems, as
described in the DC system, are reduced as the earth current is reduced.
However earth current from adjacent tracks or other installation can still
interfere with the track circuits. So, care must be taken if the rails must be
earthed at more than one position per track circuit.

3.3 Thethree phase AC motor drive systems.

The first attempt with three phase induction motors goes back to 1920s. At the
turn of the 20th century some tracks in Germany, Italy, Switzerland and USA
were built for trains with three phase induction motor drives. The power was
either supplied with three overhead catenaries, or with two overhead catenaries
and the running rails as the third phase. The speed and torque control were
achieved with pole changing and with resistors in series with the rotor.

The main problem was the supply of three-phase motors from DC or from a
single-phase AC. Kando in Hungary built a drive system with dlip ring
induction motor fed from a rotary phase converter, ([5] page 143). During the
1970s the development of high-power thyristors led to three phase drives
mainly based on current source converters, which soon was replaced by voltage
source converters in combination with high-power gate turn off (GTO)
thyristors. In 1976 the first voltage source inverter drives system was tested in a
locomotive (DB 120). The voltage source converter is now established as the
standard traction approach. The latest development step is to use bipolar or



the traction system 39

insulated gate bipolar transistors (IGBT) as the standard component in low and
medium power drive systems. The three phase induction motor has the
following advantages ([5] page 143):

» High maximum speed

» Robustness and reliability with low maintenance requirement
» Simple cooling arrangement with enclosed frames

 High uniform torque with inherent overload management

» High power/weight ratio

» Low cost/power ratio

» High voltage operation

* Inherent regenerative braking capability

 Steep torque-speed characteristics

 Parallel connection feasible

From a traction point of view these advantages make a drive system based on
three phase AC motors very good. From a signalling point of view thereisabig
disadvantage, the motor must be fed from a variable voltage, variable frequency
machine converter. As the frequency is allowed to vary over a wide range the
converter will produce variable frequency line interference in the DC supply
and in the AC supply with finite DC-link capacitor, i.e. aso including critical
frequencies.

A modern machine converter consists of three phase branches. Often brake
chopper branches are connected in parallel with the DC-link, see figure 3-7.
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Figure3-7. A three-phase machine converter with a two-phase brake
chopper, used in DC supplied drive systems. The converter
switching elements are | GBTSs.

Two transistor/diode pairs forms a phase leg, where the semiconductor switches
either connect the DC-link high voltage or the DC-link low voltage to the motor
phase winding. The converter consists of three such phase legs. When power-
transistors are used, the diode is normally integrated in the same module. When
the upper position in a phase is conducting, a positive current will go through
the upper transistor. When the modulation pattern to the phase is changed to
lower position, a positive current commutes to the lower diode. In a
corresponding way, a negative current will flow through the upper diode and
commutes over to the lower transistor. The switching sequence is critical, a fast
switching gives low switching losses but stresses the semiconductor. At turn-
off, the voltage will be high due to Ldi/dt. When transistors are used the
switching speed can and thus the voltage can be controlled.

When GTO-thyristors are used instead of transistors the turn-off is faster and a
snubber capacitor is required in parallel with the thyristor. To reduce the diode
current inrush also a snubber inductor is needed..

A well designed induction motor traction drive system will have the base
frequency where the machine converter gives its maximum output voltage with
nominal DC-link voltage, at about one third of maximum speed. The drive
system is designed to have full flux below base frequency, i.e. the motor
voltage/stator frequency ratio is kept constant. Above base frequency the field
weakening region starts. In the field weakening area, square wave modulation is
normally used and the output voltage is kept constant. The maximum output
power is also kept constant. The limiting speed for maximum constant power
will be above typically two third of maximum speed, where the pull out (break
down) torque will limit the power. In 750 VDC and 1500 VDC fed voltage-
source-converter traction drives, the DC-link capacitance is connected to the
DC line supply via an inductor. The DC-link voltage will therefore vary as the
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supply line voltage varies, and when the DC-link voltage is low the field
weakening areawill start at lower speeds than the base speed.

DC supplied vehicle uses a LC filter, of at least second order, as an input filter
to reduce the harmonic generation to the line, but the filter is also used to reduce
the harmonics generated by the substation.

The control system

In normal mode accelerations and retardation, the feedback control system has
small influence on the production of harmonics. Therefore relative simple open-
loop dlip frequency control with current feedback was implemented in early
induction motor drive systems, fed from machine converters. The torque was
controlled at constant rotor flux by the ratio of slip frequency and rotor
resistance. Acceptable steady-state behaviour is obtained with speed and stator
current feedback, by calculating the slip frequency and by adding this frequency
to motor speed the converter frequency is found. Correction of the motor
voltage by the current control loop is sufficient to maintain the flux at the
reference value, ([5] page 149).

However this kind of control system is not fast enough in more dynamic control
action like dip/dlide control, or the control of transient caused by voltage
interruptions at pantograph bouncing. A fast and accurate vector control system
can prevent the production of torque pulsation and corresponding line
interference. A fast control system can be used in active elimination of critical
frequencies.

Vector control with pulse-width modulation is now used in most modern
induction motor drive systems fed from a machine converters, see figure 3-8.
This drive system is today used in all kind of rail vehicles from trams and street
cars with limited rating up to big freight locomotives.

A vector control system is usually oriented to either the stator-flux or the rotor-
flux linkage vector. The following description is based on a stator flux vector
orientation. Since the stator flux cannot economically be measured directly, it
has to be calculated based on the measured quantities stator voltage, stator
current and rotor speed. There are several ways to perform these calculations,
generally referred to as flux observers. In this case, a flux observer reported in
([21], page 38) is used. Both the stator flux estimate, and the stator current are
expressed in a reference frame (d,q) oriented to the stator flux linkage vector
estimate.

The three phase voltages and the three phase currents are measured and
expressed as the complex voltage (Us,, Us,) and the complex current (is,, is,.). The
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resistive voltage drop in the stator is calculated and subtracted from the voltages
Us, and Us, and thereafter the magnitude and the argument of the flux is formed
in the flux observer by integration. A new reference frame (d,q) is attached to
the stator flux linkage vector, and thus the flux magnitude is identical to the
direct component 4.

The stator flux estimate is compared to the stator flux reference, and the error is
fed to aflux controller. The output of the flux controller is the voltage-time area
reference for the output voltage along the d-axis of the machine converter
during the coming sampling interval.

The torque reference is divided by the modulus of the stator flux linkage vector,
resulting in a reference for the torque producing stator current component. By
means of the angle & the current components is, and is, can be transformed to
the quadrature current component. This current reference is then compared to
the measured equivalent and the error is fed to a Pl current controller,
calculating the reference for the output voltage along the g-axis of the machine
converter during the coming sampling interval.

The direct and the quadrature component of the voltage-time area are by means
of the angle &, transformed to the a,frame, which after 2/3 transformation
forms the desired three phase voltage-time area references.

W, = I(u— R)dt

Us. |2
Flux- ) Us
observer < Us.

A

6s

A A

is. |2

Isq |e T s,

sin, cos + 4

" _ . v Vv v
v N flux- Yisd S| 2
"|control 1%

T/ — % * »/Modulator »/3-phase
IE'_;"@ Current- | Y'sa | Vs 3 inverter
control i 7

Figure3-8.  Induction motor torque control based on stator flux

The following seven equations form the control algorithm ([19] page 3-75):
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Torque control:

T'(K)
Yo (K)

iz, (k) = (3.3

where T (k) is the torque reference and (k) is the stator d-axis flux
approximately, with the same amplitude as the air-gap flux amplitude.

Flux control:
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where yy is the direct component of the voltage-time area reference.

Current control:
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where ysq* Is the quadruple component of the voltage-time area reference.
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Figure3-9. Theintegral of the terminal voltage, i.e. the terminal flux, ¢/(K),
will grow to ¢k+ 1) with the vector y(k) during the time between
the sampling instantsk and k+1 .

In this control system seven transducers are needed: three current transducers,
three voltage transducers and one stator winding temperature-transducer. The
number of transducers can be reduced. As the neutral point of the stator
windingsis not connected to zero the third phase current can be calculated from
the other two:

ic :_(ia +ib)

The three voltage transducers can be reduced to a single one, the DC-link
voltage transducer, which anyway is needed for the modulation. By combining
the DC-link voltage with the actual modulator output for the three phases, the
three phase voltages can be found. However these phase voltages are the ideal
voltages, in reality the commutations are delayed, and therefore the real flux
will differ from the estimated, but thiswill be taken care of by the flux observer.

The modulator

The three output phase voltage references from the control system are
sinusoidal in stationary operation. However a machine converter can only form
discrete levels, in the actual case described by two levels. By means of pulse
width modulation, PWM, the output voltage-time area has sinusoidal shape.

In a machine converter eight (=2% different voltage vectors are available, see
figure 3-10. Only one of the transistors in a phase leg can be conducting, either

the upper (="1") or the lower (="0"). The voltage vectors are shown in figure 3-
10.
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Figure3-10. The magnitude and direction of the six voltage vectors and the
two zero voltage vectors in a machine converter.

These voltage vectors are used in different combinations. The intention for the
choice of combinationsis to produce a constant torque. To do this, a three phase
close to sinusoidal output phase voltage with a low amount of harmonics,
especially low frequency harmonics, must be produced. This is achieved by
means of a high switching frequency, the higher the switching frequency the
lower the amount of harmonics. However, the cost is high switching losses.

As long as the desired reference voltage amplitude is lower than half the DC-
link voltage, sinusoidal PWM modulation can be used. Thisis not quite true, the
sinusoidal amplitude region can be increased with about 15%, by subtraction of
athird harmonic common mode voltage to the desired output voltage. This third
harmonic will be cancelled in a machine converter. The maximum fundamental
phase voltage amplitude is 0.64 (=2/m) of the DC-link voltage when generated
with sguare wave modulation, which produces a output voltage with constant
amplitude. This modulation is normally used in the field weakening area.
Between sinusoidal and square wave modulation, polar modulation is used to
overlap the output voltage gap. Polar modulation generates an output voltage
with variable amplitude but the generated harmonics has lower frequency.

In sinusoidal PWM modulation the combination of voltage vectors is generated

by carrier wave modulation. The desired voltages of the three phases are
indicated as three sinusoidal shaped curves, and the carrier is the triangular

wave intersecting the sinusoidal waves. When a phase voltage reference is

higher than the triangular wave the modulation pattern is "one” and when the
phase voltage is lower the modulation pattern is "zero”. Around the points
where the triangular wave is changing direction a zero voltage vector is
generated, the ”(0,0,0)"-voltage vector is generated at the high peak and the
"(1,1,1)” vector at the low peak. In figure 3-11 the generation of a modulation
pattern is demonstrated. The ratio between the carrier frequency and the desired
stator frequency equals 9.
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Figure3-11. Generation of SN modulation pattern by means of carrier wave.
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Figure3-12. Generation of SN modulation pattern by means of carrier wave.
A third harmonic is

symmetrisation.
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In figure 3-12 the same generation is demonstrated, but here the third harmonic
Is added by symmetration. The corresponding flux trgjectory is found in figure
3-13.

The trgectory is amost circular, created by the six voltage vectors directions
available. The zero voltage vectors are placed equidistant on the circumference
of the desired flux circle. In the figure the trgjectory is divided in six sectors,
each one using a certain combination of voltage vectors, see figure 3-10:

sector 1: R+and T-
sector2: T- and S+
sector 3: S+ and R-
sector 4: R- and T+
sector5: T+and S
sector 6: S and R+.

The change from one sector in figure 3-13 to the next happens when two of the
sinusoidal curves crosses, seefigure 3-11.

Figure3-13. The flux trajectory at SN modulation with the ratio between the
switching frequency and the fundamental frequency equals 9
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The carrier frequency can either be synchronous or asynchronous with the
fundamental frequency. When the ratio between the carrier frequency and the
fundamental frequency is high asynchronous modulation can be used, but as the
fundamental frequency is increased the ratio becomes lower and lower and the
need for synchronous modulation increases. In figure 3-14 a modulation
strategy is shown where asynchronous sinusoidal modulation with 550 Hz
switching frequency is used up to 26 Hz. Thereafter synchronous sinusoidal
modulation is used with different ratio steps 21, 15 and 9. Maximum voltage for
sinusoidal modulation is at 85 Hz, before maximum switching frequency is
reached. From 85 to 95 Hz polar modulation with a ratio of 3 is used, after
which square wave operations takes over for the constant power region.
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Figure3-14. A three phase motor drive system modulation strategy with
switching frequency versus stator frequency.

3.4 TheAC fed single phase line converter

AC fed voltage sourcetraction drives.

An AC fed voltage source induction motor drive system consists of a machine
converter, a line converter and between them the intermediate voltage source
DC-link, see figure 3-15.
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Figure3-15. A three phase machine converter fed from an one bridge line
converter, used in AC supplied drive systems. The switching
element are here IGBTSs.

The line converter, an AC-DC converter, is required to supply the DC-link. It is
either a diode or thyristor-controlled rectifier or a four quadrant converter,
which is controlled with PWM, normally with unity power factor operation with
full power regeneration capability. The phasor diagrams for motoring and
regeneration are shown in figure 3-16. Note that all quantities are referred to the
transformer primary side. At high line voltages it can be impossible to keep
unity power factor at regeneration, then the phase angle must be changed. The
principle was first developed in Germany and Japan and is now being widely
applied in Europe for most AC fed vehicles ([5] page 151). The machine
converter is already described.
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Figure 3-16. The phasor diagram of the line converter in motoring and in
regenerating mode
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In the line converter one transformer secondary winding is connected between
two line converter phase legs. The line converter voltage applied to the
transformer is the difference between the two phase potentials. A simplified
picture of the line converter is found in figure 3-17. If the line converter bridge
voltage ug is lower than the secondary winding voltage u, the current will flow
through the inductor, in reality formed by the transformer leakage inductance,
into the drive system. If ug is higher than u the current will flow out from the
drive system. In this way the line converter can control the power direction by
varying the voltage. However, if the line converter shall produce a voltage
higher than the secondary winding voltage u, the DC-link voltage must be
higher than 0. The line converter must be a step up chopper, and the transformer
connected to it must have a high leakage inductance, typically 30% ([20] page
97).

oEEEIolor

Figure3-17. A simplified model of the line converter

Often two (or more) secondary windings are connected in parallel to the same
DC-link. The modulation pattern of these are normally inter-laced in order to
increase the line interference frequency and to decrease its amplitude.

As the supply is a single phase voltage, the AC-DC converter will produce a
current to the DC-link with twice the line frequency. Therefore a second
harmonic link is connected in parallel to the DC-link, tuned to have zero
impedance at the double frequency in order to minimise the DC-link voltage
ripple. A voltage ripple will otherwise be modulated again by the line converter
and high order harmonic frequency due to frequency multiplication will be
produced to the line, see figure 3-18.
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Figure3-18. An AC supplied AC motor drive system with two bridges and
four phase legs.

The line converter uses a constant switching frequency, which should be
different from the actual track circuit frequency. The harmonics generation will
not only have constant frequency. The variable machine converter frequency
will be modulated by the line converter and will be found in the line current as
side band around the line converter switching frequency.

The control system

The measured DC-link voltage is compared with the DC-link voltage reference,
see figure 3-19. The difference isfed to a Pl controller. The output & from the
controller is the current needed for maintaining the DC-link voltage. To this
value, the feed forward current, calculated from the machine and auxiliary
converter power is added. The current reference is formed by multiplying this
value with sin(at+ @, where wis synchronised with the measured line voltage.
The current reference is used in the control algorithm for the desired line
converter voltage ([20] page 101, 102), see figure 3-19:

ug(t) =u- LSE [(l (t..)-i ) (3.9)
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Figure3-19. Theline converter control system.

The Modulator.

The output ug (t) from the control system is the desired line converter bridge
voltage and is fed to the modulator. The bridge voltage is the difference
between the voltages of the two phases connected to a bridge. The two phase
voltages have the same magnitude, each equals half the desired bridge voltage,
and with a 180 degrees phase shift, see figure 3-20.

Figure 3-20. Generation of the modulation pattern for one bridge by means of
onecarrier wave.
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The line converter modulation is similar to the machine converter sinusoidal
modulation, and the modulation pattern is found at the points where the carrier
frequency triangular wave intersects the desired sinusoidal curves

In figure 3-21, the modulation pattern of two interlaced bridges are presented.

D T T

Figure3-21. Generation of the modulation pattern for two bridges (= four
phases) by means of two carrier waves.
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4 EMC Modd of the Traction System

The output from a machine converter is the required fundamental three-phase
voltage to run an induction motor with a certain torque at a certain speed. The
inverter can be regarded as an amplifier which amplifies the controller output to
a real motor voltage. ldeally, the output shall be sinusoidal, but then the
difference between the constant DC-link voltage and the output sinusoidal
voltage would cause power losses in the semiconductors, high enough to
destroy them. Therefore the inverter sinusoidal output is achieved by pulse
modulation. In atwo level inverter, the output is either the DC-link high voltage
or the DC-link low voltage, in a three level inverter also the DC-link mid
voltage is available as a switching level. By varying the pulse duration, the
inverter output can produce the desired motor voltage-time area, the inverter
uses pulse width modulation (PWM). The advantage of modulation is the
production of the desired fundamental voltage output with low power loss. The
disadvantage is the production of not desired harmonics covering the frequency
interval from some Hz up to several tens or even hundreds of MHz.

There are two ways to reduce the line interference, by using a certain
modulation strategy or by using a line filter. Normally, a train has several
traction modules, each one with a line filter. All this filters will together shunt
the interference current further and prevent it from reaching the line and the
track relay.

At the design stage of a drive system it must be possible to predict the
generation of harmonics, both the level and the frequency. The inverter
semiconductors are often regarded to be ideal switches, but experience tells us
the opposite. It must also be possible to predict the production of harmonics
from a non ideal motor drive inverter. At the design, the track circuit trip level
and the rails imbalance, concerning how the traction current return is shared
between the rails, must be known, see figure 4-1.

In this chapter the generation of harmonics from a three phase voltage source
machine converter will be studied, including the effect of non ideal switches.
The production from a two phase and a four phase line converter will also be
studied.
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Figure4-1. The interference model, including the substation impedance, the
line impedance, the impedance of the rails, the track relay
impedance and the vehicle impedance. The source of
interference is modelled as current source.

4.1 ASCALP description

At Adtranz, Sweden, the calculation program Ascalp (asynchronous motor drive
system calculation program) has been developed by the author for predictionsin
the design process of a propulsion system.

Most of the calculations are done in the frequency domain at steady state
conditions. Ascalp is not atool to analyse transient effects. Despite the fact that
the calculations are done in the frequency domain, some results must be
converted to the time domain to be able to calculate such data as maximum
turn-off current, current peak values and semiconductor switch losses. In this
context Ascalp’s capability of line interference calculations will be studied.

To calculate the line interference at all possible operating conditions while
running the train a certain distance, the calculation must be done with various
combinations of time, tractive/braking effort, vehicle speed and catenary
voltage. In Ascalp such a combination defines a operating point. A ride from,
for instance Stockholm to Gothenburg, will contain thousands of such
calculations points. Together with the operating point data also a large number
of component parameters must be specified. At each operating point, the line
interference and the DC-link current spectra will be stored. The DC-link current
can afterwards be used in the design of special line filters.

About the mathematical background for Ascalp, see appendix B.
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Ascalp calculation of a DC supplied drive system

A traction module, see figure 4-2, has one DC-link and one line inductor, i.e.
the default line filter. A traction module aso has an arbitrary number of
identical machine inverters, connected in parallel. The DC-link is the sum of the
DC-links in each machine inverter connected to the DC-link.

Each machine inverter has an arbitrary number of identical three phase
induction motors, connected in parallel. Each motor is mechanically connected
to one mechanical gear and one wheel-set. A traction module has an arbitrary
number of identical brake chopper phases. A DC supplied drive consists of an
arbitrary number of identical traction modules.

e
lv_
M
DC supplied
traction module = M
O

Figure4-2. A DC supplied drive system

The first step of the calculation is to find the desired motor operating point.
With the tractive/lbraking effort together with the wheel radius and the
mechanical gear ratio as actual input data, the desired motor speed and the
motor torque is calculated. Based on the DC-link voltage and the motor
parameters the necessary motor voltage and stator frequency is found. Once
again using the DC-link voltage together with maximum allowed switching
frequency for the semiconductors and using such limiting parameters as
minimum allowed time between two commutations the time domain modulation
pattern is found. The calculations are based on the defined rules for the
modulation pattern. The next step is to move the modulation pattern to the
frequency domain by fourier series expansion (not FFT), and then by
multiplication of the modulation pattern and the DC-link voltage, the complex
phase voltage is formed. In the calculation of the complex phase current the
traditional impedance model of the motor is used. The three phases form an
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eguation system, that is easily solved. This calculation process will be repeated
for every harmonic.

When the phase current in the frequency domain is formed with al harmonics,
it can be converted to the time domain by means of inverse fourier series
expansion. The time domain signal is of most interest for calculation of switch
losses etc., but it has also interest in the line interference calculations, the
current value at every commutation will be used for finding the commutation
delay, which to some extent is current dependant. The time domain phase
current will also be used to find the voltage drop across the semiconductors.
With the knowledge of the commutation delay and the semiconductor voltage
drop, a new time domain modulation pattern can be formed. The whole
calculation will then be repeated, and now the result will also contain the effects
of nonideal commutations and on-state voltage drop.

The DC-link current is found by multiplication of the time domain phase current
and the time domain modulation pattern in each phase, and then add the
contributions from all three phases. There are two methods for this
multiplication; either multiply the pure time functions of the phase current and
the modulation pattern, or express these functions as Fourier series and then
multiply the Fourier series components, using the trigonometric multiplication
rules. In the first case the result will be the DC-link current in time domain, in
the second case, which Ascalp uses, the result is the frequency domain DC-link
current. The frequency domain DC-link voltage ripple is found by multiplying
the frequency domain DC-link current with the impedance formed by the DC-
link capacitor impedance in parallel with the impedance formed of the line
inductor in series with the line and the substation.

When calculating the phase current at the start a pure DC DC-link voltage is
used. Now the whole calculation can be repeated and then also the contribution
from a DC-link ripple will be taken into account. The DC-link ripple can
originate from the machine converter or from any other source connected to the
DC-link, and thus Ascalp can be used also for calculation of cross modulation
products, see figure 4-3.
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Figure4-3. The calculation flow when calculation of the DC supplied drive

system



60 EMC Model of the Traction System

Ascalp calculation of an AC supplied drive system.

An AC supplied drive, see figure 4-4, consists of one transformer and a number
of identical traction modules. A traction module has one DC-link and normally
one second harmonic link. Sometimes also an attenuation filter link is used. A
traction module consists of an arbitrary number of identical machine inverters,
an arbitrary number of identical three phase auxiliary inverters and up to three
identical line converters. All different inverter types are connected in parallel to
the DC-link. Each machine inverter has an arbitrary number of identical three
phase induction motors, connected in parallel. Each motor is mechanically
connected to one mechanical gear and one wheel set. A traction module can
have an arbitrary number of identical brake chopper phases.
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Figure4-4. An AC supplied drive system

The description of the DC supplied drive system in chapter 3 ended with the
calculation of the DC-link current, either based on a pure DC-link voltage or a
DC-link voltage containing ripple components. The DC-link component
multiplied with the DC-link voltage DC component defines the power the line
converter shall produce. Based on this together with a desired unity power
factor, the fundamental phase current and the corresponding fundamental bridge
voltage are calculated. This calculation is based on the average leakage
impedance of the transformer. The bridge voltage is split into the two phase
voltages at each end of the bridge. The phase voltages have identical amplitude
and a 180 degrees phase shift. The modulation pattern of each phaseisfound in
the same way as described in chapter 3, very similar to sinusoidal modulation.
The time domain modulation pattern of each phase is converted to frequency
domain by means of fourier series expansion.
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The complex phase voltages are found by using the fourier coefficients
multiplied by the DC-link DC component. The complex phase currents are
found by solving the complex equation system formed of the transformer
secondary voltage vector, the line converter phase voltage vector and the
transformer impedance matrix. The transformer impedance also includes the
line and substation impedance. The equation system shall be solved for each
harmonic frequency. The time domain phase current is found by inverse fourier
series expansion. Similar to the machine converter the time domain phase
current can be used to correct the original modulation pattern by taking the
commutation delay and the on state voltage drop into account. With the
corrected modulation pattern, the calculation shall be repeated once again, and
now also the effect of commutation delay and on state voltage will be found in
the result. In a similar way as in the machine converter, the time domain and
frequency domain DC-link current can be found.

Assuming that al harmonics in the DC-link current will pass through the DC-
links, the second harmonic filter link and a possible attenuation filter link, the
frequency domain voltage ripple is calculated. The whole calculation can be
repeated based on a DC-link voltage containing ripple components. In this way,
it is possible to study how the interference produced by the machine converter
can be modulated to the line by the line converter. Also the effect of a poorly
tuned second harmonic link can be studied. If the line converter produced
second harmonic DC-link current does not see a zero impedance, a second
harmonic voltage ripple can be found in the DC-link voltage. This voltage will
be modulated back to the line as both a fundamental line frequency component
but also as afrequency with three times the line frequency, see figure 4-5.



62 EMC Model of the Traction System

START

Fundamental phase voltage

Input:  Power to the dclink. Dclink DC voltage. Line voltage. Transformer
ratio and transformer impedance

Output: Line inverter fundamental phase voltage

Modulation pattern generation
Input:  Dclink voltage and line inverter phase voltage.
Modulation parameterns.
Output: Modulation pattern in time domain and in frequency domain

Line inverter phase current and dclink current

Input:  Modulation pattern frequency domain. Transformer parameters. DC
link voltage in freugneyc domain

Output: Line inverter phase current in time and frequency domain. Dclink
current in frequency domain. Line current if frequency domain

Commutation delay

Input:  Phase current in time domain. Semiconductor parameters.

Output: New modulation pattern in frequency domain with commutation
delays

DC-link voltage ripple
Input:  Dclink current in frequency domain. Dclink component data.
Output: Dclink voltage ripple in frequency domain

Semiconductor power loss
Input:  Phase current in time domain. Component parameters.
Output: Power loss

STOP

Figure 4-5.

The calculation flow when calculation the line converter in an
AC supplied drive system. The calculation of the machine
converter in the AC drive system, see calculation of the DC
supplied drive system.
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4.2 Modulation of the three phase machine converter
with ideal commutations

In this paragraph the generation of harmonics in the DC-link from a three phase
inverter with three different modulation patterns is investigated. The following
modulation patterns are some of the modulation patterns which can be studied,;

e sinusoida PWM

e polar modulation with 6 zero vector interval per turn (E6) and with folded
corners, which gives the flux trgjectory a more circular shape.

* square wave modulation.

All modulations are used in driving mode with high load. The three cases give
the opportunity to study how different modulation patterns affect the generation
of DC-link current harmonics. For each modulation the time domain diagram of
the phase current and the frequency domain diagram of DC-link current are
presented, see figure4-6. Sinusoidal PWM is presented in figure4-7, polar

modulation in figure 4-8 and square wave modulation in figure 4-9. Data for the
drive system is presented in appendix C3.

The dclink

current The phase
currents

(OLI(OE(OL:
J— - /M

FEFEF

Figure4-6. In the three phase inverter the calculated DC-link current and
the phase current are indicated.

When sinusoidal PWM is used, the spacing between the sidebands in the DC-
link current equals six times the fundamental frequency f.. The sidebands are
grouped around multiples of the switching frequency f., and the position of the
sidebands are different around odd multiples of the switching frequency
compared with even multiples, see figure 4-7:

n is an odd multiples of f. (no odd multiples of the switching frequency is
generated): nf, +3f,, nf x9f, nf +£15f , nf +21f  etc.
nisan even multiples of f: nf., nf, £ 6f,, nf, £12f_, nf  £18f_, nf_  +24f_ €tC.

c? s s
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Figure4-7. The time domain graph of the phase current and the frequency
domain graph of the DC-link current in sinusoidal PWM
modul ation

Driving effort 30.0kN

Fundamental frequency 30.3Hz

Switching frequency 1 kHz
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Figure4-8. The time domain graph of the phase current and the frequency
domain graph of the DC-link current in E6 polar modulation:

Driving effort 33.6 kN
Fundamental frequency 70.5Hz
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Figure4-9.  The time domain graph of the phase current and the frequency
domain graph of the DC-link current in sguare wave
modulation.

Driving effort 33.6 kN
Fundamental frequency 82.0 Hz
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An example how low frequency harmonics are avoided

Many track circuit systems like vane track circuit, reed track circuit etc. operate
with a frequency lower than 423 Hz, the upper limit for reed track circuits, see
([23]). With sinusoida PWM the generated line interference is the switching
frequency minus 3 times, 9 times, 15 times etc. the fundamental frequency, i.e.,
with sinusoidal PWM the line interference frequency decreases as the
fundamental frequency increases. With the switching frequency 1065 Hz and
the stator frequency 71 Hz, the line interference frequency has dropped to 426
Hz with sinusoida PWM when considering the 9 times the fundamenta
frequency sideband. The sideband with 15 times the fundamental frequency can
normally be neglected due to low current levels. If the modulation here changes
to polar modulation the line interference starts to increase from 426 Hz as the
fundamental frequency increases. With this modulation strategy the interference
frequency is greater than 423 Hz plus the reed track circuit bandwidth. The line
filter must be designed to handle only the 15 times the fundamental frequency
sideband. However this presumes ideal commutations.

4.3 Modulation of a double bridge line converter with
ideal commutations, with and without interlacing
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Figure4-10. In the double bridge line converter the two bridge currents and
the line current are indicated.
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In this section the production of harmonics from a line converter will be
studied. Two cases, non-interlaced double bridge and double interlaced bridge,
in driving mode with high load is investigated, see figure 4-10. Also in this
study, the calculation program Ascalp is used. For each case the time domain
diagram of the phase current(s) and frequency domain diagram of the line
current will be presented. Constant load is assumed.
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Figure4-11. A non-interlaced double bridge line converter. The time domain
graph of the bridge current and the frequency domain graph of
the line current.

Driving effort
Switching frequency

530 kW
850 Hz
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Figure4-12. The double bridges line converter. The time domain graph of the
two bridge currents and the frequency domain graph of the line
current.

Driving effort 530 kW
Switching frequency 850 Hz
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4.4 Non-ideal commutations

Due to a number of physical effects the commutation process will differ from
the ideal case. In this text the effect of commutation delay and the effect of
semiconductor on state voltage is studied. Below is a full commutation
sequence discussed in detail, see figure 4-13.

1. At start the phase current is positive and the lower antiparallel diode is
conducting. The phase output voltage is lower than zero relative to the DC
bus bar, due to the diode on state voltage. A switch command is given, and a
turn off order is applied to the lower transistor. However, nothing happens
with the output voltage as the current is flowing through the lower
antiparallel diode.

2. After a certain time, the dead time, a turn on order is given to the upper
transistor. The dead time is to guarantee that the upper and lower transistors
are not conducting simultaneously.

3. The turn on process starts but it takes some time before the transistor is really
conducting, the delay time tygay on.

4. The upper transistor is conducting and the phase current commutates over to
the upper transistor. It takes the time t,s until the output voltage has changed
totally.

5. Due to inductance the voltage continues to increase over the DC-link voltage,
avoltage overshot is produced .

6. When the magnetic energy is consumed the overshot disappears and the
output voltage is steady and slightly lower than the DC-link high voltage due
to the on state voltage drop in the upper transistor.

7. A new switch command is given. The turn off order is applied to the upper
transistor. After the delay time, tyqay o, 1N the upper transistor has elapsed the
transistor is non-conducting.

8. The phase current commutates over to the lower diode, without waiting for
the dead time as the phase current was flowing through the upper transistor. It
takes the time tg, for the voltage to drop. When the current has commutated
totally there will be a voltage under shot due to inductance in the circuit.
After awhile the undershot has disappeared and the output voltage is slightly
lower than the DC- voltage due to the on state voltage drop in the lower
diode.
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Figure4-13 a) The power circuit, b) The output voltage wave form

As a consequence of the points above, the output voltage and its integral deviate
from their reference valuesin following way:

1. In PWM sinus modulation: The dead time gives rise to a harmonic current in
the DC-link with six times the fundamental frequency.

2. The commutation delay causes a voltage-time area | oss.

3. The voltage overshot causes a voltage-time area gain. The difference between
this volt- second area and the voltage-time area loss due to commutation
delay is the effective voltage-time area loss. After division with the DC-link
voltage, the effective commutation delay time s received.

4. Both the transistor (or the thyristor) and the antiparallel diode has an on state
voltage drop when conducting.

» When the upper thyristor/transistor is conducting the phase output voltage
Is lower than the DC-link high voltage. When the lower thyristor/transistor
IS conducting the phase output voltage is higher than the DC-link low
voltage. At thyristor/transistor conduction the total output voltage is lower
than the ideal voltage.

* When the upper antiparallel diode is conducting the phase voltage is higher
than the DC-link high voltage, and when the lower diode is conducting the
phase voltage is lower than the DC-link low voltage. At diode conduction
the total phase output voltage is higher than the ideal voltage.

5. A snubber has the task to decrease component stress at both turn on and turn
off, mainly to decrease the component dv/dt at turn on and the component
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di/dt at turn off. Their disadvantage is extra commutation delay and an
increased voltage overshot.

Commutation delay expressions in an IGBT inverter without
snubbers.

In upper transistor commutation, the phase current is positive and commutates
from the upper transistor, T, to the lower antiparalel diode, D|. The

commutation delay:

trise
t= tde|ay + 2 (41)

In lower diode commutation, the phase current is positive, and commutates from
the lower antiparalel diode, D| to the upper transistor Ty. The total

commutation delay is

trise
U=ty Flgaay + > (4.2)

In lower transistor commutation, the phase current is negative and commutates
from the lower transistor, T|, to the upper antiparallel diode, Dy. The total

commutation delay :

trise
t= 1:de|ay + 2 (43)

In upper diode commutation, the phase current is negative, and commutates
from the upper antiparallel diode, Dy, to the lower transistor, T].

1:rise
U=t F Loy * 5 (4.4)

Commutation delay expressions in a GTO-thyristor inverter with
a snubber.

The snubber, presented in figure 4-14, is used in this investigation. In appendix
A some relatively simple expressions have been developed. From these
eguations it will be possible to make quantitative studies of the commutation
delay effects. Similar expression can be derived for any snubber. The real phase
output voltage will differ from the ideal output voltage, due to loss of voltage-
time area. The loss of voltage-time area is a function of both the semiconductor
properties and the properties of the snubber components.
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Figure4-14. The asymmetric snubber used at Adtranz in GTOs inverters
[26].

In the upper GTO-thyristor commutation, the phase current is positive and
commutates from the upper GTO-thyristor, T, to the lower antiparallel diode,
D|. The commutation delay becomes:

0 t; C, . LI, t. .0
t= MINE(kstlout tlg +7+_(1__)_d_TOt)’(tdead +tde|ay + ZSE)E' (All)

where (Kgloutt1g) forms a turn-off delay which depend on the magnitude of the
commutated current. See figure 4-15.

In lower diode commutation, the phase current is positive, and commutates from
the lower antiparallel diode, D| to the upper GTO-thyristor Ty. see figure 4-15

and figure 4-16. The total commutation delay is

trise
U= toeag +laay + 5 (A2.1)

In lower GTO commutation, the phase current is negative and commutates from
the lower GTO-thyristor, T|, to the upper antiparallel diode, Dy. The total

commutation delay becomes:
te C,V, t,

0 s ise [l
t= MlNglst _kstlout +7_? | )1(tdead +tde|ay + 2 )E (A31)

out

In upper diode commutation, the phase current is negative, and commutates
from the upper antiparallel diode, Dy, to the lower GTO-thyristor, T|. The total

commutation delay is
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t I
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Figure4-15. Commutation delay in [ms] in upper GTO-thyristor/antiparallel
diode versus commutated current, see eg. (Al.1) and (A4.1).
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Figure4-16. Commutation delay in [ms] in lower GTO-thyristor/antiparallel
diode versus commutated current(A2.1) and (A3.1).

The algorithms are compared with simulations in SANDYS (a simulation
program for dynamic simulations, used at ABB) of the voltage-area loss in the
snubber circuit. The upper GTO-thyristor together with the upper diode
commutation delay is depicted in figure 4-15, and the lower GTO-thyristor
together with the lower diode commutation delay is depicted in figure 4-16.



EMC Model of the Traction System 75

45 Asymmetry

An asymmetry is defined as a commutation delay, an on state voltage drop etc.
whichis not identical in al phasesor in all component positions in an inverter.

A phase asymmetry is present in a three phase inverter if one of the inverter
phases is different from the other two. A typical origin for this kind of
asymmetry is an asymmetric three phase load connected to an auxiliary inverter.
Another origin can be variation in data of a snubber component, shared by both
upper and lower position semiconductor. This asymmetry will create a
component in the DC-link current with twice the fundamental frequency.

An upper/lower asymmetry is present when the commutation properties of the
upper position semiconductor in all three phases is different from the lower
position semiconductor. A typical example of this asymmetry is an asymmetric
snubber, which will be present even with semiconductors and snubber
components with nominal data. This asymmetry will give a third harmonic in
the DC-link.

Position asymmetry is present when a semiconductor in one position in the
inverter has different commutation properties than the other semiconductors in

the inverter. For instance, if a semiconductor in upper position has a turn-on
characteristic which is more delayed than the nominal value,”one”-pulses with
shorter duration than the "zero”-pulses in the same phase will be created. It will
also be shorter than the "one”-pulse in the other phases. In an ideal voltage
source inverter phase the average output phase voltage will be exactly half the
DC-link voltage. However, if the "one”-pulse has shorter duration than the
"zero”-pulse, the average output phase voltage willdhee., a slightly lower
voltage than half the DC-link voltage. If the other phases have exactly half the
DC-link voltage, there will be a DC current component flowing between the
phases, see figure 4-17. These DC current components will be modulated by the
machine converter to the DC-link side and will be found there as a fundamental
frequency current. Position asymmetry can be regarded as a combination of
phase asymmetry and upper/lower asymmetry.
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Figure4-17. Normally the average phase voltage shall be half of the DC-link
voltage. Due to position asymmetry the average voltage will
differ slightly fromthis value.

Fast/slow semiconductors

The origin for this asymmetry is mainly a variation in commutation properties
among the semiconductors. On this stage of the description an assumption of
the semiconductor generation of charge carriers can be made. One
semiconductor which easily creates charge carriers will turn on rapidly, turn off
slowly and will have a low on state voltage. These components are called
"fast”. The opposite, a "slow” semiconductor will turn on slowly, turn off
rapidly and have a high on-state voltage. This assumption is not verified
experimentally but is probably true for semiconductors of the same type and
especially if they are produced in the same batch.

If a slow semiconductor is used in upper position in a phase and if the lower
position semiconductor is normal, the phase will produce "one”-pulses with
shorter duration and lower amplitude, and therefore their voltage-time area will
be reduced. This asymmetry will be increased if a fast semiconductor instead is
used in lower position. If then fast semiconductor are used in upper positions
and slow in lower positions in the other two phases the worst case position-
asymmetry is formed.

If slow semiconductors are located in all upper positions and fast
semiconductors in all lower positions, we have created upper/lower-asymmetry.

DC biased phase current transducers

If the phase current transducers are DC-biased on the signal amplifier side, the
control system will interpret the situation as there is a DC-component in the
phase current and will try to cancel it, i.e., to add a DC-component with
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opposite sign to the phase current. This real DC-component will be modulated
by the modulator to a current in the DC-link with fundamental frequency.

4.6 The generation of low frequency har monics

With the program Ascalp the current in the DC-link is calculated, and the effect
of different asymmetries can be found. So far there are limited data available
concerning the turn on/turn off delay properties of IGBTs. The lack of data
makes it difficult to make careful statistical analysis of realistic commutation
delays. Instead typical data measured from a limited number of IGBTs have
been used in this work:

"fast” IGBT: Turn on delay 0.8is.
"fast” IGBT: Turn off delay 1.2us.
"slow” IGBT: Turnon delay  1.2us.
"slow” IGBT: Turn off delay  0.8us.

Different combination of how fast and slow components can be put in an inverter
have been used in order to form the different types of asymmetries, and in the
calculations the worst case asymmetry is assumed. The dead time effect has also
been calculated. The 10 lowest harmonics in the DC-link current are presented
in frequency domain graphs with logarithmic current axis.

The first example is the frequency domain DC-link current generated with ideal
commutations. In the case, presented in figure 4-18, the following data have
been used:

Stator frequency 30.3 Hz
Switching frequency 1 kHz
DC-link voltage 750 VDC

|deal commutations.

Sinusoidal modulation is supposed to generate a circular flux trajectory and the

harmonic with six times the fundamental frequency is not supposed to be present.
However, as can be seen in figure 3-13, even in sinusoidal modulation the

trajectory can be rather hexagon shaped. That is the explanation why the harmonic
is found.
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Figure4-18. Even with ideal commutations a small amount of a harmonic
with six times the fundamental frequency can be found

The dead time effect.

A dead time of 10 psis used in this calculation. The dead time is the same in all
three phases, see figure4-19. The harmonic with six times the fundamental
frequency has increased 30 times compared to the ideal case.
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Figure4-19. The dead time causes a harmonic in the DC-link current with six
times the fundamental frequency
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The phase asymmetry

In this calculation two phases are identical and the third is different. However, in
each phase upper and lower position are identical. Therefore a fast component is
located in both upper and lower position in phase R. The semiconductors in phase
Sand T are identical and are neither fast nor slow. With phase asymmetry the
stator flux tragjectory becomes slightly elliptic, which together with the circular
rotor-current trajectory, generates a low-frequency torgue, which varies with twice
the fundamental frequency. Therefore both the power and the DC-link current
have a frequency component with twice the fundamental frequency, see
figure 4-20 and figure 4-21.
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Figure4-20. In phase asymmetry a harmonic with two times the fundamental
frequency and a harmonic with four times the fundamental
frequency are produced. Also a harmonic with six times the
fundamental frequency is present.
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Figure4-21 The phase asymmetry givesrise to a slightly elliptic-shaped flux-
trajectory. The impact of phase asymmetry on the flux trajectory
Is exaggerated in this picture.

Upper / lower asymmetry

In this calculation al three phases are identical. However, in each phase upper
position and lower position are different. Therefore fast components are located in
upper position and slow components in lower position in all three phases.
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Figure4-22. In upper/lower-asymmetry a harmonic with three times the
fundamental frequency and a harmonic with six times the
fundamental frequency are present.

With upper/lower-asymmetry the stator flux trajectory is slightly egg-shaped,
which together with the circular rotor-current trajectory, generates a low-
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frequency torque, which varies with three times the fundamental frequency.
Therefore both the power and the DC-link current have a frequency component
with three times the fundamental frequency, see figure 4-22 and figure 4-23.
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Figure4-23 The upper/lower asymmetry gives rise to an egg-shaped flux
trajectory. The impact of upper/lower-asymmetry on the flux-
trajectory is exaggerated in this picture.

Position asymmetry
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Figure4-24. In position asymmetry a fundamental harmonic is present. Also a
harmonic with three times the fundamental frequency can be
found.
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Fast components are used in upper position in phase R and in lower positions in
both phase S and T. Slow components are used in the other positions. With
position-asymmetry the stator flux trajectory is eccentric, which together with the
circular rotor-current trgectory, generates a low-frequency torque, which varies
with the fundamental frequency. Therefore both the power and the DC-link
current have afundamental frequency component, see figure 4-24 and figure 4-25.

15 +

15

Figure4-25 The position asymmetry gives rise to an eccentric flux trajectory.
The impact of position-asymmetry on the flux-trajectory is
exaggerated in this picture.

4.7 Conclusionson asymmetries

In this chapter it has been found that it is possible to detect the presence of
asymmetries by measuring the DC-link current. The information found in the
DC-link will be used to compensate for the asymmetries. In the next chapter the
following compensation methods will be studied:

 dead time compensation
* position asymmetry compensation
* DC biased transducer compensation
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5 Compensation Methods

In chapter 4, it was studied which influence the dead time had on the output
voltage from a three phase inverter, and how a DC-link current component with
six times the fundamental frequency is generated. It was also studied how
different kinds of commutation asymmetries generate current components in the
DC-link current with certain frequencies. At the end of section 4.2, it is
demonstrated how the choice of modulation strategy can be done in order to
avoid line harmonics lower than a certain frequency. However, the strategy
presumes ideal commutations and with non ideal commutation also low
frequency harmonics will be generated.

In this chapter the following compensations methods will be presented:

» Dead time compensation. A combined method will be proposed. First it is
checked if the next commutation in a phase branch is a transistor or a diode
commutation. At transistor commutation there is no delay. At diode
commutation the commutation is delayed one dead time. Thisis handled in a
feed-forward method, combined with a feedback method, where the
differential of the integral of the inverter output voltage, or rather the output
flux will be compared with the voltage time area reference. The difference
will be fed back to a control system which adds to the flux reference and
thereby reduces the dead time effect. The dead time compensation is formed
of an ideal delay feed forward and a non ideal delay feed back. The dead time
compensation corrects the output voltage, Au.

» Position asymmetry compensation. In a three phase inverter with position
asymmetry, as mentioned earlier, a fundamental frequency current component
will be found in the DC-link and a DC component will be found in al three,
or at least in two, phase currents. The idea of a compensation method is to
feed back the information, either in the DC-link current or in the phase
currents, to a control system which reduces the effects of position asymmetry.
Here one principle is suggested, which uses the information in the phase
current. The position asymmetry compensation corrects the output voltage,
Au.

 DC biased phase current transducer. The phase currents are normally
measured with Hall element current transducers. Such transducers have one
disadvantage, their output to the electronic control circuitry can be DC
biased. The control system tries to cancel a virtua DC component by forcing
the inverter to produce a real DC component with opposite sign. As the
reason for this action is virtual, the effect will be areal DC component in the
phase currents and thus a fundamental frequency component in the DC-link



84 compensation methods

current. The effect isvery similar to the effect of position asymmetry, and can
also be used to compensate position asymmetry. The current transducer DC
bias compensation corrects the output voltage, Au and the phase current Ai.

5.1 Dead time compensation

Compensation principle.

There are different ways to compensate the loss of voltage time area caused by
the dead time. In section 4.4 we have found that at transistor commutations the
commutated current immediately commutates over to the diode in opposite
position in the phase, i.e. at transistor commutation there is no loss of voltage
time area. At a diode commutation the current continues to flow through the
diode even when the transistor is turned off, until the transistor in the opposite
position of the phase is turned on, i.e. the change in output voltage is delayed
one dead time. This effect can be quantified, see the diagramsin figure 4-15 and
in figure 4-16, where the commutation delay for a phase with snubbers was
presented. Similar diagrams can be formed for al kinds of snubber and
snubber-less commutations.

The first method proposed is a feed forward method. The technique is to check
the sign of the phase current at the modulation pattern change. If a transistor
commutation is expected, the modulation pattern change shall be delayed one
dead time and if a diode commutation is expected no extra delay shall be
introduced. In this way, all commutations will be delayed one dead time. The
opposite is also possible, at an expected diode commutation the modulation
pattern change can be done one dead time earlier. The advantage with the latter
method is that all commutation will be at the expected instant.

The feed back method is to measure the inverter output voltage and then
integrate it to form the motor (terminal) flux. This flux is compared with the
flux reference. The difference is the actual loss of voltage time area, which will
be fed back to the control system and added to the next output voltage time area
reference for compensation. The loss is mainly due to the dead time effect but
also other effects of asymmetry can partly be compensated.

These two methods can preferably be combined. The known nominal loss of
voltage-time area will first be compensated in a feed-forward loop, as described
above, and the remaining error due to non-nominal effects will thereafter be
compensated in a feedback loop.

In the following a more detailed study of the latter method will be done.
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The present compensated voltage
time area reference y*

The present expected voltage

The next expected flux ¢(k+1) time area reference y

The difference Ay(k)
The expected present flux ¢'(k)
The actual present flux (k)

The last flux ¢(k-1)

Figure5-1. Theprinciple for the dead time compensation

At the last sample the voltage time areareferencewas vy, ,
Due to the dead time the realised flux was not the expected. The error

ek = Vi - W(K) -k -D)

can then be added to the next present voltage-time area reference, y .. The total
present voltage-time area reference is than obtained as

D_ 1%
Yk = Yko t &k

Stability analysis

In order to analyse the stability of the proposed method for compensation of

dead time effects, a simplified model of the control system is made, see figure

5-2. The control system is scalar, not vectorial, and the flux controller purely
proportional (gain k;). The delay of a "fast” or "slow” computer is included, as
well as an external error source to account for the voltage time area error due to
dead time effects.
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Figure5-2  The control system of the dead time compensation. The delay z"
Is used to demonstrate the difference between a measurement
without delay (n=0, and a measurement with a one sample delay
(n=1).

Referring to figure 5-2 we have the relations:

7=l t-0)

Dy =y~ —yt=ym-z"

[y = y5 +k[(yD&1 Aw)
V=T sy e

kbt v
@’ - —l,lIE(l—Z )_Yerr &t
kg &—(1+n)

22— 20 ik +1)+ 2" [k + z kg +K) - .

* Yerr U (2+n) _ _(1+n) E(l_k&

z z E(k+1)+z K+ z kg +k)—k
The characteristic equation is
22+ A1) e+ 1)+ 2" Tk + 2 [lq +K) -k =0

If the roots of the characteristic equation are located inside the unit circle the
systemis stable. ([22] page 320).

The tests are performed with two different measurement delays:

g =y o

 atest with no measurement delay; n=0
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* atest where the measurements are delayed one sample; n=1

No measurement delay.
The characteristic equation for n=0 becomes:

2’ +20{q -1)=0
(7 =0
Dl B
(P2 =1-K
Theroot z, is situated inside the unit circleif 0<k <2.

One sample delay.
The characteristic equation for n=11s:

22 -2k +1)+ zkg +2* k) -k =0

The first step in this investigation is to decide which gain, the value of k;, that
shall be used in the normal flux control. For this test k in the characteristic
equation is set to zero, i.e. the compensation is cancelled.

The characteristic equation becomes:
2-7%+ z[k =0

The system is stable in the interval O<k;<1, as the poles then are situated inside
the unit circle. In the smaller interval 0<k;<0.25 al roots are real, which is
advantageous concerning oscillations. This latter caseis presented in figure 5-3.
CTRR e, R |
S T —

1
0.5

0

-0.5

-1

A S T g

-2

Figure5-3  The theoretical root loci for the flux control syste, gain
k:=0...0.25, with one sample period measurement delay and no
feed back compensation.
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The next step in the investigation is to find a suitable gain k in the compensation
feed back loop. The characteristic equation is analysed for k;=0.1 and k;=0.25,
and the intervals where the feed back gain k gives a stable system is calcul ated.
The results are presented in table 5-1. Figure 5-4 shows the corresponding root
loci.

Table5-1 Sable combinations of flux controller gain and kompensation

feedback gain
Flux controller gain Compensation feedback
Ky gain k
0.1 -0.52...+0.89
0.25 -0.56...+0.74

1

0.8

0.6

0.4

0.2

i 05 0 05 1

Figure5-4  The theoretical result of the stability analysis for the test with
the dead time compensation system included. The system is
stable as the poles are situated inside the unit circle. k;=0.1 and
—0.52<k<0.89.

Simulated results

In order to illustrate the dynamic effects of the flux control and the
compensation feed back, six simulations are made on the system shown in
figure 5-2. The two different flux control gains in table 5-1 are ssmulated
together with the three different compensation feedback gains k= [0 0.35 0.7].
The sampling time is Te=0.1 ms. The flux reference makes a step from zero to
one at t=1 ms, and the voltage time area error Yeor=0.01 is imposed at t=5 ms.
The results are shown in figure 5-
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Figure5-5  Sep response of flux control with flux controller gain k;=0.1
(left figure) and k;=0.25 (right figure). Step step responses are
shown for the three different compensation feedback gains k=0,
k=0.35 and k=0.7.

Note that the error imposed by the dead time is reduced with increasing flux
controller gain as well as with increased feedback compensation gain. The
combination k;=0.1 and k=0.7 as well as the combination k;=0.25 and k=0.35 do
both give a significant supression of the flux error, with maintained stability.

5.2 Position asymmetry compensation by feed back of the
dc componentsin the phase currents

Compensation principle

Assume the upper position transistor in phase A is "fast” and the upper position
in phase B is "slow”. Then the "1"-pulses in phase A and the "0"-pulses in
phase B will have longer duration than expected, see figure 5-6. In figure 5-7
the dotted lines indicate the expected pulse duration and the solid line the actual
duration. The compensation method is obvious, if the turn-on of the upper
position switch can be delayed and if the turn-off in lower position switch in the
same phase can be done earlier, and the opposite in phase B, the compensation
is done. The problem is that it is not the actual commutation time that is
measured, it is the DC component in the phase current. Thus it is not possible to
judge if it is a fast component in upper position or a slow in lower position. The
compensation will therefore be done in both positions.
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+DC in

slow phase A

"fast” \
(OEI(WEI(OF;

(BECECE

-DCin
phase B

Figure5-6  Theasymmetry in phase A and phase B.

In phase A, positive dc component is found in the phase current and therefore

the "one”-pulses are made narrower. In phase B, a negative dc component is

found in the phase current and therefore the one pulses are widened. In phase C
no dc component is found in the phase current and the modulator pulses are left

unaffected, see figure 5-7.

A

phase A

v

phase B

v

phase C j—

Figure5-7. The effect of the asymmetry is found in the pulse duration.

Y
»

The control system.

The compensation control system is depicted in figure 5-8. The dc current
component reference is zero. The dc component in the phase current is found
after low pass filtering of the phase current signal. The error signal is connected
to the PI controller. The PI controller output is acting on the modulator. A
positive dc current component in the phase current will make the modulator
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"one”’-pulses narrower. In the same way, a negative dc current will make them
wider.

0 phase current
= modul ator phase R

»

v

low pass
filter

Figure5-8.  Thecontrol system

Thetest set up.

When the compensation method is tested the asymmetry is done by delaying the
turn-on order to the upper position GTO-thyristor in phase A, see figure 5-9. In
a standard production of GTO-thyristors the turn-on and turn-off properties are
very stable, they do not vary considerably. The extremes are rare. In order to
test the control system, an extra delay unit was connected between the gate
drive unit and the GTO-thyristor, as shown in figure 5-9. At the test it was
assumed that it is safer to delay the turn-on instead of delaying the turn-off,
otherwise there is always a risk that both upper and lower position GTO-
thyristor can be conducting simultaneously.

Gate drive unit Delay —%@X —%@X —%@X

Gate drive unit —@@S —%@X —%@X

Figure5-9  Thetest set up

The delay could be varied in four steps 2, 4, 8 oud.6The longer the delay the
easier it is to study the effects of position asymmetry, but what delay is
acceptable for the control system? The first investigation was to check if the
control system can accept evenuss This was possible and therefore this delay
was chosen for this investigation, but this delay is longer than what can be
expected in reality.

Result

The expected DC-link fundamental current component versus commutation
delay is a straight line passing the origin. The result shows an almost straight
line but it does not pass the origin, and the reason is that position asymmetry
already is present in the inverter before this extra asymmetry, see figure 5-10.
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Figure 5-10.
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Figure5-11.
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ve system is presented in appendix C2.

4 6 8 10 12 14 16
[us]

Generation of a dc component in the phase current versus

commutation delay.

rve of figure 5-12, it can be found that the normal control system
reduces the effect of position asymmetry up to about 50 Hz stator frequency, but
at higher frequencies the control system is too slow. When the commutation
frequency decreases (other modulations patterns are used) at higher stator
figure 5-11, the effect of position asymmetry decreases. In the
figure 5-12 it isfound that the compensation is effective, but can
not totally reduce the effect of position asymmetry. The reason is probably a

lasin the current transducer.
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Generation of a dc component in the phase current versus stator

frequency. Upper curve without compensation, and lower curve

with compensation.

Driving mode. The motor torqueis 100% of nominal torqueat 17
Hz, but 80% at the other frequencies.

The reduction of the torque at higher frequency is caused by a limited feeding
capability in the test set up. The same effect of position asymmetry asin driving
mode with 50% torque can be seen here. In this test the result at 100 Hz in
compensated mode is unexpectedly high. The reason is contribution from the
second harmonic in the mains supply, see figure 5-13 and 5-14.

Figure 5-13.
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Commutation frequency versus stator frequency
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10 ZiO 3i0 4i0 5i0 6i0 7i0 8i0 9i0 100
{Hz]
Figure5-14. Generation of a dc component in the phase current versus stator
frequency. Upper curve without compensation, and lower curve
with compensation.

Braking mode. The motor torqueis40% of nominal torque.

In figure 5-15 and in figure 5-16 the effect of compensation in braking mode
can be studied. Theresult is similar to the driving mode result.
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Figure5-15.  Commutation freguency versus stator frequency
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Figure5-16. Generation of a dc component in the phase current versus stator
frequency. Upper curve without compensation, and lower curve
with compensation. The same effect of position asymmetry as in
driving mode can also be seen here.

Discussion

It is obvious from these tests that the control system effectively can detect and
compensate the position asymmetry. It is clearly shown in the diagrams that the
higher the commutation frequency, the higher is the fundamental component in
the DC-link current. At square wave modulation with low switching frequency,
the DC current is low, even without the compensation. The control system
demands high current transducer dynamics, it must be able to measure severa
hundreds of AC amps at the same time as it measures a few amps of DC in the
phase current. The disadvantage with the method is that with asymmetry only in
one phase, DC components will be found in al three phases. The control
systems acts in all phases where a DC current is present, thus also in phases
without asymmetry. The largest disadvantage with this method is that a
remaining DC bias in a phase current transducer will totally ruin the
compensation and can even make things worse.

5.3 DC biased current transducer compensation by feed
back of fundamental frequency current component in
thedc link

In the previous section the position asymmetry was studied where the
asymmetry has been achieved by delaying the turn on of a GTO-thyristor. The
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compensation method changed the modulation pattern until the asymmetry
disappeared. This is a way to simulate asymmetry, caused by asymmetric
commutation properties.

In this section, a position asymmetry caused by a DC bias in one phase current
transducer is studied. In section 5.2, it was found that the control system at low
stator frequencies is able to reduce the effect of asymmetry, compare figure 5-
12, 5-14 and 5-16. When the control system measures a dc component in the
phase current it tries to reduce it. If the case is a real asymmetry, it will be
reduced. On the other hand, if the measured asymmetry only is a DC-biased
current transducer, then the compensating action will cause a real DC-
component, see figure 5-17.

The time domain DC-link current is formed by multiplying the time domain
modulation pattern and the time domain phase current in each phase and then
add the contribution from all three phases. If we simplify the situation and
regard the three modulation patterns and the three phase currents as being
fundamental components, i.e. pure sinusoidal currents, the DC-link current will
only contain a DC-component. If one of the phase currents has a DC-
component, it will be modulated to the DC-link by the modulation pattern of
this phase.

As a DC-component has no phase-angle, the DC-link current will have the same
frequency and the same phase-angle as the modulation pattern in the phase,
where the current has a DC-component. If there is no DC-component in the
measured current from the start, only a biased current-transducer, the ordinary
current controller will compensate for this DC-component and then in fact
produce areal DC-component, and the theory is still valid.

The thin circle in figure 5-17 is the desired motor current traectory. Due to
position asymmetry the current trgjectory instead is the thick circle. To
compensate the position asymmetry the compensation vector, length A and
phase angel y; has to be subtracted from the actual current, see figure 5-17A.
However if there is no position asymmetry, just a DC bias in a current
transducer, the control system will interpret the situation as an asymmetry and
will try to compensate it by subtracting the compensation vector. Then the
system in fact has created a position asymmetry, see the thick circle in figure 5-
17B.
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The actual The desired
trajectory  ——— trajectory \
The desired The actual
trajectory trajectory
Compensation (A,y) Compensation (A,y)
A B

Figure5-17. A) a real position asymmetry current trajectory (thick circle),
compared with the desired current trajectory (thin circle). B) a
position asymmetry current trajectory, caused by a dc biased
current transducer (thick circle), compared with a the desired
current trajectory (thin circle).

In the latter case the position asymmetry can be detected in the fundamental
frequency current in the DC-link.

The control system.

Assume the offset errors of the phase current transducers expressed as a vector
iofiset - 1He control system in figure 3-8 will then produce the error signa igqr
which forms a fundamental frequency current component in the DC-link current
as Igcerror, Se€ figure 5-18. The signal iy Will in figure 3-8 be found in the
three-phase signal is. The goal here is to estimate the magnitude and phase of
the current measurement offset vectoriye. The approach is to use the
information in the dc link current ripplein a PLL circuit that locks the estimate
of the measurement offset vector i . The compensation principle is derived
in the next paragraph.

nd _ nd _ o i -7
lerror = ~loffset = ~loffset /07
T
H e+l . -

_ = Ll i(—y) U
Perror =R emegror}: Reele 2 Ok, Uiy

.

idc.error = Ferror
’ Udc
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oY

error

Figure5-18 The stator flux vector (¢), the induced emf (&), the (a,p)
reference frame and the reference frame (X,y) used in the serach
for the offset vector e -

Compensation principle

The task is to find the vector of length iy and angle y; which then shall be
subtracted from the measured value of the phase current, see figure 5-18. The
compensation will in figure 3-8 be found in the three-phase signal i..

To find i and ), a “search”-signalAP is used in a PLL circuitAP is the
product of a band pass filtered (around the fundamental frequency) DC link
current and the unity vectas™ =1@/€ %) The components oAP are via

two integrators driving the phase and the amplitude of the estimated vector
iofiset UNtIl the band pass filtered dc link current signal is reduced to zero.

The two components of AP are derived according to the following expressions.
Note that the help variables andé are introduced.



compensation methods 99

The real component of AP, Re{ AP}=
O ...
j0+7) .
Re%[é 2' O
= Sy Ugc,error = Re{l[ej(g_(”)}D :
Udc

=cod@ - qo)[é@:o£6?+—+n yM-cos(@ (p)ﬂ:osg]e y—ﬂHG%

20 Ugc
”H:Dp y+Ay O
2] EFU[ﬂ y=&a

i E
B:

={6=w}=igc error oSl - ) Ed:osgw[ﬂ —y-
=lgc,error [eos(¢ - Ay) E-7()3%(_L;Elzidc,error [cosé EosAy +siné BinAy)BEiné =

=lidc.error E(sinf [€osé B:osAy+sin2£EﬁnAy)

i
de.&TO" \when Ay=T72, see figure 5-18.

Note that the average of Re{ AP} =

The imaginary component of AP, Im{ AP} =

[l
L, Py i(r-y) U
= Sy Uigc,error = Im{ltej(g_(”)}D - EZ
Udc

| 30
:Sin(e_w)[émosge"j—;"'ﬂ_y@:llc’ffﬁ=Siﬂ(€—¢)@:o£9—y_7_TEbe offset _

Udc 20 Uge
:{H:wEﬂ}:idcerrorEﬁn(w[ﬂ—qo)@:os@w[ﬂ—y—ﬂﬁzm yray O
’ 0 wl-y=¢&0

=ldc,error Eﬁn(f_AV)EOS%Z_gQZidC,error [{siné [kosAy - cosé [EnAy)Einé =

=lgc,error EéinzfﬁtosAy—cosf [$iné BlsinAy)

Note that the average of Im{ AP}= 0 when Ay=172, see figure 5-18.

The imaginary component of AP, Im{ AP}, can thus be used to locate the angle
of the offset current vector in a PLL circuit. Similarly, once the phase of the
offset current vector is known, the real component of AP, Im{ AP}, can be used
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to identify the amplitude of the offset current vector and then compensate it in
the stator current measurement.

The structure of the control system is described in figure 5-19.

idc

>|| BP-filt, w

igc=A cos(wt-y)

Z_1 A _
T e

lcomp

AA
X
Jfeosaw || 2

Bl

A

~ lcompa

icomp[S

[BPilt| = [LP-ilt + P2 |
LP-filt [ -

|
+

Figure5-19 The control system. i,* is a generalised stator current reference,
iI* an intermediate variable and is the stator current that is
reflected into the dc link current i .

Stability analysis

In order to analyse the stability of the proposed method for compensation of
current sensor offset, a simplified model of the control system is made, see
figure 5-19. The transformation between different frames is not included as this
process does not contribute to the dynamics of the system. The system is aso
scalar and represent only the active power flow in the drive system. The delay
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of a "fast” or "slow” computer is included, as well as an external error source to
account for the voltage time area error due to dead time effects.

%D =z! Eﬁg_ icomp)
o= ;20
Hdc = zt Oy +is
acomp =igc H(2)
54 (2)= (BP - filt)z (P +PI)
n_ _23-1 - z"“_gH (2)
1+z °[H(2) 1+z °[H(2)
HH(2) = (BP - filt)z 2 o{PI + PI)
where(BP-filt) is a bandpass filter with the centre frequeacy
2 it fL— atg Nz - 1)

[ﬂerr

OO O]

(z-@-ato)f

andPlI is an integrator with the gatgk.,.

Z[ﬂokn

(z-1)
H () = 22540 E(l—axo)ng—l) 21 2o kg +ka)

(z- (- atg)) (z-1)
_ 2020k, + ka )T Ctg 1 - atp)
(z-@-ato)f

To investigate how the current reference is affected by theigrgorio in the
transfer function is set to zero:

Y Z?H(@2
lerr 1+72 3H (2)
The characteristic equation is:

27 k¢ + kA)[ﬂO mto(l— ato) &_3

(2~ (- ato)y
24~ 273 - atg) + 22 - kg ) + 2y + ki Lt (1 — atg) = O

+1=0

1+723H(2)=
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If the roots of the characteristic equation, the poles of the transfer function, are
located inside the unit circle the system is stable ([22] page 320). In the
following investigations the gain stable gain (k.ks) is analysed at two
frequencies, 6 and 40 Hz. At both 6 Hz and at 40 Hz stator frequency the system
is stable for 0<(kkas)<2000, see figure 5-20 and 5-21. The sampling time
tp=0.1 ms.

0.06

0.04

0.02

-0.02

-0.04

-0.06

-0.08

Figure5-20 fs=6, 0<(k;+k,)<2000. All roots of the characteristic equation
are located inside the unit circle (upper diagram). The region
around (1,0) enlarged (lower diagram).
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0.8 0.9/ 1 11 1.2

Figure5-21 fs=40 Hz, 0<(k+k,)<2000. All roots of the characteristic
equation are located inside the unit circle (upper diagram). The
region around (1,0) enlarged (lower diagram).

Simulation

The system described in appendix C is simulated with the compensation method
for current sensor offset included. The structure of the control system is
according to figure 3-8 with the difference that the current sensor signal is
subtracted with the estimated offset signal according to figure 5-19. Stationary
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operation at two different frequencies are simulated, one at 6 Hz fundamental
stator frequency and one at 40 Hz, with the gain k =500 and the gain k,=200

compensation methods

referring to figure 5-19.

The 6 Hz ssmulation.

After the first 0.2 sthe initial transient has vanished. At 0.4 s a transducer bias
is added to the phase current signal in phase R. The bias is compensated after
0.2-0.3 s. We can see that the compensation phase angle equals 772, which is the

correct value for phase R, see figure 5-19 and figure 5-22a, b, c.
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Figure5-22c The compensated and bandpassfiltered DC-link current.

40 Hz stator
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After the first 60 msthe initial transient has vanished. At 0.2 s atransducer bias
Is added to the phase current signal in phase R. The bias is compensated after
25 ms, We can see that the phase angle equals 772, which is correct for phase R,
see figure 5-19 and figure 5-23a, b, c.
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Figure 5-23a The compensation phase angle @
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Figure 5-23b The compensation amplitude
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Figure 5-23c The compensated and bandpass filtered DC-link current.

5.4 Experimental results

A small industrial motor, rated 2.2 kW with data according to appendix C-1,
was run from a transistor-based three phase machine converter. The current
through the DC-link capacitor is measured with current transducers, both a Hall
effect transducer and a Rogowski coil transducer are used. The remaining dc
biasin a Hall effect transducer is not a problem in this case as we are measuring
the ac components. The phase currents were measured with Hall effect
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transducers, and the dc bias in one of the transducers is simulated by adding, in
the software, a constant value to the measured value.

The experiment is a combined test where both the feed back part of the dead
time compensation and the dc biased transducer compensation are tested. The
results are found in four part diagrams, see figure 5-24 to 5-27, where the
frequency domain DC-link current |4 is presented.

» Inthe upper left diagram, the results without compensation is presented.

* In the lower left diagram, the result of the dead time compensation is
presented.

* In the upper right diagram, the result of the dc biased transducer
compensation is presented.

* Inthelower right diagram the combined effect is found.

The tests in the real test run show that both systems are stable. The test where
the dead time compensation is included reduces the sixth harmonic better than
the ordinary flux control, see figure 5-24 to 5-27.

[Al 3

[A] x 10

x 107
8

0 50 100 0 50 100
[HZz] [HZz]

Figure5-24. Noload, fs=6 Hz
Upper left no compensation
Upper right transducer offset compensation
Lower left dead time compensation
Lower right both dead time and transducer offset compensation
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Commentsto figure 5-24

Dead time compensation: About one third of the sixth harmonics remains. The
fifth and the seventh harmonics are al so reduced.

DC-biased current transducer compensation: The fundamental frequency
current component is reduced by 80%. Also the fifth and the seventh harmonic
are reduced, but the fourth isincreased.

[A] x 10° [A] x 10°
8 8

1 1
0 50 Hz] 00 0 50 Hz] 00

Figure5-25. Highload, fs=6 Hz
Upper left no compensation
Upper right transducer offset compensation
Lower left dead time compensation
Lower right both dead time and transducer offset compensation

Commentsto figure 5-25

Dead time compensation: The sixth harmonic is reduced by 40%. The fourth
harmonic is also reduced.

Current transducer bias compensation: The fundamental frequency current
component is reduced by two third. Also the fourth and the fifth harmonics are
reduced, but the third one is dlightly increased.
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Figure5-26. Noload, fs=40 Hz
Upper left no compensation
Upper right transducer offset compensation
Lower left dead time compensation
Lower right both dead time and transducer offset compensation

Commentsto figure 5-26

Dead time compensation: Slightly more than one third of the sixth harmonic
remains. However, the second harmonic amplitude is increased twice.

Current transducer bias compensation: The remaining part of the fundamental
frequency current component is only some percent. The fifth harmonic is aso
reduced.
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Figure5-27. Highload, fs=40 Hz
Upper left no compensation
Upper right transducer offset compensation
Lower left dead time compensation
Lower right both dead time and transducer offset compensation

Commentsto figure 5-27

Dead time compensation: slightly more than one third of the sixth harmonic
remains. However, the second harmonic amplitude is increased with about 50%.

Current transducer bias compensation: The remaining part of the fundamental
frequency current component is only some percent. The fifth and the seventh
harmonics are also reduced.

Conclusion

* The effect of the feed back part of the dead time compensation is rather
constant, independent of the fundamental frequency.

» The effect of compensation of the biased transducer is more effective at
higher fundamental frequencies.

* At low fundamental frequencies the normal control system compensates
effectively. Additional compensation methods are therefore only necessary at
higher frequencies.
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6 Conclusionsand Future Work.

During the design stage of a traction drive system, especially at the design of
line filters, it is necessary to be able to predict the line interference. One
traditional way for such investigation is to use simulation programs, which are
accurate but have the disadvantage of being slow. In this thesis, fast algorithms
for calculation of the magnitude and frequency of the line harmonics, caused by
both ideal and non-ideal commutations, have been presented. This method
presumes steady state conditions and shall be used for receiving a rapid
overview of the generation of line harmonics at a large number of operating
points. The model predicts the current harmonic content in the phase currents
and in the DC-link current, both in a machine converter and in aline converter.

Furthermore, it has been presented in this thesis how some of these non ideal
commutation effects can be compensated. Following compensation methods is
investigated and presented:

» Dead time compensation. The compensation method is a combination of a
feed forward of the predicted deficiency of voltage time area based on
transistor or diode commutation, and a feed back of the differential between
the integral of the inverter output voltage, or rather the output flux, and the
voltage time area reference.

» Position asymmetry compensation. The compensation method is based on
feed back of the dc component in the inverter phase currents.

e Compensation of a remaining dc bias in Hall-effect current transducers
(Adtranz Sweden ha s a patent pending for this compensation method). In the
method, the fundamental current content in the DC-link current is fed back to
the control system.

The compensation methods are found very effective for most operating
conditions. With the use of the presented compensation methods, line filters and
other components for reduction of line interference can be made much smaller,
both concerning weight and volume.
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6.1 Futurework

One basic result of this study is that it is better to measure the information of
non-ideal commutations in an AC signal rather than in a DC signal. Otherwise
the remaining DC biasin atransducer can destroy the information.

Most asymmetries will generate characteristic harmonic current components in
the DC-link, where they can be used as AC signals for compensation purpose.
The disadvantage with this method is that it demands extra current transducers.
A future work is to study if the AC current component can be found in the
measured DC-link voltage ripple. If this is possible, the voltage transducer,
which anyway is used to measure the DC-component of the DC-link voltage,
can be used.

As we have found in Chapter 4 the different kinds of asymmetries will generate
typical current harmonics in the DC-link. Another suggestion for future work is
to check if other asymmetries can be compensated.
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A Appendix A. Commutation Delay Algorithm

A.1l Upper GTO-thyristor commutation.

The phase current is positive, i.e. its direction is out from the phase, see figure A-1.
The current commutates from upper GTO-thyristor T, to lower anti parallel diode,
D..

Aﬁn |

vd

1
I
N
N
==

Cs I ol
—PDi——Pi—o

Dk Ds

Figure A-1  Turn off of upper thyristor

The turn off of T,. First the storage time is elapsing. The storage time is a linear
function of the commutated current. During this time the output voltage equals the
dc link high voltage. When the storage time has elapsed, the current through the
GTO-thyristor decreases, and, simultaneously, the voltage drop over it starts to
increase from zero to full DC-link voltage. The time for this process is the fall time
t.. The average time for full current turn off is half the fall time. The delay time for
this part of the turn off is

t
t, = kg o +lg +?f

where Kkgloutlg 1S the storage time, assumed to be a linear function of the
commutated current.
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Aﬁn |
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Figure A-2  The current commutates to the snubber and clamping capacitor.

When the current through the GTO-thyristor is turned off, it commutates over to the
clamping capacitor Ck and the snubber capacitor Cs via the clamping diode Dk . At

the beginning these capacitors are charged to Vd. The current discharges the
snubber capacitor Cs, but continues to charge the clamping capacitor C,. When Cg
Is completely discharged the current commutates over to the antiparallel diode D)
viathe snubber diode Ds.

The delay time for discharging of Cs:;

t, =V, Eli

out

The extra charging of the clamping capacitor leads to a negative output phase
voltage Uk. At the calculation of the delay time tk use the fact that the same current

discharges Csthat charges C,, i.e. the charges are the same:
U c, =td, andV, [T, =t0,

which gives:

CS
UemVe,
k

The voltage at the discharge of the snubber capacitor contributes to the voltage time
area, i.e. to the delay. The negative voltage Uk at the continuous charge of the

clamping capacitor decreases the voltage time area (and increases the delay).

The voltage time area of this part:
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Vg Uk, _ Vg CsVq Uyp CVy _
Sk o=td _ _
2 2 ot 2 loy

Va CsVy (1_&)
2 Iout 2 Ck Iout 2 Iout Ck

And the time delay:

L=V g G
a 2Iout ( Ck)
L ]
L VA
Ck Tu Du
vd
>Iout
==C5 -'{ZI'I Z}DI
PBBt
Al

Figure A-3  The current commutates to the lower anti parallel diode.

Since the voltage drop over the clamping capacitor is greater than the DC-link
voltage V(, the di/dt-inductor L has a negative voltage drop and the current now
commutates over to the inductor. At the negative voltage Uy the current commutates
from clamping capacitor to the di/dt-inductor. At this time the voltage time area is

further decreased:
ULl oyt
—= == =1l
U ) out

The time gain for this commutation:

LO,,
t; = v
d

119
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A l
L WA
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3
>

lin
Figure A-4  The commutation is complete.

If the commutated current is so low that the time to discharge the snubber capacitor
Is longer than the dead time, the snubber capacitor will rapidly be discharged via
the di/dt-inductor L and the lower GTO-thyristor, T;, when it is turned on. The
commutation delay:

t

f
Uy = i Ty +7

The total commutation delay, see figure A-5:

t; O
S R e+ )] (ALD)

0O t
t=MINOkl, , +1 +—=+
E(““t T2 27 ¢’ vV,

v

N
w

Vvd

time

Figure A-5 The output phase voltage, relative to the negative DC bar, during
the commutation
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A.2 Lower diode commutation.

The phase current is positive, i.e. its direction is out from the phase, see figure A-6.
The current commutates from lower anti parallel diode, D| to upper GTO-thyristor
Tu.

Vvd

>
lout

11
1
e
I
N
=l

Cs |7 DI

—D——P—¢ _
Dk Ds

lin

FigureA-6 The current continuous through the diode at turn off of lower
thyristor

At start the lower GTO-thyristor, T|, is turned off. Nothing happens with the output
voltage, the current continues to flow through the lower diode Dj.

A m ]
L WA
Ck Tu Du
Vd
>Iout
] 7 \
Cs +S'T| Z}DI
[ —Di—o
Dk Ds
Rk %L

Figure A-7  The phase output voltage becomes DC-link high voltage when the
upper thyristor isturned on

The dead time elapses and then the upper GTO-thyristor is turned on. After the
delay time of the GTO-thyristor, the voltage over it drops during the fall time. After
this moment, there is no voltage drop neither over the upper GTO-thyristor/diode
nor the lower GTO-thyristor/diode, and the output voltage has reached the dc link
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high voltage. The total DC-link voltage falls over the di/dt-inductor and the phase
current starts to commutate from to the upper GTO-thyristor. When the current
through the di/dt-inductor has become zero the voltage drop is moved from the
inductor to the lower GTO-thyristor/diode and the output voltage remains
unchanged. The total commutation delay, see figure A-8:

t
U= Theas 14 +7f (A2.1)

output voltage

2

fal time

=N

I
j | 1/l
dead time | delay timel |
| |

Figure A-8  The output phase voltage, relative to the negative DC bar

time

tunoff - — — — P

A.3 Lower GTO-thyristor commutation

The phase current is negative, i.e. its direction is in to the phase, see figure A-9..
The current commutates from lower GTO-thyristor T|, to upper anti parallel diode
Dy.

A l
L WA
Ck Tu Du
vd
1out
] 7 \
Cs [Tl Z}DI
—P——Pi—e
Dk Ds )
3
<

lin

Figure A-9  Turn off of the lower thyristor
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The turn off of T|. First the storage time ty, which is a linear function of

commutated current, is elapsing. During this time the output voltage equals the DC-
link low voltage. When the storage time has run out the current through Ty

commutates to the snubber capacitor Cs. The time for this processistherise time tr.

The average time for full voltage is half the rise time. The delay time for this part
on the turn off (the minus sign because the current direction is defined negative):

t
t, =1y —Kglow + =

out 2
A l
L WA
Ck Tu Du
vd
lout
_-— 7 \
Cs [T Z}DI
—Dr—>Pl—9 _
Dk Ds
T
.

lin
Figure A-10 The current commutates to the snubber capacitor

The snubber capacitor voltage increases to the dc link high voltage. Then the upper
diode Dy, starts to conduct, and the output voltage reaches its end value, the DC-

link high voltage. The delay time shall be multiplied with 0.5 as it is the voltage
time area we are interested in. Due to the di/dt-inductor the current does not
commutate immediately from the lower GTO-thyristor to the upper diode, but this
does not affect the output voltage. The delay time for this part off the turn off (the
minus sign because the current direction is defined negative):

1V,

t, :—ECS |

out
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L 1
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Figure A-11 The current commutatest to upper anti parallel diode

If the commutated current is too low the time to discharge the snubber capacitor
may be longer than the dead time. If so the snubber capacitor will rapidly be
discharged when the upper GTO-thyristor Ty, is turned on. The commutation delay
for this part on the turn off is:

t, =t t L
= +t, +—
3 dead d 2

The total commutation delay, see figure A-12:

0 t, 1_V t, O
t= MlNEUst ~Kg lou +E_EC5 |01 ) (oeaa * 14 +?)E (A31)
voltage
A 1 2
I I
-l - -

storagetime | risetime

time

Figure A-12 The output phase voltage, relative to the negative DC bar
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A.4 Upper diode commutation.

The phase current is negative, i.e. its direction is in to the phase, see figure A-13.
The current commutates from upper anti parallel diode Dy, to lower GTO-thyristor
T].

A lin 1

vd
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N
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Cs T DI
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3

Figure A-13 The current continuous to flow through upper anti parallel diode
when the upper thyristor is turned off

At start the upper GTO-thyristor Ty is turned off. Nothing happens, the output

voltage remains unchanged, the current continuos to flow through the upper diode
Dy.

L ]
L WV A
Ck Tu Du
vd
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3

Figure A-14 The current start to comuutate to the lower thyristor

When the dead time, tdead, has elapsed, the lower GTO-thyristor is turned on, and
after the GTO-thyristor delay time plus half the fall time it starts conducting.
Thereafter there is no voltage drop neither across the upper GTO-thyristor/diode
nor the lower GTO-thyristor/diode. The total DC-link voltage is across the di/dt-
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inductor and the phase current starts to commutate from upper diode to lower
GTO-thyristor. When the current through the di/dt- inductor has become zero the
voltage drop moves away from it to upper GTO-thyristor/diode. The commutation
delay is

tf
+y +7_|out

t, =t L
3 7 “dead Vd
When the voltage drop over the di/dt-inductor disappears the snubber capacitor
starts to discharge via CsT|-L-Rk-Dk. The output voltage decreases. The

contribution to the delay timeisthe area at 3. in figure A-15.

When the capacitor is totally discharged, the current continues to flow through L-

Rk-Dk-Ds. Because of the voltage drop across Rk the output voltage is lower than

the DC-link low voltage, a "negative delay”, the area under "4”. in figure A-15.

Since the energy in the snubber capacitas @oved to the di/dt-inductor, the area

at "3". equals the area at "4”, and, therefore, these areas give no contribution to the

delay time. The total commutation delay is
t, L

+t, +—— |

oty ey (A4.2)

) = lieaa

voltage
A 1. 2. 3. 4,

-l >|<—>I<—><—>
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tdead | td |% |
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| time

Figure A-15 The output phase voltage, relative to the negative DC bar
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B Appendix B. ASCALP-Description

At Adtranz Sweden AB the author has written ASCALP (asynchronous motor
drive calculation program), a general calculation tool, used when designing
traction drive system based on three phase induction motors.

The main input data to ASCALP are the desired driving/braking effort, the
vehicle speed, the line voltage and alarge number of component parameters.

The program calcul ates:

« Magnitude of phase voltage, phase current, DC-link current and line
current.

*  Power loss and temperature in components. Components of interest are
power semiconductors, DC-link capacitors, snubber components,
transformers etc.

 The generation of phase current harmonics, DC-link current and line
current harmonics. This part of ASCALP is described here.

Definitions
variables used in Ascalp:
u voltage
i current
S modul ation pattern
L inductance
r resistance
z impedance
a fourier cosinus coeffecients
b fourier sinus coeffecients
C fourier complex coeffecients
t time
f frequency
w angular frequency
S dip
a half of voltage stop vector duration
% control ratio

index:
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machine inverter

ST machine converter phaseR, S, T

"phase-to-phase”
line converter
line converter bridge

n,1 bn,2 the two line converter phases connected to bridge n

brake chopper

, B2 brake chopper phases

dclink

commutations time points
frequecy components
stator

rotor

magnetic

tr transformer

B.1 Calculation on the machine and itsinverter

This chapter describes how the calculation of harmonics from the machine
inverters is done. The calculation is done in following steps:

Standard algorithm calculation of fundamental motor voltage and motor
stator frequency needed to run the motors at desired speed and torque.

Calculation of the modulation pattern in time domain. The calculation is
based on the desired motor voltage, the stator frequnecy, the DC-link
voltage, the maximum allowed switching frequency &nd

Conversion of the modulation pattern to frequency domain.
Calculation of the phase current in frequency domain.

The phase current is there after converted back to time domain to be able
to calculate the switching power loss.

Calculation of the current from the dclink to the machine inverter, here
called the dclink current. This is done both in time and in frequency
domain.
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Motor calculation model

FigureB-1 Ascalp uses this motor model, both for fundamental and
harmonic calculations ([ 18] page 231).

The parameters r_, L,,r.,L,,, L, aretogether with the desired fundamental stator

frequency fs and the desired motor phase-to-phase voltage Uy received from a
standard program, used at Adtranz, for fundamental frequency calculations of
the motor.

The dlip for the fundamental frequency

The dlip for the k:th harmonic, where k=4, 7, 10 etc

ki, —a
$<+_ kl]os

This expression is also used for the k:th harmonic, where k=3, 6, 9, etc.
However, these harmonics have low impact to the calculated result, because
they will be cancelled in a three phase inverter.

The dlip for the k:th harmonic, where k=2, 5, 8 etc

_ ki, -  kli,+a
T ke, Ko,

Calculation of the machine inverter modulation patterns

The modulation patterns here described are the modulation pattern used in
chapter 4.

Sinusoidal-modulation. The sinusoidal modulation pattern is achieved by letting
a triangular wave intersect the desired sinusoidal shaped voltage wave, see
figure 4-5. The triangular wave frequency equals the maximum switching
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frequency, and its peak-to-peak value equals +/-the dc-link dc voltage. The
amplitude and the frequency of the sinusoidal wave equals the desired phase-
voltage and the desired fundamental stator frequency of the motor. The
intersection points between the sinusoidal wave and the triangular wave will
determine the inverter commutation time points. When the triangular wave is
less than the sinusoidal wave the modulation pattern is high, and when the
triangular wave is larger the modulation pattern is low. The intersection points
are found by iteration, and the iteration stops when the time resolution is less
then 10 ns. (about 10 times shorter than the commutation precison of an IGBT.)

Iteration process. Find the points of time where the function, see figure B-2.

y(tn)=(sinusoidal wave - triangular wave)=0

— tn+1 tn

FigureB-2 Iterative solving
Start with t, and find the next t,. 1:

)
n+1l n ya(t)

This iterations converges fast, four to five loops is normally enough to reach the
precision of 10 ns. One condition for convergence is that the triangular wave
has afrequency that is at least three times the frequency of the sinusoidal wave.

The maximum control ratio of the sinusoidal modulation can be increase from
the normal 0.785 to 0.907 by adding a sinusoidal voltage with a frequency three
times the fundamental frequency, and with an amplitude 25% of the
fundamental voltage amplitude. A phase angle is used, which makes the sum of
the two waves lower than the triangular wave peak value even with a larger
fundamental voltage amplitude. This added third harmonic common mode
voltage is cancelled in the three phase inverter.

At calculation of the sinusoidal-modulation it is checked that there will be no
conflict with t,, the minimum time between two commutation in the same
phase of the inverter.
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p18-modulation. Thisis a polar modulation with three voltage stop vectors per
side in the hexagon. The longer the stops the lower the output voltage. The
length of half the stop duration a, in radians, for a certain output voltage will be
determined by Fourier series expansion.

1-)
" Aicos(?) + 05)

a = arcs

)

The voltage control ratio:

__Uy
% Wo

y

At calculation of the p18-modulation it is checked that there will be no conflict
with tin. The commutation frequency:

fcom = 7@
where f is the motor stator frequency.

e6-modulation. Thisis a polar modulation with one voltage stop vector per side
in the hexagon. The hexagon has "folded corners”. The lemgtin radians, of
half the stop duration for a certain output voltage with a corner folgl wiill
be determined by Fourier series expansion.

a= arcsin%:os@ﬂ%@— 1;}/@

The voltage control ratio:

At the calculation of the e6-modulation, it is checked that there will be no
conflict with t,;,. The commutation frequency:

fcom = 5@
wherefs is the motor stator frequency.

p6-modulation. This is a polar modulation with one voltage stop per hexagon
side. The lengthu, in radians, of half the stop duration for a certain output
voltage will be determined by Fourier series expansion.
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B . —}Q
a—arcsmél%

The voltage control ratio:

At calculation of the p12-modulation it is checked that there will be no conflict
with tn. The commutation frequency:

fcom = 3@
where f is the motor stator frequency.

em-modulation. This is a polar modulation where a certain output voltage is
achieved by folding the corners”. The lengih in radians, of the corner fold is
determined by Fourier series expansion.

B= arccosél%g

The voltage control ratio:

At calculation of the e6-modulation it is checked that there will be no conflict
with t,. The minimum output voltage for em modulation pattern is limited by
the control system computer execution time. The commutation frequency:

fcom = Bﬂ
wherefs is the motor stator frequency.

hex-modulation (=square wave). This is a polar modulation where the output
voltage,Uy, cannot be varied, it is only depending on the dc-link voltage.

J6

UH:7EUD

The commutation frequency:

fcom = fS
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where f is the motor stator frequency.

Converting the modulation pattern to frequency domain

The modulation pattern in all three phases of the machine inverter are generated
in time domain. The calculation can thereafter be done in one of two ways,
either make the voltage and current calculations in the time domain and then
convert the result to the frequency domain. The alternative is to converte the
modulation pattern to the frequency domain and then make the calculations in
frequency domain. If the calculations are done in the time domain a large
number of points of time with very short time steps in between must be used in
order to get full accuracy at the highest frequency of interest. If the modulation
pattern instead is converted to the frequency domain by Fourier series
expansion, the modulation pattern itself can be used as the time function in the
Fourier integrals, which now are easily integrated, as the time function is
constant and either equals one or equal zero. Therefore the number of
calculation points equals the number of commutation points and are for most
modul ation patterns low.

The modulation pattern dc-component in phase R is ([16] page 31):

Otzn Otz U

=2 ZHIf(t)dtD——zaj'lﬁt+O§—$Z(t2n ~tys)

The modulation pattern cosines coefficientsin phase R for the k:th harmonic are
([16] page 31):

Otz

S.a TDZHIf(t)E:os(kwt)dg %mzaj

(1Ceos(kat) +0) mt§=

1 _ :
=1 5)) (s n(kw:m) - sn(kaIZn_l))
The modulation pattern sinus coefficients in phase R for the k:th harmonic are
([16] page 31):

Otan

DZHJ'f(t)EBm(kax)dE %mzaf

(1in(kat) +0) Edtgz

- %T DZ (cos(kat,,,) - cog(kat,,))



134 Appendix B. ASCALP-Description
Calculation of the machine inverter phase voltage with a pure dc-
link voltage without har monics

The phase voltage of an inverter is calculated by multiplying the dc-link voltage
with the phase modulation pattern.

In the frequency domain this can easily be done as long as the dc-link voltage
can be regarded as a pure dc-voltage Up.

The voltage dc component in phase R:
Uga, =U, [B;a,

The voltage cosine coefficient in phase R:
Uga, =U, [B:a,

The voltage sine coefficient in phase R:

Ugb, =U, [B:b,

Calculation of the machine inverter phase voltage with a dc-link
voltage containing har monics

When the DC-link voltage also contain harmonics, we must first make a Fourier
expansion of both the dc-link voltage and the phase modulation pattern, and
then multiply these two expressions. This will end up in a large number of
multiplication since each frequency component in the dc-link voltage must be
multiplied by all frequency components in the modulation pattern. Frequency
components with both frequency sum and the frequency difference are
produced.

The R-phase voltage:
. U
Ug = @JDa0 + ZU oa, E:os(ka)kt) +U b, E'kln(kwkt)HD
. D
@SRaO + Z S:a E:os(lcqt) +S.b Eﬁn(lcqt)H
Uy =U 52, (5.8, +U 3, DZ(SRa (o cgt) + Seb, Bin(lt)) +

+S.a, DZUdak reog(ke,t) +U b, Ein(keyt) +
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+ Z ZU'Dka[B"b'(cos((lcq + kwk)[ﬂ)—cos((lcq - kwk)Eﬂ))
The following trigonometric expressions are used:

Asi n(Icqt)EBcos(kcq(t) = %sin((lcq + kcq()[ﬂ)+§sin((lcq - kcq()Eﬂ)

Acos(lcqt)EBsi n(kcq(t) = %si n((lcq + k@)[ﬂ)—?én«lm - ka&)[ﬂ)

Acos(l cqt) EBcos(kcq(t) = %cos((l W+ kcq() [ﬂ) +§cos((l W - kw;() [ﬂ)

: . AB AB
Asi n(lcqt)EBsn(kcq(t) = 7cos((|cq + kcq()[ﬂ)—7cos((lcq - ka&)[ﬂ)
The product of U_a, and S,.a, and the cosine terms where

(Icq —ka)k):o

contributes to the dc component. Ascalp uses this way to cross modulate the
phase voltage with the dclink voltage ripple, e.g. when the brake chopper dc-
link voltage ripple is modulated by the machine inverter.

Calculation of the machineinverter phase to phase voltage

The phase to phase voltage is recieved by subtracting one phase voltage from
the other, both in time domain and in frequency domain.

The complex phase voltage

Conversion from the Fourier expansion series coefficients a, and by to a
complex voltage amplitude.

The fourier expansion series (definition):
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x(t)=a, + i a, cos(kat) + i b, sin(kat)

where

a, :é ‘([ X(t) [eos(kat) dt

b, :$ Jo’x(t) [$in(kat)dt

The complex fourier expansion series (definition) ([16] page 39):

x(t) = k:chke“"‘I =c,+ Zlcke“‘“ + Zlc_ke‘”"‘I =
=c, + i C, (cos(kai) + ] Eﬁn(kax)) + i C, (cos(— ket) + j Gin(- kwt))
=1

=1

)

=, + Z (. +c., )os(kat) + j e, - c., )@in(kat)

The complex coefficients:
c = % !x(t) e it =% Jo'x(t) [{cos(—kat) + j @n(—kat))dt =
127 . ! . _a, .Db
EB_ZF!x(t) [eos(kedt)dt — B%B%{x(t) (sin(kad)dt == - |

In the same way for c:

And:
c tC, =a,
C, —cC, =-—]

finally the complex amplitude for the k:th harmonic:

(ak—j[ﬂ)k)
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Calculation of themotor phaseimpedance
Seefigure B-1.
The complex stator impedanceis
Z,=r,+ jal,
The complex rotor impedanceis
Z =r +jaul,,
The complex magnetizing impedanceis
Z,=jal,
The complex motor phase impedanceis

Zr |Im

Z=7Z_+
P Z+Z,

Calculation of the machineinverter phase current

The phase impedances are connected in a star configuration with the junction
point not connected to zero.

The voltage in the junction point is U,. The three complex phase voltages are
Ug,,Us,U, and the three complex phase currents are I.,1.,1,. Following
equation:

after elimination of U, the phase-currents of the motor are received:

EF 2, -Ug-U,

R 3z

0 _ 20 -U, -U,

0° 3z
2, -Ug,-Ug

ET_ 3Z

By multiplication with the number of motors per machine inverter, the machine
inverter phase currents are received.
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Conversion of the phase current from the frequency domain to the
time domain

When the inverter component losses are calculated, the time domain phase
current and the time domain modulation pattern is used. The time domain
modulation pattern is already known, and, now, only the frequency domain
phase current shall be converted to time domain by using the inverse Fourier
Series expansion:

Phase R time domain current is.

n n

i(t)=i.a,+ ZliRak Gos(kat) + Zlink Sin(keat)

The precision, but aso the calculation time increases with the number of
harmonics used.

Calculation of the commutation delay

Until now ideal commutations have been assumed. After the calculation of the
time domain phase current, the actual commutation delay can be calculated at
each commutation, see appendix A. The effect of commutation delay can then
be found, if the modulation pattern is corrected with this delay. Then all the
calculations shall be done once again.

Calculation of the current from the DC-link to the machine
inverter

When the modulation pattern is"one”, the phase current is going through the
upper GTO or through the upper free wheel diode, and when the modulation
pattern is “zero” the current will go through the lower GTO/free wheel diode
pair. Thus the current through the component in the upper position, in time
domain, is equal to the modulation pattern times the phase current. The total
DC-link current, in time domain, is the sum of the contribution from all three
phases.

i (t) = Sqig(t) + Sdis(t) + i (t)

If the time domain functions are expressed in Fourier coefficients the frequency
content of the dclink current will easily be found. The phase currigngsmd the
modulation patterry, are for phas&:

S.(t) = S:a, + ZSRak Etos(k(q(t)+ ZSRbk Eﬁ;in(kmkt)
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and the phase current:

(<) 00

i(t)=i.a,+ ;iRal gog{| wt) + Zqu sin(lagt)

=1

By multiplication of these two expressions, we recieve the contribution from
phase R to the total dc-link current. By doing the same actions for phase S and
for phase T and then add the results we get the total DC-link current in time
domain. As the time domain expression is expressed in fourier coefficients, the
frequency domain dclink current will easily be found.

1o (6)% 5 5y *iny L) (S coskat) + b, sinfkat)) +
+Sa L 1 eosat) 1,0 i)

+3 3 5 (o1 + k) 1) o1 - kaa ) 1))+
5 5185 (1 i) 1) s - ) 1)
o3 3B (e k) 1) - k)1

ry 3 (ol ay)1)-co(e k) 1)

B.2 Calculation of the brake chopper

This chapter describes the calculation of harmonics produced by the brake
chopper. The brake chopper consists normally of two brake chopper phases in
parallel with the dclink capacitor.

Calculation of the total brake chopper current

First it is checked that the vehicle is in braking mode and that the machine
inverter regenerates power. If there is an auxiliary inverter on the same dc-link
it is also checked that more power is regenerated than is consumed by the
auxiliary inverter. If so, the amount of the regenerated power that shall be
consumed by the brake chopper is calculated.
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Calculation of the brake chopper control ratio and the brake
chopper pulsetime

The total brake chopper current:

P
Ig :U_
D

where P, isthe brake power through the brake chopper.

The brake chopper current per phase:

where mg is the number of brake chopper phases per machine inverter.

The maximum current per brake chopper phase:

UD

Bp_max
- r
B

whererg is the brake resistor resistance.

The brake chopper control ratio:

__lep
I

Bp_max

The brake chopper modulation pattern in the time domain

The brake chopper period time:

The brake chopper phase pulse time:
=) g

t pulse

It is checked that the pulse time point has duration longer than t,,.

The pulse turn on time for the m:th phase:
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The pulse turn off time point for the m:th phase:
ta(n+1) =t () +t e
l<msm,

The turn on delay:

trise
tdelay-i- 2 +TB

The turn off delay:

Utan
Lsorage + 2 t T

Where the brake resistor time constant 7z IS the brake resistor inductance
divided by its resistance.

The brake chopper modulation pattern in the frequency domain

The modulation pattern for m:th phase, the DC-component:

pulse

ay(m) = tT

The cosine coefficients ([16] page 31):

tn(n+D)

a (m)= T [ cos(kat)d

B tn(n)

The sine coefficients ([16] page 31):
b (14D
b, (m) = T t{? n(kat)dt
wa=2rnf,
The m:th phase current DC-component:

iao(m) - ao(”r]) W,

The m:th phase current cosine coefficient:
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ia, (m) = ak(T)mJD
The m:th phase current sine coefficient:

ibk(m) — bk(rrr‘)mo

The total current from the dc-link to the brake chopper. The DC-component:
ia, = ; ia, (M)

The cosine-coefficient:
ia, = ia (m)

The sine-coefficient:

ib, = 3 ib, (m)

m

The total modulation pattern:

ia, [y
S8 =
0 UD

The current cosine component:

ia, Oy
a =—————
SB k UD

The current sine component:

_ib, [,
SBbk - UD

B.3 Thelineconverter calculations

In this chapter the generation of phase current from the line converter will be
calculated. The calculation will be done in the following steps:

e Calculation of the DC current to the DC-link, based on the power needed for
the machine inverter, the brake choppers and the auxiliary inverter.
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Calculation of the fundamental frequency phase-to-phase voltage, the bridge
voltage Uy, that the line converter shall apply to the transformer secondary
winding in order to control the power.

Calculation of the modulation pattern in time domain. The calculation is
based on the desired line converter bridge voltage, the line frequnecy, the
dclink voltage, the maximum allowed switching frequency and t.,,. It is aso
taken into account if the phase currents shall be interlaced.

Conversion of the modulation pattern to the frequency domain.
Calculation of all phase currents in the frequency domain.

The phase current is thereafter converted back to time domain, to be able to
calculate the switching power loss.

Calculation of the current from the line converter to the dclink, here called
the DC-link current. Thisis done both in time and in frequency domain.

Calculation of the dc component of the current from the line

converter tothedc-link.

The power from the line converter :

Up O g =Up Oy +Up gy +UL O

where:

* U,0,, isthepower to the machineinverter
* U, 0O, isthepower to the brake choppers, if any
e U,0,, isthe power to the auxiliary inverter, if any

Calculation of the fundamental line converter bridge voltage, the
phase current and the phase angle

The power from the line converter to the DC-link(or backwards in braking
mode)

P = I Ldc mJ D
To this power, the estimated transformer loss is added:

P

tot

=P+P,
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The calculations are done at the transformer primary side.

The phase angle between the line voltage and the line current is assumed to be
zero (cos(p=1).

P

I _ tot

line — U

line

The line converter phase current 1, is found by dividing |
transformer secondary windings, i.e. the number of bridges:

by the number of

line

_ IIine

|
b tr

sec

The phase current and the line voltage are converted to complex numbers. The
transformer average impedance per phaseis z, . The fundamental voltage U, :

Uie =U, = 1, [Z,
U, =Upe = 1, [Z,

It is now checked that U, <U, ., the maximum output phase to phase voltage

from the line converter. If it is not possible to handle the phase current amount
by displacing the line voltage and the line current a certain phase angle. Arctan
for the phase angle (=x) is found by solving the equation:

X2 ABS(U 1, ~U, )" + X1 1 (Im(z, ) Re(U, ) - Relz, )im(U,,)) + ABS(U,)* ~U,, ® =0

The imaginary part, caused by the non zero phase angle, shall be added to the
complex phase current. Once again the line converter bridge voltage shall be
calculated:

Up =Uje = 1y [Z
The phase angle of the line converter voltage

b, = arctan%mg
v [Re(U, )0l

Calculation of the modulation pattern for each line converter

The modulation patterns for the two phases in a line converter bridge are found
by letting one triangular wave intersect two fundamental sinusoidal waves, one
U, &/2

2and

for each phase. The amplitude for the fundamental phase voltagesis
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they are displaced 180 degrees. The phase angle for both phases is @.
Regarding the mathematical aspects of how the intersect points of time etc are
found, see the machine inverter sinusoidal modulation description.

The triangular wave in the different bridge voltages are interlaced, and are
chosen in a way that generates the lowest interference, both taking the line
current and the DC-link voltage into account. |.e. if there are two line converters
bridges in one traction module the phase shift between the two triangular waves
Is 90°. If there is another traction module with two line converter bridges the
phase shift between the two phase in that traction module will also be 90°. The
phase shift between one phase in the first traction module and the same inverter
in the second traction module is 45°. If there are three traction modules the

phase shift is 30°, etc.

The modulation patterns for each phase are converted to the frequency domain,
see "Converting the modulation pattern to the frequency domain” in the
machine inverter modulation pattern description.

Calculation of theline converter phase voltage with a pure dc-link
voltage without harmonics

The phase voltage of a line converter is found by multiplication of the DC-link
voltage by the phase modulation pattern

The modulation pattern DC-component in a phase is ([16] page 31):
Otan N Ot 0

S :%Zéj’f(t)dﬁ:%zapm +o§=%2(t2n ~ty)

n

The modulation pattern cosines coefficients in a phase are ([16] page 31):

Dth |:|th

2 O 2 O
Sa =7 DZ éj’f () BtOS(kai)dt§= = DZ % ZJ:flm:os(kax) +0) mtgz

_ %T 0 (sin(ka,, ) - sn(kat,,.,)

The modulation pattern sinus coefficients in a phase are ([16] page 31):

2 _Ht o 0 5 _Hte .
Sb, :?DZHF (t)&ln(km)dtgz?DZHI(lEI;m(kax)+0)mtE:



146 Appendix B. ASCALP-Description

= %T DZ (cos(kaxm_l) - cos(kax2n ))

The phase voltage DC-component:
Uya, =U, (B3

The phase voltage cosine coefficient:
U,a, =U, B a,

The phase voltage sine coefficient:
U,b, =U, B,

Calculation of the line converter phase voltage with a DC-link
voltage containing harmonics

When the dc-link voltage also contains harmonics, we must first make fourier
series expansions of both the DC-link voltage and the phase modulation pattern,
and then multiply these two expressions. This will end up in alarge number of
multiplication since each frequency component in the DC-link voltage must be
multiplied with al frequency components in the modulation pattern. The
resulting frequency components will contain both the frequency sum and the
frequency difference.

The voltage in a phase is found by multiplying the DC-link voltage harmonics
with the phase modul ation pattern harmonics:

Uy =Poas + 3 Usa, o t) + 3 Uoh, Sinkart) i, + 3 Sa osfat)+ 3 80 snlla)]
Uy =Uo, (52, +Uo2, [ (S8 codleat) + §b sinflat)) +
+S,2, DZ U, (cos(kayt) +U o, sin(kegt)) +
3 3 VB8R (o k) o - ) )
o3 5 0% 0 (o iy 3) - - ) )

+ Z ZLZEB'@(Sin((Ia,{ + kcq)[ﬂ)+sin((|cq —kcq()[ﬂ))+
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+ Z Z%(m«m +keg)1) - co{ (19 -k%)[ﬂ))

Contributions to the DC-component is recieved from the product of Upa, and
S,a, but also from those cosine terms where

(I - k) =0

Ascalp uses this way to calculate the phase voltage in the cross modulation
interference frequency calculations, e.g. when the machine inverter dc-link
voltage ripple is modulated by the line converter. The voltage of the other
phase, connected to the same bridge is calculated in a similar way, and the
bridge voltage is found by taking the difference between the two phase
voltages.

Calculation of theline converter bridge current

The fundamental frequency phase current and the phase current for each
harmonics will be found by solving the complex equation system:
%Jsl =w L, 0, +o M, 0, +o M O+ 40 My, 0, +(ubl,1 _ubl,Z)
UJsz =l 0+ My O, + My O+ 4+ M, O +(ubz,l _ubz,z)
3 = @ L31 Dl + W, Msz Dz + 4, M33 D3+"'+kaM3n |:lln +(ub3,1 _ub3,2)

O
O

ngn = wk Lnl |:Il +wk an DZ +wk Mn3 |:|3+"'+C()k Mnn |:Iln +(ubn,l _ubn,z)
Lnis the inductance between the primary winding and secondary winding n.

M IS the mutual inductance between the secondary winding m and secondary
winding n.

The calculation is done in the frequency domain. U, is the transformer n:th
winding output voltage. Normally U, =0 for al frequencies except the

fundamental, but Ascalp can, if needed, also calculate the effects of harmonics
in the supply line voltage.

(U b1 —U bn,2) isthe line converter bridge voltage connected to bridge n.

Calculation of theline current

The phase currents 1,,1,,1,,1, etc are not all identical, mainly due to the
interlaced modulation pattern for each bridge. The harmonic content and
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especially the harmonic phase angle differs between the phase current in the
different line converters. When adding all phase currents each phase’s
switching frequency will be cancelled and the current will have a resulting
harmonic content with higher frequency and lower amplitude.

Calculation of the current from theline converter to thedc-link

When the modulation pattern is “one” the phase current is flowing through the
upper IGBT (or GTO/diode), and when the modulation pattern is “zero”, the
current will flow through the lower IGBT. Thus the current through the
component in the upper position, in the time domain, equals the modulation
pattern times the phase current. This amount is the contribution from each phase
current to the total current from the line converter to the dc-link. The current in
the two phase connected to same bridge is equal but with oppositessgtie
number of bridges connected to one dclink.

50)= 3 (500~ 3,.0)3,0)

When the time domain functions are expressed as Fourier coefficients, the DC-
link current will easily be transferred to the frequency domain. The time domain
expression of the frequency domain phase currents and the frequency domain
modulation pattern are for phasgé.:

The modulation pattern
$u) =580+ > 5., [ostkeat) + 3 5., Bin(kea )
=1 =1

and the phase current

00 00

L@)=ia+ Y i,a Goslwn + 5 i.b )

1 1

By multiplying these two expressions we get the contribution from bridge n to
the total current from the line converter to the dc-link

(1) =8, 0 0,0 =1 .2 (5.2 +1,.20 0 (S, coslkaat) + 8,y sinfkaat)) +

+S,1% DZ U, (cos(iaat) +U b sin(lagat)) +

+ Z Zaﬂak#(cos«lm + kwk)D])+cos((|a4 - k%)[ﬂ))Jr
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B.4 Calculationson thetransformer

Converting the short circuit reactance matrix to the complex
impedance matrix

The inductance matrix diagonal elements:

The short circuit reactance that is received, when the secondary winding n is
short circuited and the primary winding voltage at rated current is measured:

X

pn

The diagona element in the inductance matrix, L, is found by dividing the
short circuit reactance by w.

The inductance matrix non-diagonal elements:

The short circuit reactance that is received when the secondary winding n is
short circuited and the voltage of secondary winding m is measured at rated
current, is

X

The non diagonal element in the inductance matrix is ([17] page 369-370):

— Xpn + Xpm - Xnm
nm zm
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If the transformer resistance can not be neglected, the resistance matrix can be
treated in the same way. The resistance matrix together with the inductance
matrix forms the complex impedance matrix.

Calculation of thetotal inductance

The average transformer inductance, L., is derived from the short circuit
reactance, which is received when all secondary winding are connected in series
and the terminal of the last secondary winding is connected back to the terminal
of the first secondary winding, and the primary winding voltage at rated current
IS measured.

If this total short circuit reactance is not measured, it can be calculated by
means of the short circuit reactance matrix elements:

2%t 25 3 (2 )

Ltl’ nSZ m

where ng is the number of transformer secondary windings.
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C Appendix C. Drive system data

C.1 Datafor the dead time compensation and the dc
biased transducer compensation.

Transistorised voltage sour ce three phase inverter

DC-link voltage 250V
Switching frequency (synchronised with the sampling) 9.756 kHz
Dead time 0.5us

DSP Controller
Modulation triangular wave carrier PWM

Sampletime 102.5 ps

Motor (A-connected) ABB MT 100L A28-4, serial# MK 110022-S

Nominal motor voltager 220V
Nominal motor current 9A
Nominal motor frequency 50 Hz

Nominal motor power 2.2 kW, cos(@)= 0.76
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C.2 Datafor position asymmetry compensation.

Voltage sourcethree phaseinverter with GTO thyristors

DC-link voltage 1650 V
M aximum commutation frequency 400 Hz
Dead time 40 us
M otor MJA350-2
Nominal rating 420 kW
Nominal phase-to-phase voltage 1287V
Nominal phase current 235A
Nominal frequency 80.8 Hz

C.3 Datafor calculation of harmonics generation dueto

asymmetries.

Voltage sourcethree phaseinverter with IGBT-transistors
DC-link voltage 750V
Maximum commutation frequency 1 kHz
Dead time 5us
M otor MJA220-1
Nominal rating 125 kwW
Nominal phase-to-phase voltage 465V
Nominal phase current 210 A

Nominal frequency 67 Hz
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Appendix D. List of Symbols

Variables

u voltage

i current

p power

y voltage time area

U flux linkage

R resistance

L inductance

C capacitance

t time

T torque

J inertia

Kk gan

z z-transform operator

f frekvens

® 8, 9,y,¢ angle

W angular speed

S general quantity, modulation signal
AP search variable
Subscripts

S stator

r rotor

C commutation frequency
a,B stator oriented reference frame

d,q flux oriented reference frame
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X,y general reference frame

error error signal

offset offset level

[0) phase angle

A amplitude

Super scripts

* reference value

a,B stator oriented reference frame
d,q flux oriented reference frame
X,y general reference frame

-n delay n samplesin the z-transform
Other symbols

Arrow on top of symbol means vector



