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I
De door leverancier en gebruiker opgestelde specificatie van aandrijfcomponenten
van tractieaandrijvingen dient rekening te houden met de trillingen en de dynami-

sche belastingen die kunnen optreden tijdens een cyclus van aanzetten en remmen
van het voertuig.

I
De in dit proefschrift gepropageerde filosofie van de beschouwing van de aandrij-

ving als systeem kan alleen succesvol worden toegepast als elke leverancier van
aandrijfcomponenten deze hanteert.

I

Het falen van elektrische aandrijfconcepten ligt in de aanpak om het luchtspleetkop-
pel van de motor te beheersen en niet het aan te drijven werktuig of voertuig.

v

Met het oog op gebruikersvriendelijkheid en geluidsemissie zouden technische
apparaten niet door technici moeten worden ontworpen.

v

De toenemende complexiteit van computer software aan de ene kant en de presen-
teerbaarheid van de resultaten aan de andere kant verleidt zelfs wetenschappers deze
te gebruiken zonder methoden en achtergronden te kennen.

VI

Het samengaan van wetenschap en techniek bestaat uit het inzicht van technici
wetenschap als instrument te gebruiken en het inzicht van wetenschappers de
techniek als voedingsbodem van de wetenschap te gebruiken.




VII

Hoe minder de materie begrepen wordt hoe ingewikkelder de theorieén om deze te
beschrijven.

VIII

Zou in het treinverkeer hetzelfde aantal verkeersdoden en gewonden vallen als in
het autoverkeer, dan was elk verkeer via spoor wettelijk verboden.

IX

Ondanks het feit dat meer dan de helft van de Nederlanders niet bij een godsdienst
is aangesloten drukt het calvinisme een stempel op de Nederlandse cultuur.

X

De invoering van de Euro zal de verschillen in de culturen die de staatshuishoudin-
gen bepalen niet kunnen vereffenen.

XI

Het systematisch uit de slaap houden is een beproefde martelmethode. In dit licht
bezien draagt het ouderschap een portie masochisme in zich.
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Abstract

The need for transport has become ever more essential in today’s society. Travel
from home to work and travel abroad have increased traffic by car, aeroplane and
train. In the past years there has been much investment in railway transport. On the
one hand, high-speed trains have become an alternative to the acroplane, on the
other hand, light-rail vehicles in urban and suburban transport have become an
alternative to cars. Since the growing traffic on highways often means traffic jams,
railway transport is a serious alternative. However, railway transport has to be
attractive. This means comfortable trains, metros or trams which travel fast and with
a high frequency of service. These demands require new developments. An example
is the low-floor tram with a floor height of 30 centimetres from the platform.

The development of electric light-rail vehicles such as electrical multiple-units,
metro and tram cars with induction motor drives and new bogie and car-body
constructions yielded lightweight vehicles and at the same time higher performance
in order to save energy and to increase velocity and frequency of passenger
transport. '

Lifetime requirements are today part of customer specifications for rail vehicles.
Specifications of components of rail vehicle drives such as gearboxes, couplings and
suspensions have to guarantee lifetime of 30 years or more. The dynamic load
conditions of these components influence their lifetime. Peaks and oscillations of
mechanical torques and forces have to be known in order to specify and develop
rail vehicle drives. Therefore the vehicle drive including electrical drive, mechanical
drive and wheel-rail contact has to be examined. In view of the variety of mechan-
ical and electrical drive concepts of light-rail vehicles flexibility of the method to
determine drive dynamics is recommended.

Mechanical oscillations may be free, damped oscillations or forced oscillations. The
sources of oscillations are the electrical drive by the ripple torque generated by the
inverter fed induction motor, by the control system and by fault situations such as
stator short circuit of the motor. The wheel-rail contact may cause oscillations by
shock loads and slip-stick phenomena which influence the entire drive.




vi Abstract

This thesis proposes a procedure to measure and to calculate mechanical oscillations
in traction drives in order to obtain an overview of oscillation phenomena in a short
time.

Measurements have to be done by using sensors in the electrical and mechanical
drive during a standard cycle of acceleration and braking. By simultaneous sampling
of signals, an overview will be obtained in the desired frequency band. Time and
frequency analysis by cascade plots evince speed dependent oscillations and
resonance phenomena. Measurements were performed on three light-rail vehicles on
track and on a locomotive on a roller bench.

Measurements showed that main causes of oscillations are the traction inverter, the
mechanical drive and the wheel-rail contact. The highest oscillation amplitudes
occur with excitation of weakly damped natural frequencies such as with slip-stick
oscillations and cardan shaft resonances.

Flexible modelling has been obtained by applying multi-body system modelling of
the mechanical structure which enables the derivation of equations of motion from
the mechanical structure of rigid bodies in three dimensions. Models of the electri-
cal drive and the wheel-rail contact coupled to the models of mechanical structures
enable the investigation of mechanical oscillations of drive lines, bogies and entire
vehicles. Software has been developed for flexible modelling and simulation of
traction drive dynamics.

Taking two examples of light-rail vehicle drives, dynamics during a traction cycle
were simulated including ripple torques, wheel slip and short-circuit of the traction
motor. The damping of mechanical components plays an important role for the
amplitude and propagation of mechanical oscillations. A well-damped drive line is
always recommended to limit amplitudes of ripple torques and the possible reson-
ances and to limit amplitudes of transients. Optimization of inverter switching
patterns has to obviate mechanical resonances and torque transients due to changes
in switching patterns.

The possibility of wheel slip limits torque peaks at motor short-circuits. Accelerat-
ing or braking near the maximum of transmittable force from wheel to rail, slip-
stick oscillations may occur, which are partly damped by the drive line. However,
to minimize these oscillations, active damping by the control system is necessary.




Abstract vii

The results of the research show that analysis of oscillations in traction drives
requires analysis of the entire system. To minimize oscillations, not only the control
system but also the drive components have to be optimized. Specification of
components have to include dynamic load conditions, which can be calculated and
measured by the procedures presented in this thesis. The interaction between the
variables used for optimization makes minimization of oscillations a difficult task.
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1 Introduction

1.1 Light-rail vehicle traction drives

Since Werner von Siemens presented his electrically driven vehicle at the World
Fair of Berlin in 1879, electrical traction has made way in international, national,
urban and suburban transport. In the research being presented in this thesis, light-
rail vehicles for passenger service are considered.

Light-rail vehicles are electrical multiple units, vehicles for underground service,
and tram cars. Light-rail vehicles are usually composed of coupled car bodies
placed on bogies which can be driven by one or more motors. Figure 1.1.1 shows
schematically three examples of the composition of some types of vehicles. The
electrical multiple-unit has two cars. Each car is placed on two bogies, one motor
bogie and one non-driven bogie. As a variation, there are multiple car units with
driven and non-driven cars. Typical values for acceleration of electrical multiple
units are 0.7-0.8 m/s’ and for braking 0.7-1.0 m/s’, while the maximum speed of the
vehicle is 100 to 160 km/h. During emergency braking, values of 1.2 m/s* may be
reached. The second example shows a tram with two cars and three bogies. All
bogies are driven by one motor per axle. The acceleration and braking of a tram is
higher than that of electrical multiple-units while its maximum speed is about 80
km/h. New tram-car developments are the design of low-floor vehicles with a
minimum vehicle floor height of 180 mm. Some of the low-floor trams are
equipped with bogies that include wheel axles, others have single-wheel drives.
Their performance is comparable to that of conventional tram-cars, however, drive
design has changed significantly. Figure 1.1.1 shows a low-floor tramway with
single-wheel drives where all wheels are driven by hub motors.

Thirty years ago light rail vehicles were not as "light" as today. The traction motor
was a DC motor with rheostatic torque control. The DC motor was a large and
heavy motor with a maximum speed of about 2500 rpm. The commutator brushes
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Figure 1.1.1 Schematic configuration of light-rail vehicles.



1.1 Light-rail vehicle traction drives 3

were one of the weak points of this motor, limiting the current and voltage and
leading to the degradation of insulation by brush dust. The motor was controlled by
resistances in series with the motor which were gradually short-circuited during
acceleration.

By introducing power electronics in traction drives, the thyristor chopper, a DC-DC
converter, made continuous torque control possible. However, the motor was still of
the same type and voltage and current harmonics generated by the chopper caused
additional losses.

Thyristor converters have also been developed to supply load-commutated synchro-
nous motors for traction drives, as applied in the French "train a grande vitesse"
(TGV), which, however, does not belong to the light-rail traffic.

With the introduction of power semiconductors as the Gate-Turn-Off thyristor
(GTO) and microelectronics, which made control algorithms and optimized switch-
ing patterns feasible, the inverter-fed squirrel cage motor became the standard
traction motor. This motor was free of rotor maintenance in term of brushes and
was more compact than the DC motor in terms of power density and torque density.
More recently, the application of Insulated-Gate-Bipolar-Transistors (IGBT) allowed
higher switching frequencies of converters in order to further reduce the harmonic
contents of converter waveforms and to allow faster control of the drive.

At the same time compact and light bogie constructions were introduced. The aims
here were minimum weight for energy saving, minimum maintenance and maxi-
mum comfort. These aims were intended to be reached by the integration of motor
and mechanical drive within the bogie with a minimum of unsprung mass [KRA93,
Z1394].

As a result, the drive which is state of the art is lighter on the one hand and more
powerful on the other hand. However, switching converters resulted in discontinu-
ous power flow which caused harmonics in currents and thus additional losses in
the traction motor, vibrations and audible noise in the drive, which could reduce the
lifetime of components.

Finally, low-floor tramway concepts led to new bogie and motor concepts. The
wheel axle has been omitted in many concepts, so that each wheel has a single
drive which is integrated, as much as possible, into the wheel. Still, the problem of
reduction of unsprung masses in a single-wheel drive remains [HON95].

Not only have bogies become lighter, car-body developments have also gone in the
direction of light-weight constructions. As this thesis deals with electromechanical
drives, the accent is more on drive concepts than on vehicle dynamics. Locomotives
with pulled cars present other problems, such as the dynamics of a chain of cars,
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while the torque is transmitted only by the locomotive. These dynamics were not
investigated in the research reported here.

1.2 State of research

Research on vibrations in traction drives is not new because research on this field
has existed since the construction of the first vehicle. However, developments in
drive technology and demands on maintainability have demanded continuous efforts
in research on drive dynamics.

A great amount of research has been done in the field of railway vehicles and drive
dynamics. Here, we discuss only research on the integration of electrical and
mechanical drive and the analysis of system dynamics.

Research in this field can be divided into three topics:

- detection of oscillations due to fault conditions in electrical machines

- influence of induction machine torque pulsations on electromechanical drives

- oscillations in vehicle drives and their suppression.

The first topic is not treated in this thesis. It covers, e.g., the detection of winding
faults and broken rotor bars and requires detailed analysis and knowledge of
traction motor design. However, it may be of future interest in the research on
oscillations. A single reference is made, however, as it combines vibration analysis
by measurements with accelerometers and broken rotor bar detection [MUE96].

The influence of torque pulsations has been investigated by several researchers.
Pestle and Varley have given an overview on the design of mechanical drives
driven by electrical machines and have emphasized the need to design a drive as a
system. [PES89]. Andresen et al. and Grieve et al. have presented an analysis of the
influence of converter harmonics on the torsional stress of mechanical drives
[ANDS82, GRI89]. Calculation of torsional stress caused by a current source inverter
drive has been performed by Meister, while voltage-source inverter drives have
been investigated by Keve and by Blaajberg [BLA93, KEV91, MEI92]. The
influence of drive parameters on resonance phenomena has been treated by these
researches.

Oscillations in rail vehicle drives caused by the contact between wheel and rail have
been the subject of a number of recent research programmes. Various concepts of
wheel slip control for high performance locomotives to minimize the phenomena
described by Doppler have been developed. The purpose of the control strategy is
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both to keep the force between wheel and rail near the maximum of adhesion and
to prevent the slip-stick oscillations at the other hand. Models of the electrical and
mechanical drive have been developed; they have various degrees of complexity.
[DOP74, DUS92, BUS95, JOE95, SCH95, ENG96].

Asano et al. proposed a control concept to suppress vibrations in an induction-
motor-driven hybrid vehicle [ASA92].

Oscillations in traction drives due to converter harmonics have been investigated by
Ghiara et al., who considered a chopper driven locomotive [GHI92]. Poeze mod-
elled an electrical multiple-unit equipped with induction motor drives and investi-
gated oscillations caused by converter harmonics [POE92]. Poeze’s work was the
point of departure of the research discussed in this thesis.

Finally, oscillations in industrial drives such as rolling mills have been treated by
several authors. Naitoh et al. and Butler et al. discussed the problem of the damping
of torsional vibrations [BUT92, NAI94].

The importance of knowledge about the oscillation characteristics of
electromechanical drives in general has been underscored by a number of
researchers, and specifically for traction drives. A generalized approach to the
determination of all types of oscillations in traction drives is, however, still missing.

1.3 Problem statement

This thesis deals with low-frequency dynamics of traction drives which are part of
light-rail vehicles. Low frequencies are frequencies that are experienced by passen-
gers as vibrations or frequencies of vibrations that may damage components.
Vibrations which make the passenger feel uncomfortable will make him abandon
trains. Vibrations on components will cause wear and tear which will keep the
vehicles out of service. Here, we discuss the latter aspect. The system behaviour of
the combined electrical and mechanical drive is here emphasized in trying to
integrate the aspects of electrical and mechanical engineering.

The aim of this research can be split into two topics: Design and Reliability.
Reliability means to keep the drive in operational condition and to solve and foresee
the problems of vehicles in active service. On the one hand there may be damage to
components which has to be analyzed in order to find the cause. To find causes is
not an easy task, if the cause is not an accident. Causes can be also wear, construc-
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tion faults, design errors or even specification errors. Traction drives are complex
electromechanical systems which are in service under the roughest conditions. In
order to find the cause of damage, methods have to be developed. In practice, fatal
damages should be prevented by condition monitoring. The method to be developed
must be suitable to monitor the drive and be able to give diagnoses to facilitate
maintenance.

In addition to keeping in motion the vehicles in service by maintenance and repair,
which is the task of the service engineer, there is the task of the designer whose
intention must be to develop economically competitive drives with low initial costs
and minimum operational costs, and a guaranteed lifetime of about 30 years. The
designer’s task is quite complex because it has to cover all the disciplines involved.
First, the system is built up of a variety of components such as the traction motor,
static converters, gearboxes, couplings, the bogie and so on. Then each component
has to be developed while taking into account a variety of aspects:

electrical: insulation of motor windings
semiconductors

mechanical: audible noise
vibrations
ageing

thermal: motor and semiconductors

gearbox and bearings
environmental: ambient conditions

electromagnetic compatibility.
Taking into consideration these design aspects, finite-element methods are the
analysis tool to design and evaluate local stresses in traction motors, mechanical
components and cooling units. Components will be designed and tested properly but
they have to work together in the final product, the vehicle.
Here, not the detailed design of components is discussed, but the general design of
the entire drive as a system, in regard to the interaction of components, in order to
analyze oscillations. This means that phenomena and models are related to structu-
res, components and their mutual parameters.
In summarizing the defined problem, the following questions have to be answered:
Which oscillations occur ?
How are they generated ?
How can they be described ?
How can they be measured ?
How can they be avoided ?
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The problem statement is therefore:

- Develop a test procedure including data processing which enables the
detection of oscillations in traction drives.

- Develop a method to model in a flexible and universal way traction drives,
including electrical and mechanical drives, in order to describe and predict
oscillations.

- Apply the developed methods to traction drives in real service and test the
validity.

- Apply the developed methods to minimize oscillations.

1.4 Outline of the thesis

There are two main parts to the research, the methodology and the subject itself.
Knowledge of oscillations is the aim of the research, while methodology is the
medium to obtain the knowledge. Knowledge of the subject will lead to insight into
failure modes and stress analysis and to design rules for traction drives.

The methodology is the core of the thesis as it aims to be universal, while phenom-
ena and vehicles are specific cases to which the methodology is applied. The
methodology has to be a synthesis of the methods used to investigate a mechanical
structure, a switching converter, an electrical machine and a control system.

The traction drive under consideration is described in Chapter 2. Drive components
and operation of the drive are explained as well as oscillation sources and phenom-
ena, introducing the terminology used in this thesis. Limits of the investigated
system are given.

The methodology is divided into several steps. First, experimental research has to
lead to an overview of oscillation phenomena which can be observed. Here
phenomena are pointed out taking into account of a variety of vehicles and their
structures. An attempt is made to indicate causalities. This is treated in Chapter 3.
Then, modelling is used to gain insight into mechanisms and causalities on the one
hand and the influence of structures and parameters on the other hand. Modelling
has to be flexible so that models can be developed for different structures and
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degrees of complexity. For every model, the structure and phenomena to be investi-
gated have to be noted. Chapter 4 discusses modelling and models.

Mechanisms and causes have to be explained by using simulation. Simulation is
performed in the time domain and in the frequency domain in order to capture the
majority of oscillation phenomena. Simulations are compared with measurements
for validation. Chapter 5 treats simulation and validation of the electromechanical
drive in various conditions of operation and in various modes of oscillations,
emphasizing the interaction between electrical and mechanical drive.

In chapter 6, the evaluation of the problem statement, including a view on future

research is given.




2 Electromechanical
Traction Drives

2.1 Introduction

Considering the variety of traction drives that have been developed, an overview is
given of the general structure of the drive system under consideration. A system
description is followed by a description of drive components and their function. The
choice of components to be included in research on oscillation is discussed.
Operation of the traction drive is described, introducing the terminology to be used
in the thesis. Finally oscillation sources and phenomena are explained.

2.2 System description

— » electrical » vehicle > . —
catenary ec_tr ehic i 4 rails
< - drive | o mechanicg

Figure 2.2.1 System description of a rail vehicle in its environment.

A system description of a railway vehicle system in its environment is given in
Figure 2.2.1. The system consists of the electrical drive and the vehicle mechanics
placed between the catenary and rails, including civil construction. This system is
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investigated from the catenary to the rails while the dynamics of the line and
substation and the civil construction and resulting dynamics are excluded.

car-body

bogie

/ A

filter converter buffer inverter motor gearbox wheel

f

control control

Figure 2.2.2. System description of a traction drive.

Figure 2.2.2 gives a closer look at the vehicle system under consideration. Light-rail
vehicles have been developed for various supply voltages and supply systems, even
as multiple supply systems. State railway catenary voltages are, e.g., 25 kV, 50 Hz
AC (a part of France, Malaysia), 15 kV, 162/3 Hz AC (Germany, Austria), 3 kV DC
(Belgium, Italy) and 1.5 kV DC (The Netherlands). Tramway supply lines usually
are DC lines with voltages from 600 V to 750 V, either via catenary or via third
rail. A power converter has to convert the catenary voltage to the DC link inverter
voltage, for tramway supplies a converter can be avoided in some cases. Modern
electrical traction drives are bidirectional, which means that energy can be delivered
to the catenary during braking. In cases when regenerative braking is not possible,
energy is dissipated into resistors, since on-board storage devices do not provide
economic solutions at the moment. The electrical drive is composed of a static
converter and the traction motors, equipped with a control system which has to
control motor torque and the power flow from catenary to the motor and vice versa.
A single motor may be supplied by a single inverter, but in most cases two or more
motors are supplied by one inverter while a vehicle is equipped with two or more

inverters.
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The car-body of the vehicle is placed on bogies. In the case of a motor driven
bogie, the drive torque is transmitted by a gearbox to the wheel shaft. There are
various concepts of bogies and drive lines for light-rail vehicles. Some: of them are
investigated in this thesis.

Since the main purpose of the research is the analysis of interaction between motor
and mechanical drive, a variety of converter and control concepts have been
excluded from investigation.

2.3 Drive components

Stork: RMO-bogie

Figure 2.3.1 Electrical multiple-unit bogie (courtesy of Stork RMO).

Bogie

Figure 2.3.1 shows the example of a recently developed motor driven bogie. The
main components of a bogie are the traction motor, the gearbox transmission and
the wheel-sets which are connected by elastic or rigid couplings. Motor and gearbox
are suspended from the bogie frame. The wheel-sets are suspended from the bogie
frame by the primary suspension, while the car body is suspended from the bogie
by the secondary suspension. In some cases a transverse beam between the bogie
frame and the car body provides an additional suspension.
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Traction motor

The traction motor under consideration is the induction squirrel-cage motor. Figure
2.3.2 shows a view of an electrical multiple-unit motor. For low power an alterna-
tive to the induction motor is the synchronous motor with permanent magnets which
has a higher power density and is more efficient at low speeds [HEN94]. The
induction motor, however, is the motor type most often used in recent light-rail
vehicles with a superior power and torque density at high speeds [KEM94, DRE9%4,
TUI96]. The induction motor is usually fed by voltage-source inverters in traction
drives.

Figure 2.3.2 Induction motor for traction (courtesy of Holec
Ridderkerk).

Line filter and converter

Figure 2.3.3 shows a block diagram of the power converter. The task of the line
filter is to suppress converter harmonics which may interfere with signalling
frequencies in the catenary and to suppress current and voltage transients near
substations that may exceed peak values of the converter. The task of the line
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converter is conversion of the catenary voltage into a constant DC voltage to supply
the inverter. The line converter may be bidirectional for driving and regenenerative
braking. Since regenerative braking is not always possible, a brake chopper is
placed between the inverter and the line converter which allows the dissipation of
energy into resistors. In some cases the line converter is omitted, e.g., with tram car
drives the inverter of which is directly fed by the catenary voltage of 600 V or 750
V. The catenary filter and line converter dynamics have been excluded from inves-
tigation, since the drive under consideration mainly operates with a voltage DC link.
Due to the capacitor in the DC link, the voltage ripple is small in comparison with
that of the DC voltage.

| uu,v,w
filter converter DC link inverter fuvw
inv
brake
chopper

Figure 2.3.3 Block diagram of power converter.

Voltage-source inverter

The circuit diagram of the inverter is given in Figure 2.3.4. A symmetrical three-
phase voltage is generated by the six switches connected to the DC voltage u,..
Figure 2.3.5 shows the generated waveforms. By applying pulse patterns, sinusoidal
waveforms can be approximated, such as those illustrated in Figure 2.3.6. However,
switching voltages will generate harmonics. Gate-Turn-Off Thyristors have been
applied as switches in traction inverters for years, allowing the switching of high
currents at high voltages at a switching frequency of hundreds of Hertz. More
recently, the Insulated-Gate-Bipolar Transistor has been introduced into traction
inverter technology. It allows a higher switching frequency with a DC voltage up to
values higher than 750 V.
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Figure 2.3.5 Inverter waveforms.
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Figure 2.3.6 Pulse-width-modulated (PWM) inverter
waveform.

There are numerous concepts of pulse-width modulation, following different criteria

[DEPS8, HOL93 ,VEL94 ,POL92]. Some of the criteria are:

- a minimum of the sum of converter and motor losses

- elimination of torque harmonics

- suppression of mechanical resonances

- suppression of converter harmonics which may interfere with signalling
frequencies in the catenary.

The task of a pulse-width modulation technique is to optimize the pulse pattern

following the above criteria. Pulse-width modulation patterns can be generated off-

line or on-line, depending on the applied control system on the one hand and the

processor speed on the other hand. In practice, a compromise has to be found.

Control

The design of control systems and algorithms has been excluded from the thesis
because of the variety of algorithms which have been applied and developed over
the past years. However, based on the open-loop model, a few remarks are made
regarding the control tasks.

Traction control consists of:

- electrical motor control, i.e., control of the torque generated by the motor,

- drive control, i.e., control of the force transmitted from wheel to rail.

The ideal motor control is instantaneous torque control, which provides an instan-
taneous torque response to the torque reference by compensating the motor time
constants.
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A control system which provides fast torque response is based on flux vector
orientation. [BLA73]. An example of a basic scheme is shown in Figure 2.3.7. A
motor model calculates torque and flux in field coordinates from phase currents and
shaft speed. The control system has a flux and torque setpoint. PI controllers
provide current setpoints in field coordinates. Voltage setpoints are generated for the
inverter by PI controllers and a decoupling algorithm or hysteresis controllers.

Teet ldret Usg
( > Pl I( ) | P decoupling |
+ + u
coordinate sb
transformation
WYref ’qref Use
Pl PI |
+ +
T v Isq ’sq
motor coordinate ®.
model transformation l.sa
!
sb

Figure 2.3.7 Principle of vector control.

Direct Self-Control

In order to improve torque response Direct Self-Control has been introduced by
Depenbrock as shown schematically in Figure 2.3.8 [DEP85, JAES88]. Torque and
stator flux are calculated by using a machine model, that measures stator currents,
DC link voltage, the switching states of the inverter and the rotor speed of the
motor. A hysteresis controller compares the calculated stator flux with the reference
flux generating the torque-generating voltage reference vector K,,;. The torque
hysteresis controller compares the calculated torque with the reference torque and
generates the voltage vector of the inverter, which may be the torque-generating
voltage vector or the zero voltage vector. A fast torque response is obtained. The
described scheme is valid at rated field of the induction motor down to the mini-
mum speed of the motor. Below the minimum speed Indirect Self-Control (ISC) is
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applied, using torque and flux regulators which generate sinusoidal voltage refer-
ences that are transformed into inverter switching states by pulse-width modulation
(PWM). In the field weakening range, the flux reference is omitted and the torque
is controlled by a torque regulator acting on the flux hysteresis controller.

Vet K23 5123
1 —
0__
Tref o —|:|‘ 7;eq
Y
T
. -
motor Uciny
VY| model [* lsa,sb
mm

Figure 2.3.8 Principle of Direct Self-Control.

The above-mentioned two control systems are not investigated within the context of
this thesis but have been mentioned because of their application as state of the art
in traction drive control.

The ideal drive control maintains the force transmitted from wheel to rail without
transients. The drive control includes the elasticity of the mechanical drive and the
dynamics of the power converter. The main control task is to guarantee transmission
of the required torque to the rails, maintaining the stability of the system. Consider-
ing the poorly damped wheel shaft, the control system has to provide active
damping of oscillations by increasing the damping. Several concepts have been
presented [ENG96, BUS95]. The difficulty lies in the absence of sensors which
measure the wheel speed, so that traction control is based on motor control.



18 Electromechanical Traction Drives

2.4 Drive operation

Oscillations in traction drives can occur under two kinds of circumstances:
1. normal operation of the drive,
2. faulty drive conditions.
Operation of the drive may coincide with various track conditions and various
wheel conditions. Normal conditions of operation can be described by a standard-
ized traction cycle. A cycle can be divided into acceleration from standstill,
coasting, which means rolling at zero reference torque, or maintaining speed,
braking to standstill and stop time. There are variations such as starting with or
without motor flux at standstill, and various sequences of acceleration and braking
from and to various vehicle speeds. The cycle can be divided into several steps:
- building up the flux of the induction motor (approximately one
second)
- building up torque with a limited rise time in order to avoid jerk on
the vehicle (approximately one second)
- acceleration with a defined torque
- coasting (rolling with zero reference torque) or maintaining speed at
reduced torque
- braking with defined torque up to standstill
- standstill.
Figure 2.4.1 shows an example of the torque and speed of a traction cycle. A
torque-speed characteristic is given in Figure 2.4.2.
Torque is limited by the maximum current of motor, inverter or catenary. Constant
torque can be generated up to the maximum power of the drive which may be
determined by motor, inverter or catenary. At higher speeds the torque is further
limited by the reactive power of the drive. Up to a certain frequency, depending on
motor design, the motor flux is kept constant by increasing the stator voltage with
the stator frequency. At maximum stator voltage, given by the motor winding
insulation, the voltage is kept constant with increasing frequency so that the flux
decreases, the field-weakening region. Maximum speed of the drive may be limited
by the mechanical transmission, by the motor circumference speed and the lubrica-
tion of motor bearings, but also by the inverter frequency.
During braking the energy may be delivered to the catenary or dissipated in braking
resistors, depending on the catenary voltage and control parameters. At low speed
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and during emergency braking, the mechanical brake, which is usually a disc brake
on the wheel axle, will be operating. For trams, a magnetical rail brake and sand-
distributing devices assist the braking effort during emergency braking.

2.5 Oscillation sources

Under normal operation at a single drive level there can be the following causes of
oscillation:

Converter voltage harmonics

Normally, they are generated because converter voltages are switched voltages.
Therefore there will be current harmonics in the converter currents. The current
harmonics cause losses but may also cause resonances as they meet natural
frequencies of the converter circuit. Further, voltage harmonics cause current
harmonics and flux harmonics. These harmonics generate together with the funda-
mentals a series of torque harmonics. The torque harmonics stress the mechanical
drive and may cause mechanical resonances.

Motor fields

As the motor field distribution is not sinusoidal due to windings, slotting, saturation
or eccentricity, harmonic torques can be generated by harmonic fields under normal
operation conditions. Transient fields normally decay, however, in certain circum-
stances, transients are undamped and cause torque oscillations.

Critical speed of mechanical drive

During acceleration or braking, the natural frequencies of the mechanical drive can
be excited thus generating radial oscillations. The same applies to torsional and
radial oscillations introduced by the motor and track-induced excitation.

Responses caused by the control system

Usually the control system is based on torque control. The operator has a limited
number of setpoints. The torque response due to changing the setpoint will cause a
transient in the drive. Further, there are control functions such as wheel slip control,
which cause torque transients.
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Responses caused by the rails

On the one hand, there are switches and crossings under various rail conditions
which cause transients in the drive, on the other hand, there is the loss of adhesion
which may cause oscillations of the mechanical drive.

If oscillations are caused by the converter, motor or control system, the design can
be optimized to eliminate their causes, or reduce oscillations. If oscillations are
caused by the rails, the design can only be optimized to minimize oscillations
without the possibility of eliminating the causes. Oscillations caused by loss of
adhesion can be minimized by appropriate control design.

Fault conditions can be classified as follows:

Asymmetries in the convertor

There can be differences between voltages in a three-phase system which cause
additional fields and thus torques. There can also be converter fanlts which cause
high transient torques such as short-circuits of the motor caused by the inverter.

Asymmetries in the motor and drive

Motor asymmetries can be winding faults in the stator or in the rotor, such as
broken rotor bars. Eccentricity of the rotor can also occur; this causes additional
fields and torques. If more motors are supplied in parallel by a single inverter they
can interchange energy if wheel diameters or motor parameters are not equal.

Mechanical drive
Several of the causes of mechanical oscillations are imbalance, misalignment,
resonances, rolling element bearing faults, gear faults and mechanical looseness. In

combination with suspended mountings or flexible drive components they can excite
the drive.

Loss of traction

Faults in the electrical drive or the mechanical drive, such as coupling failures, can
cause the loss of traction of one or more motors in a vehicle. Transients will occur
first, followed by asymmetries in the vehicle propulsion.
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Oscillation phenomena which can occur in the drive system can be classified as
being:

- harmonic sinusoidal

- general periodic

- damped natural oscillation

- pulse function

- step function.

Converter harmonics and motor field harmonics cause periodic oscillations generat-
ed by internal sources. Transients will appear as damped natural vibrations while
wheel-rail influences will mostly usually as pulse functions or statistical random
signals.

Above, the possible causes of oscillations which are known a priori have been
listed. The research has to show if and how these phenomena occur, their mutuat
dependence and which other phenomena occur.




3 Measurement of
Oscillations

3.1 Introduction

The first step in the research is to design experiments which facilitates the measure-
ment of oscillations in the field. Measurements give the researcher an idea what
oscillations are measurable and what oscillations occur under the various conditions.
The main questions are: what should be measured, how to conduct the measure-
ments and how to interpret the measured signals. A procedure must be followed
which obviates errors that could generate an amount of measured data acquired
under conditions that are not clearly defined.

When the aim of the measurement is defined, the following four steps have to be
taken:

- choice of sensors

- choice of experiments

- data acquisition

- data processing.
Because this is the standard procedure when carrying out any measurement, we
apply it here to measurements of oscillations.

The choices that are made are determined by the phenomena which are expected to
be measured. The placement and choice of sensors includes sensors to be placed in
the electrical drive, the mechanical drive and the control system through the
selection of signals which are representative for the oscillations in the drive under
consideration. The optimum between a minimum number of sensors and the
maximum information about oscillation phenomena has to be found.

The choice of experiments includes traction cycle parameters such as acceleration,
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coasting and braking time. Traction effort during acceleration and braking, rail and
track conditions and ambient conditions have to be defined and to be documented.
The definition of experiment conditions is essential for analysis. Data-acquisition
parameters have to be chosen carefully in order to avoid the loss of valid signal
information. These aspects of experiment design are discussed in section 3.2.

Data analysis is discussed in section 3.3. The first step in analysing data is plotting
in the time domain. Acquired data have to be analyzed in order to evaluate the
information that the signals contain. Frequency domain analysis is commonly used
for vibration monitoring and analysis. Well-known methods are applied to detect
and analyze phenomena. Various phenomena under normal operation conditions are
analyzed.

Measurements on track and on a roller bench were performed in order to gather as
much information as possible. Four different vehicle types were under investigation,
an electrical multiple-unit, a metro vehicle, a tram-car equipped with a prototype
low-floor bogie and a locomotive; the latter was tested on a test bench for railway
vehicles [OVE9S5, WIN94, WIN94/2, WIN94/2, WIN94/3, WINO5, WIN95/2,
WIN95/3].

3.2 Experiment design

3.2.1 Sensors and transducers

The choice of sensors depends on the phenomena to be measured on the one hand
and on the structure of the drive on the other hand. The main limitation is the
access to points of measurement. For example, rotating shafts of a gearbox trans-
mission have to be equipped with sensors before mounting the gearbox. Further,
signals of the control system which are not included in the monitoring system of the
control are difficult to access.

Figures 3.2.1 to 3.2.4 show the drive types and corresponding sensor configurations
investigated during the research. Figure 3.2.1 shows the electrical multiple-unit
drive. A DC-DC converter (A) converts the catenary voltage into a constant DC
voltage. The inverter controlled by the control system supplies a three-phase voltage
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to the two motors of the bogie which are in parallel. The motor shaft is connected
to the pinion wheel of the gearbox by an elastic coupling. The gearbox provides the
transmission of the torque to the wheel axle thus reducing the angular speed. The
gear wheel is mounted on a hollow shaft which is coupled to the wheel axle by an
elastic coupling. Motor and gearbox housing are connected rigidly to each other and
are suspended in the bogie frame by three rubber silent blocs (51,52,S3). The
position of torque sensors has been indicated by the letter t, the position of acceler-
ometers by the letter a and the position of displacement sensors by the letter d. The
sensors, as indicated in Figure 3.2.1, were chosen to investigate the oscillations of
the electrical and mechanical drive in the bogie frame. Using the existing sensors of
the electrical drive, the inverter currents, instead of the motor currents, were
measured so that distribution of currents between the motors is not taken into
account. However, the angular acceleration of the second motor was derived from
measurement of the angular velocity in order to obtain information from both
motors. Reduction of mechanical sensors was obtained by assuming that axial
displacement of the motor, the horizontal acceleration of the gearbox and the axial
acceleration of the wheel axle are uniform.
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Figure 3.2.1 Sensor configuration in electrical multiple-unit drive.

Figure 3.2.2 shows the sensor configuration of the metro vehicle drive. The
composition of the vehicle is the same as the tram-car shown in Figure 1.1.1 in
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section 1.1. Each inverter supplies three motors in parallel. Inverter currents and the
angular speed of all three single motors were measured. The drive is composed of a
cardan shaft and a bevel gearbox. The cardan shaft is connected to motor and
gearbox by elastic couplings. The cardan shaft torque was measured on the second
of the three bogies, i.e. the one which supports both car bodies. Reference torque
and feedback torque of the inverter control represent the sum of torques of all three
motors.

With this configuration, mainly torque oscillations and peaks generated by the
electrical drive were investigated.

a)m Tcsh

motor :[I[ ]l]: gearbox

control
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Figure 3.2.2 Sensor configuration in metro vehicle drive.

The low-floor bogie drive is depicted in Figure 3.2.3. Each wheel is driven by its
own motor and a planetary gearbox. Each motor is supplied by one inverter. The
control acts on both inverters of the bogie, so that an electrical axle instead of a
rigid axle has been realized. Drive oscillations and shock loads excited by the rails
were measured.

Last, Figure 3.2.4 shows the sensor configuration of the locomotive drive. The drive
configuration is similar to the electrical multiple-unit drive, however, the motor
shaft is connected rigidly to the pinion wheel of the gearbox. The sensor configura-
tion is similar to the metro vehicle drive configuration. In addition, DC link voltage
and current of the inverter and catenary voltage were measured. Due to the capacity
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of the test bench facilities, more electrical drive signals could be acquired, while the
monitoring interface of the previously described vehicles limited the number of

electrical drive signals.
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Figure 3.2.3 Sensor configuration in low-floor bogie drive.

fin

cinv

7-hsh

control

Teet , Tiok

1

[

I

1

..........

gearbox

control

!
Tref

motor

hollow
shaft

[ ]

—

LT

Figure 3.2.4 Sensor configuration of locomotive drive.
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symbol signal function/place part of the system
T, torque reference control system
Tk torque feedback control system
S frequency inverter control system
7 voltage catenary power converter
Uginy voltage inverter DC link power converter
Liiny current inverter DC link power converter
7A—— voltage inverter line power converter
L current inverter phase power converter
, angular speed motor shaft traction motor
o, angular acceleration motor shaft traction motor
ax,y,z, acceleration motor housing traction motor
X Y2 displacement motor housing suspension  traction motor

with respect to the bogie frame
T torque coupling motor side mechanical drive
T torque hollow shaft wheel side mechanical drive
T, torque cardan shaft mechanical drive
aX,Y Zg acceleration gearbox housing

motor side mechanical drive
aX,¥,Zg, acceleration gearbox housing

wheel side mechanical drive
ax,y,Z, acceleration wheel axle bearing housing

gearbox side mechanical drive
aX,¥:Zp acceleration wheel axle bearing housing

coupling side mechanical drive
XYoZgm displacement gearbox housing

motor side suspension mechanical drive

with respect to the bogie frame
X,YZg displacement gearbox housing

wheel side suspension

mechanical drive

with respect to the bogie frame

Table 3.1 Sensors and signals for measurements.
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Table 3.1 shows the signals and sensors which have been used throughout the
experiments. Voltage and current sensors and control system signals are usually
present in the electrical drive system and can be used for measurement purposes. In
such experiments the quality of the signals derived from the electrical drive in terms
of precision, bandwidth and noise of the signals has to be specified.
Mechanical sensors which are commonly used are

- strain gages for torques on axles

- piezoelectric accelerometers for acceleration

- linear voltage differential transformers (LVDT) for position

[PRO%4, BRAO1].

One of the most valid but also most difficult measurements is the measurement by
strain gages of torque on rotating axles of the drive. The major difficulty is the
harsh environment of the measurement. A traction drive is exposed to humidity and
dirt, to high shock loads excited by the rails and also to electromagnetic fields from
traction motors and converter coils.

Figure 3.2.5 Acceleration and displacement sensors on a
bogie (courtesy of Nederlandse Spoorwegen).

The choice and placing of acceleration and displacement sensors is less critical. It is
important to choose the right sensors’ positions and the appropriate ranges. Short
wiring to the amplifier and galvanic separation from the drive is recommended.
Figure 3.2.5. shows acceleration and displacement sensors on the gearbox suspen-




30 Measurement of oscillations

sion of a bogie. The ranges of the sensors depend on their position in the drive. The
range of acceleration sensors depends on their position related to the rails, as forces
generated by the wheel-rail contact are the highest within the drive and they
increase with speed. Accelerations up to 70 g can be reached when passing a switch
at 160 km/h. Displacement sensors with a range of 1 mm or 5 mm are usually
chosen. Due to the high resolution of the sensors small displacements can be
measured.

Accurate wiring is one of the essential prerequisites to achieving successful mea-

surements. Short wires are required between sensor and signal conditioning unit

because of the above mentioned environmental conditions. As distances within a

vehicle between bogie, power converter and data acquisition system may be several

meters the elimination of noise has to be considered. In some cases long cables are
used for signal transport; these will be sensitive to electromagnetic fields and
ground loops. The following rules have to be respected:

- Only strong signals should be transmitted by cables, which means that signal
conditioning should be as close as possible to the sensor.

- The cables should be as short as possible and as far away as possible from
power circuit cables. Depending on the type of signal source, single-ended
ground referenced, single-ended non-referenced, or differential amplifier
input configuration should be chosen as appropriate.

- The grounding of signals should be concentrated in one point and be kept
separately from power circuit grounding.

3.2.2 Experiments

Experiments on track must be well planned as a vehicle has to be available and the
track has to be free in order to obtain well-defined traction cycles. Therefore
experiments have to be performed at night when there is no service, or in the
daytime while taking account the scheduling of trains in regular service. As tests on
track are expensive and often not repeatable because of the time limit, experiments
on test rigs are an alternative. Distinctions can be made the three types of test rig.
First, there is the classical motor test rig with a DC machine or/and an inertia as
load. Second, there is a test rig for drives including gearbox transmission and (part
of) the bogie as described, e.g., by Welsch [WEL95]. Last, there are vehicle test
benches which enable the simulation by a roller rig of vehicle operation on rails.
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Worldwide, there are several vehicle test benches as mentioned by Vinyolas et al.
[VIN93]. We performed measurements with a locomotive on a vehicle test bench
shown in Figure 3.2.6 and described by Vitrano et al. [VIT93].

s
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&

Figure 3.2.6 Locomotive on vehicle test bench (courtesy of
Ansaldo Trasporti).

Defining experiments means defining test conditions as there are:
- control system parameters
- torque reference as function of time (traction cycle)
- track and rail conditions
- ambient conditions.
The control system parameters are not here discussed since they depend on the
individual system under consideration.
The drive cycle parameters are:
- acceleration time
- coasting (zero reference torque) time
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- braking time

- standstill time

- torque during acceleration

- torque during braking (electrical and mechanical braking).
Track and rail conditions are:

- ramps, tunnels, bridges

- curves, crossings, switches

- specific rail faults as described in a test rig specification [ALT78]

- humidity of rails, dirt and surface conditions.
Ambient conditions are:

- temperature

- humidity

- wind.
The following strategy to define experiments has to be followed in order to measure
the oscillation characteristics of a drive in a defined frequency band under defined
conditions.

A traction cycle with constant torque or constant power during acceleration and
braking enables the covering of a certain frequency band within a limited time. The
electrical multiple unit reaches 60 km/h after 25 seconds at maximum torque. At
that speed the inverter frequency is approximately 56 Hz, the motor shaft frequency
is little less than 28 Hz and the wheel shaft frequency is 6.5 Hz. The fifth harmonic
of the motor current has a frequency of 280 Hz while the gear tooth frequency of
the gear wheels is approximately 448 Hz. By varying the torque and the maximum
speed test time, the acceleration and frequency band can be chosen. The choice
depends on the phenomena to be investigated. In practice, it may not be easy to
maintain constant reference torque during operation, as the operator on the one hand
and the control system on the other may react to external influences such as
signalling or wheel slip.

Experiments at constant or slowly varying speed may be useful to investigate
phenomena which occur at a certain frequency of a drive. However, tests at
constant speed are only possible if the drive is speed controlled. Experiments on
specific tracks are useful to investigate dynamics in curves and oscillations excited
by switches and crossings. Fault operation can be simulated or generated, but some-

times it is not controllable or not desirable as it may lead to damages in the case of
inverter faults, which lead to motor short-circuit. In any case, the amount of data
has to be limited to avoid an abundance of information.
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3.2.3 Data-acquisition

After having specified signals and tests the digital data-acquisition system which
stores the signals has to be defined. A data-acquisition channel includes a sensor,
signal conditioning, amplifier, anti-aliasing filter and analog-to-digital converter.
The parameters of data-acquisition have to be chosen properly as there are:

- amplification

- filter characteristics and cut-off frequency

- data-acquisition resolution

- sampling frequency.
The amplification factor has to be chosen such that the maximum range of the
analog-to-digital converter is used for the maximum resolution of the signal. The
amplifier inputs may be single-ended or differential, depending on signals sources
and noise suppression requirements.
Analogue filtering is necessary in order to obviate the aliasing of signals. Shannon’s
sampling theorem states that "to recover a continuous-time signal exactly, the
sampling frequency should be chosen such that the signal does not contain any
frequencies above the Nyquist frequency” which is half of the sampling frequency
[BOS94]. In practice, anti-alias filtering is done in two stages. First, the signals are
filtered by an analogue filter and sampled at a high frequency. Then the sampled
signals are filtered digitally thus obtaining the desired bandwidth [AUS96].
The sample frequency is determined by the bandwidth. It is recommended to choose
the sample frequency to be more than ten times the bandwidth to obtain sufficient
resolution while Shannon’s theorem requires a minimum of two times the band-
width. Usually, a sample frequency of 1 kHz is chosen, in some cases 2 kHz or 5
kHz. The storage capacity of the system is a limitation. In the case of recording by
an analogue or digital data recorder the storage capacity is highest.
Sampling has to be simultaneous for all channels to apply correlation analysis
correctly. This can be obtained by one analog-to-digital converter per channel,
which is an expensive solution or by a sample-and-hold buffer followed by a
multiplexer and a single analog-to-digital converter for all channels. In the case of,
e.g., 20 channels and a sample frequency of 1 kHz, there will be a maximum delay
of 20 ms between the first and the last channel if simultaneous sampling is not
provided.
The resolution of signals is determined by their dynamic range. In the performed
measurements, the highest resolution was required for the measurement of the
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torque oscillations. Normally, 12 bits should be sufficient, which provides a
resolution of approximately 0.5 %.. At a maximum torque of 10 kNm to be
measured, oscillations in the order of 10 Nm could be recognized with a sufficient
resolution.

3.3 Oscillation analysis

3.3.1 Data processing

Considering the previously chosen sensors, there are three kinds of signals each
requiring a specific data processing. First, there are slowly changing DC signals
such as torque, speed, displacement and the inverter DC link voltage which are
superposed with oscillatory signals. Second, there are switched signals, such as
converter currents and converter AC voltages and, third, there are oscillatory signals
containing peaks such as acceleration. Oscillation phenomena may be damped or
undamped periodic, non-periodic, such as transients, and stochastic, such as
excitation from the rails.

Here, the most important aspects of the signals acquired during the tests are
discussed, in particular the chosen analysis methods and the errors made by using
them.

Oscillation analysis has to extract the harmonic content of the acquired signals. As,
during a traction cycle, the frequency of the drive changes continuously an approxi-
mation has to be found to quantify the phenomena. Mainly, two forms of data
representation were chosen, time-domain plots and amplitude spectrum plots.

In cases where the signals will be sampled again, after being stored by the data-
acquisition system, they require another anti-aliasing filter, in this case digital.
Filtering may also be necessary in order to eliminate noise and frequencies which
are beyond the frequency of interest. Further the offset of signals and spikes have to
be removed.

A technique to analyze rotating machinery is the "waterfall" or "cascade" diagram
[DIM92]. The spectrum of the measured signal is plotted as a function of rotational
speed. Harmonic-order-related frequencies can in this way be distinguished from
those related to structural natural frequencies. Here, this technique is extended to
signals of the electrical drive. Instead of a function of speed, the amplitude spectra
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are plotted as a function of time creating a relation to the time domain plots.

To compute a cascade diagram, the data set of a signal of a traction cycle has to be
divided into equal parts. For each part the spectrum will be calculated. The cascade
diagram is composed of the spectra as a function of time.

To be able to choose the right parameters the Fourier analysis is resumed. In digital
signal processing, the Discrete Fourier Transform (DFT) is applied and use is made
of an algorithm, the Fast Fourier Transform (FFT), which reduces computation time.
Essentially, the DFT generates a discrete and a periodic spectrum from of a discrete
and periodic signal. However, the signals to be measured are non-periodic and
continuous. After sampling they become discrete. As discrete spectra cannot be
obtained from non-periodic signals, the signal has to be assumed to be periodic.
Considering a discrete signal

xn), n=0,12..

a data set of N samples ny = 0,1,2...N-1 will is taken with a sample frequency of f;.
This data set is assumed to be a period of a periodic signal. Hence, the Discrete
Fourier Transform can be calculated as

N-1 -ink2n
N

X(k) = Exd(n) e , k=01, .., N-1
n=0

The spectrum is discrete and contains frequencies which are multiples of the
frequency fi/N. A finite number of samples can be interpreted as taking a rectangu-
lar window w(n) with n < N-1, from the signal x(n) so that the Fourier transform is
calculated from the function

x*(n) = x(n) wn) , n < N-1

when x(n) is the data set of n data points and w(n), with n < N-1, the window
function with N-1 as the number of data points. The spectrum of the product of two
signals is the convolution of their Fourier transforms so that the spectrum of x'(n) is
influenced by the spectrum of the rectangular window. As a result, in addition to
the spectral line of a sinusoidal signal, side lines are generated if the frequency of
the signal is not a multiple of f/N. Special window functions have been developed
in order to minimize this effect. The window has to meet the following require-
ments:
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- minimum width of the window

- minimum width of the main peak of the window spectrum

- minimum side peaks of the window spectrum.
For the oscillation analysis, the Hanning window which is based on a cosine
function was chosen as it meets these requirements [BES88].
The data to be analyzed describe a dynamic process, i.e., continuously changing
frequencies. Within a data set of N samples the frequencies are not constant.
Calculating the amplitude spectrum of a signal with increasing frequency, as seen in
Figure 3.3.1 multiple peaks appear for every frequency component of the signal. It
has to be noted that here and in all following spectra the envelope of the discrete
spectrum is shown. Applying a Hanning window, the spectrum appears as shown in
the figure. The window is weighing the data so that peaks are given of the fre-
quency components around the samples N/2 of the data set. A sharper image of the
system dynamics is obtained thus reducing the number of samples of the data set as
seen in the figure. However, the resolution becomes poor. A remedy is the addition
of a data set that consists of a number of zeroes to the data set as described by
Schriifer, which increases the resolution of the spectrum [SCH94].

For the composition of a cascade plot choices have to be made according to the
following parameters:

- the number of spectra

- the number of samples per data set

- the number of samples of the Fourier transform

- the window function.
Considering a typical example of a data set of 60 seconds sampled with f, = 1 kHz
and a number of 60 spectra, this results in a data set of 1 second or 1000 samples.
Assuming a motor drive accelerating at 2 Hz/s stator frequency, e.g., a 6™ torque
harmonic will change at a rate of 12 Hz/s. Taking a set of 100 samples, the
harmonic will change at a rate of 1.2 Hz/s, which gives a reasonable resolution of
the dynamics. However, maintaining the number of spectra, 90 % of the data will
not be considered so that valid information may be lost. In the following, the full
data sets are taken for cascade plots thus obtaining a minor resolution of dynamics.
In the case of zooming on particular oscillation phenomena within a restricted time
interval, reduced data sets may be chosen.

The Discrete Fourier Transform needs N® complex multiplications. In practice,
faster algorithms are used, the Fast Fourier Transform (FFT). In the following, a
radix 2 algorithm is applied, this reduced the number of multiplications of the
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algorithm to “log(N)N/2. For example, a Fourier transform of 1024 samples is
reduced from approximately 10° to 5120 multiplications. Numerical errors of the
FFT are discussed in literature [BES88]. The errors caused by noise of the analog-
to-digital converter and the rounding error of the FFT have to be taken into account.

3.3.2 Oscillations during a traction cycle

To evaluate the oscillation characteristics of a traction cycle, a test with the electri-
cal multiple unit has been chosen as an example to:

- evaluate the choices of sensors,

- evaluate methods of data analysis,

- detect oscillations under regular test conditions,

- locate oscillations within the bogie.

Test parameters of the chosen example are acceleration at maximum torgue up to a
vehicle speed of approximately 60 km/h and braking with maximum torque to
standstill on a straight track with dry rails. The sensor configuration of the drive is
shown in Figure 3.2.1.

Figures 3.3.2 to 3.3.4 show a cycle of the acceleration and braking of an electrical
multiple unit in the time domain. The most significant signals which illustrate the
dynamics of the drive are shown:
Inverter
- inverter DC voltage u
- inverter frequency f, .
- inverter phase current i,
Mechanical drive
- motor shaft acceleration o,
- torques of motor side coupling and hollow shaft of the wheel side
coupling T, Ty
Motor and gearbox suspension

cinv

- vertical displacement of motor and gearbox in bogie frame z,, 7., Z,,-
Figure 3.3.2 shows the signals of the inverter which are the DC link voltage u,,,
the inverter frequency f,, and the inverter phase current i,. The inverter frequency
shows the dynamics of the traction cycle as described above. However, the drive is
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braking at a low torque instead of coasting. The standstill period has not been
displayed.

The DC link voltage is controlled at the two levels of 2300 V and 2400 V, depend-
ing on the value of the catenary current. The voltage dips and peaks during braking
are due to the voltage control and were not investigated. The phase current plot
gives only an indication of the current amplitude. Analysis has to be done in the
frequency domain. Up to 1.2 seconds the current will build up the flux of the
motor. After 1.2 seconds the current maintains the flux and generates the torque.

The signals derived from the mechanical drive, which are motor shaft angular
acceleration 0.,,, motor coupling torque T, and hollow shaft torque T}, are plotted
in Figure 3.3.3. The acceleration of the motor shaft has been derived from the
measurement of the angular velocity. The angular velocity ®, multiplied by the
number of pairs of poles of the motor is the inverter frequency minus the slip
frequency of the motor. As the traction motor is a four-pole motor, the shaft
rotation frequency is half the inverter frequency less half the electrical rotor
frequency. Deceleration of the motor shaft reaches higher values than acceleration
because the mechanical brakes are also operating.
The torque signals show the building up of flux up to 1.4 seconds and the building
up of torque, which is followed by an overshoot. Field weakening during accelera-
tion can be recognized by the decreasing torque. The transmission factor of 69/16 of
the gearbox explains the difference of values between the torques. With a motor
shaft torque

T oo = 2000 Nm,
a tare weight of a train which is equipped with four motors of

m, =92t
and a wheel diameter of

D,=092m
a motor shaft acceleration of

o, = 1.2 Hz/s
is calculated according to the measured acceleration.
The time domain plot of the motor coupling torque T, shows an oscillation with
an amplitude of about 400 Nm and a frequency which increases with speed.
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The vertical displacement of motor and gearbox housing in the bogie frame, which
is the most significant displacement, is plotted in Figure 3.3.4. Since there has been
noise on the signals they were filtered using an 8" order Butterworth filter at a cut-
off frequency of 100 Hz. A negative sign means displacement from the housing
towards the rails. The resulting movement of the housing with respect to the fixed
bogie frame during acceleration of the vehicle is schematically depicted in Figure
3.3.5. The dotted line indicates the displacement caused by the motor air gap torque
T,. The movement can be described by a rotation of the housing around the axial
(y) and the horizontal (x) axis. At 28 seconds, when braking begins, a peak appears
in the displacement due to the change of torque.

Figure 3.3.5 Displacement of drive in bogie frame during acceleration.

Time domain plots of signals of the electrical drive, the mechanical drive and the
suspensions show:

- amplitudes

- peaks

- dynamics

of the signals thus giving an indication of the performance and the maximum stress
of the drive by peak values.
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Frequency domain analysis has to give information about harmonic oscillation

sources which may be:

- the inverter which generates voltage harmonics. These harmonics cause current
and flux harmonics in the motor. Hence the torque, as a product of flux and
current, contains harmonics. However, voltage harmonics appear also in the DC
link.

- the mechanical drive which may have unbalance or misalignment

and about sources of transients such as

- the wheel-rail contact

- the control system.

In the spectra, even and odd harmonics of the mechanical frequencies may be found

while switched voltage waveforms in a symmetrical three-phase configuration

generate only multiples of the sixth harmonic of the inverter frequency in the drive
torques.

Modal analysis of the bogie and drive line leads to the natural frequencies of the

drive including modes of the drive line, the drive in the bogie frame, the bogie

itself and the car-body. In the case of the electrical multiple-unit, the most impor-
tant natural frequencies were calculated between 0 Hz and 150 Hz [POE92]. Modal

analysis of drive models is treated in Chapter 5.

Frequency domain analysis is done by means of cascade plots to obtain an insight
into the traction cycle. The most significant plots of the signals plotted in the time-
domain are shown in Figures 3.3.6 to 3.3.9.

In order to identify more accurately the frequency components of the measured
signals and their correlation, spectra were computed at 30 seconds of the traction
cycle and plotted in Figures 3.3.10 and 3.3.11. The main frequencies of the drive

are:
Siov 56 Hz inverter

T 28 Hz motor shaft, pinion wheel
Sigw 11.8 Hz intermediate gearwheel
Sow 6.5 Hz gear wheel, wheel axle

when the slip of the motor is assumed to be zero, which can be done by approxima-
tion.

Figure 3.3.6 shows the cascade plot of the phase current in two different orienta-
tions, above to put into evidence the frequency dynamics, and below to show the
amplitude dynamics. It has to be said that, due to windowing and the addition of
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zeroes, the amplitude is less than the real value of the current amplitude, depending
on the data processing parameters. The cascade plots of inverter current #, show its
frequency components. The fundamental frequency is equal to the inverter frequen-
¢y f, Further, the fifth and seventh harmonic of the inverter frequency, which are
generated as a result of the pulse-width modulated inverter voltages can be recog-
nized. The amplitude and appearance of the harmonics vary due to the applied pulse
patterns of the converter pulse-width modulation. During braking at low torque the
amplitude of the harmonics is maximum.

The cascade plot of the inverter DC link voltage shown in Figure 3.3.7 shows the
sixth harmonic, which is a result of the product of the fundamental and the fifth or
seventh harmonic of the phase voltage and current. Further, a 450 Hz component at
30 seconds and between 45 and 55 seconds and a 400 Hz component between 45
and 50 seconds appear. These frequencies are generated by the brake chopper which
acts in the DC link bringing energy into resistors during braking. In the time
domain plot of Figure 3.3.2 these oscillations can be seen as a ripple at the men-
tioned time periods. The cascade plot, however, shows the frequencies of the
oscillations.

Frequency analysis of the motor side coupling torque T, and the hollow shaft
torque T, reveals a harmonic content of the signal, which depends on axle speeds
as seen in the cascade plots of Figure 3.3.8. The sixth harmonic of the inverter
frequency can be recognized in the torques. The amplitude of the harmonic is lower
in the hollow shaft torque than in the motor-coupling torque due to attenuation by
the elastic couplings. At approximately 10 seconds of the cycle a peak appears. At
this time instant the fifth current harmonic increases. This peak had already been
noted in the-time domain plots of torques. Also, at approximately 57 seconds, a
peak appears which corresponds with the fall of amplitude of the fifth harmonic of
the current. Its frequency is lower than the frequency of the peak at 10 seconds,
which indicates that it is no resonance.

The highest harmonic in the shown frequency band is equal to the tooth frequency
of the gear wheels, which is 16 times the motor shaft frequency.

Cascade plots of the horizontal and vertical gearbox acceleration in Figure 3.3.9
show the sixth harmonic of the inverter frequency including the peaks at 10 seconds
and 57 seconds. The gear tooth frequency can also be recognized.
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Cascade plots give an overview of the frequency components of the entire drive
during a traction cycle showing dynamics of frequency and amplitude. Within the
example of Figure 3.3.6 to 3.3.9 there could be shown:

- converter switching frequencies

- converter waveform harmonics

- torque and acceleration harmonics due to converter harmonics

- torque and acceleration harmonics due to mechanical frequencies.

Figure 3.3.10 and 3.3.11 show the spectra of inverter signals, the shaft torques and
signals of acceleration and displacement at 30 seconds of the cycle. The sixth
harmonic of the inverter frequency can be recognized at a frequency of 336 Hz in
both torques, but at a low level with respect to the other frequency components.
The amplitude of the 336 Hz harmonic in the hollow shaft is 1/3 of the amplitude
at the motor side. In both torques appears the gear tooth frequency 16%*f, = 448 Hz,
also with a low amplitude.

The dominant frequencies in the spectrum of the motor side coupling torque T,
are multiples of the shaft frequencies of the mechanical drive. The multiples of the
motor shaft frequency may be caused by a misalignment of the motor side coupling.
The source of the intermediate gear wheel frequency is not known. The hollow
shaft torque spectrum contains multiples of the gear wheel frequency which may be
caused by a misalignment of the hollow shaft coupling.

The spectra of gearbox acceleration and displacement in the bogie frame are shown
in Figure 3.3.11. The sixth harmonic of the inverter frequency is present in all
spectra. The motor air gap torque acts on the stator and on the rotor. As the stator
is rigidly coupled to motor and gearbox housing, torque harmonics are identified
clearly in the spectrum of acceleration. The dominant mechanical frequencies are
multiples of the gear wheel frequency. The acceleration spectra have a dominant
peak at the gear tooth frequency.

The cross-correlation expresses the correlation between two signals. Time delays
and correlation of harmonic contents can be detected. If two signals contain a
common frequency component, a peak in the Fourier transform of the correlation
function demonstrates the common component in spite of the other frequency
components in either signal [HIGS0].

The correlation between bogie and drive is illustrated by Figure 3.3.12, which
shows the Fourier transform of the cross-correlation between horizontal acceleration
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of the wheel axle bearing housing and the motor side coupling torque. Common
harmonics are the sixth harmonic of the inverter frequency f,,, e.g., the ripple
torque generated by the motor, and harmonics of the shaft speed £..

This example has to be considered as a single case which has been used to illustrate

the method to detect oscillations by measurements.

By this example it has been shown that:

- the main air gap torque harmonic generated by the inverter is propagated
throughout the entire drive and bogie by the motor shaft and the motor
housing.

- frequency components of mechanical origin with significant amplitudes have
been measured only in the mechanical drive.

In order to determine the oscillation characteristics of the drive, analysis has to be

carried out for a number of these cycles. Statistical methods have to be used to

determine the deviation of signals. Then cycles with different torque and maximum
speed have to be analyzed.

Various cycles were measured for different vehicle types and test parameters.

Evaluation of the test results led to the insight that:

- An increased number of sensors and tests leads to an amount of data which
is difficult to process and analyze within a reasonable amount of time and
effort. [WIN94/3, WIN95/2]

- Every test has to be considered individually because rail conditions and the
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action of the operator who gives the torque reference of the control system
contain a reasonable degree of uncertainty [WIN94, WIN94/3, WINO5/2,
WIN95/3].

The cycle discussed in this section was chosen because it provided most informa-
tion concerning the number of signals and detected oscillation phenomena. Specific
phenomena are analyzed in the following sections.

3.3.3 Converter harmonics

Converter harmonics which are contained by pulse-width modulated inverter voltage
waveforms appear throughout the electrical and mechanical drive of a vehicle at
varying frequencies according to vehicle speed and, therefore, inverter frequency.
The torque harmonics caused by these converter waveforms are forced oscillations.
They have to be attenuated by the mechanical drive on the one hand and kept in
hand by the power converter on the other hand. However, resonances may occur
when the harmonics meet a natural frequency of the system. Further, there are
several pulse patterns which are applied during a traction cycle as a function of the
motor’s stator frequency. The change of pulse pattern may cause transients of the
motor fluxes which affect the torque. Examples are given below to illustrate the
influence of the converter harmonics

Attenuation of oscillations

Figures 3.3.13 and 3.3.14 show a detail of the traction cycle previously discussed.
The 5" and 7™ current and flux harmonic generate, together with the fundamentals,
a 6™ harmonic in the torque. The time domain plots of the torque show only the
ripple, which is a maximum of 13% peak to peak at a mean value of 2200 Nm on
the motor side coupling and 1% peak to peak at a mean value of 9500 Nm on the
hollow shaft. This illustrates the attenuation of the torque harmonic. The ripple
amplitude is not constant because there are several frequency components below
and above the torque harmonic as is shown in the cascade plot of Figure 3.3.8 and
the spectra of Figure 3.3.14. Generally, the tests showed a low amplitude of the
sixth torque harmonic in the stator frequency range up to 60 Hz which had earlier
been investigated [WIN94/3, WIN95/2, WIN95/3].
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Transients

The transient caused by a change of pulse pattern of the inverter is illustrated in
figure 3.3.15. The transient was measured in the DC link voltage, torques, accelera-
tion and displacement of the drive. It is a damped oscillation. The frequency of the
torque oscillation is between 18 and 18.5 Hz while the frequency of the displace-
ment oscillation is 21 Hz. The peak to peak value of the transient exceeds 10% of
the torque [WIN94/3].

Resonances

Figure 3.3.16 shows the torque resonance of the cardan shaft of a metro vehicle in
acceleration. A cardan shaft is a poorly damped component within a mechanical
drive and therefore it is sensitive to resonances. The cascade plots in Figure 3.3.16
show the inverter current with a variety of pulse patterns during the first seconds;
these cause torque peaks around 300 Hz. After 4 seconds the pairs of 5® and 7%, the
11* and 13", and the 17" and 19" current harmonics appear. A 6™ harmonic of the
torque, at a mean value of 700 Nm, appears with a resonance just above 300 Hz.
Figure 3.3.17 shows one of the resonance peaks in the time domain. The resonant
amplitude of the torque is nearly 400 Nm peak to peak, which is 57% of the mean
torque. The resonance frequency of 310 Hz appears to be the switching frequency
of the inverter. v

Figure 3.3.18 shows a resonmance in the inverter DC link of a locomotive drive
during acceleration. The inverter line voltage spectra show the fundamental
component and the pair of 5" and 7" harmonic in the cascade plot. Harmonics
appear after 14 seconds of the cycle. The 6™ harmonic of inverter DC link voltage,
at a DC value of 4200 V, can be recognized in the cascade plot. A resonance
appears after 15 seconds at a frequency of 116 Hz. As the DC link of the inverter is
a circuit composed of capacitors and inductances with low resistance there can be a
natural frequency with low damping. The resonance was measured also in the
catenary voltage, which can be seen in the spectrum of figure 3.3.19 [WIN95/3].
During the tests which were performed on the four vehicles described in section
3.2, the amplitude of the torque oscillations caused by the switching converter
waveforms were found to be inferior to the amplitude of the measured torque
oscillations which were generated within the mechanical drive. Exceptions are
resonances and peaks of transients after the change of the inverter’s pulse patterns.
Converter harmonics cause current and voltage ripples in the DC link, which are
propagated in the converter circuit with the possibility of resonances.
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3.3.4 Rail influences

The rails may cause shock loads at, e.g., switches and crossings or any kind of
irregularities. Oscillations excited by the wheel-rail contact may cause periodic
excitation, e.g., transverse beams of the rails, or slip-stick phenomena. Of the
performed tests, three examples have been taken which illustrate phenomena and
their influence on the drive.

The responses of the low-floor tram bogie on a rail crossing and switch are shown
in Figures 3.3.20 and 3.3.21 [WIN95, WIN92/2]. Passing the crossing, torque peaks
appear which first accelerate then brake the wheel drive. The peaks have an
amplitude up to three times the rated drive torque of 2000 Nm. The DC link voltage
follows the torque. The transient has its effect also on the motor phase current. The
crossing causes acceleration peaks of 6g in the vertical and 3g in the horizontal
direction.

The rail switch which is met after 16 seconds causes higher acceleration but lower
torque peaks which do not have an influence on the electrical drive.

Figures 3.3.22 and 3.3.23 show a torque oscillation of the low-floor tram bogie
drive appearing before wheel slip of the drive [WIN95/2]. The oscillation lasts 600
milliseconds with a peak to peak torque of 4000 Nm, which is twice the rated
torque of the drive. Its frequency of 45 Hz can be found in the inverter DC link
voltage.

The examples have shown that rail excitation leads to torque oscillations and peaks
which may.

- have an amplitude in the order of the rated torque of the drive

- affect the entire electrical and mechanical drive.
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3.4 Conclusions

The first problem statement of the thesis: -

Develop a test procedure including data processing which enables the detection of
oscillations in traction drives -

has been treated in this chapter and has led to the following conclusions:

A procedure has been developed to perform experiments which enable the measure-
ment and analysis of oscillations in traction drives in vehicles on track with a
reasonable expenditure of effort.

- Before setting up any test the phenomena to be investigated have to be
defined. The test parameters and the data acquisition parameters must be
chosen appropriately for the phenomena which are to be investigated. This
prevents us from obtaining incomplete data sets and an amount of data which
cannot be processed and analyzed with a reasonable degree of effort.

- It is necessary to place sensors throughout the electrical and mechanical
drive, including the control system, to detect oscillations and to analyze their
propagation. Signals have to be acquired simultaneously.

- Tests contain two types of uncertainties, the actions of the operator and the
rail conditions. Therefore, every test has to be considered as a single case. A
number of tests will have to be analyzed statistically in order to evaluate
seriously a vehicle drive. Test results presented in chapter 3 have to be seen
exclusively as examples in the detection of oscillation phenomena.

- Tests on a vehicle test bench with fixed rollers eliminated rail influences,
which increases the repeatability of tests but excludes a significant source of

- Since the bandwidth of oscillations to be investigated is limited, a relatively
low sample frequency can be chosen for data-acquisition, which also helps to
limit the data set size. Appropriate anti-aliasing filters are absolutely neces-
sary.

- A traction cycle of acceleration, coasting and braking represented in the time
domain and cascade plots provides an overview of a drive’s system dynamics
and oscillation characteristics.

- During the tests performed, four types of sources of oscillations were
detected:
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control system.

inverter.

mechanical drive.

. wheel-rail contact.

The measured torque oscillations generated by inverter harmonics had a low
amplitude in comparison with the torque oscillations of mechanical origin.
However, there may be transient high amplitudes in the case of resonances or
a change of inverter voltage pulse pattern.

Converter-excited oscillations were propagated throughout the entire drive
while measured mechanical oscillations in general were limited to the

A

mechanical drive.

The highest oscillation amplitudes and peaks are caused by the rails. They
can be propagated through the entire drive.

oscillations and shock loads.
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4.1 Introduction

After describing the traction drives to be investigated in Chapter 2 and discussing
measured oscillations in Chapter 3, models derived to simulate oscillations are
discussed below. The accent of modelling and simulation lies on the interaction
between the electrical and mechanical drive. To be able to model the variety of
mechanical drives that can be found in light-rail vehicles, modelling flexibility is
important.

The point of departure for modelling is the phenomenon to be investigated.
Depending on the phenomenon, the parts of the drive to be modelled and the order
of the models have to be chosen. When investigating oscillations at low frequencies
lumped parameter models were chosen. This means representation of motor
windings by coils and representation of mechanical structures by rigid bodies
connected by springs and dampers. Models are continuous in the time domain,
which means that no switching devices are part of the models. All influences from
switching converters are translated into voltage-source harmonics.

Drive modelling as discussed here is mainly white box modelling which means that
the structure of the model and the parameters are known. Models will be derived as
much as possible by deduction if the drive has been constructed or designed using
physical laws. Causality has to be added to the model to indicate the cause of an
oscillation.

There are different graphical representations of models. Specific model representa-
tions have been chosen, since one of the aims of modelling is the link to physical
parameters. Motor or converter models are represented by circuit diagrams, the
control systems by block diagrams and mechanical structures by rigid bodies,
springs and dampers, with forces and torques which are acting on the bodies. From
the model representations, ordinary differential equations are derived, ready for
numerical integration or small signal analysis.
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In section 4.2 the electrical drive model is derived, including motor, inverter and
control. Section 4.3 treats the flexible modelling of mechanical drives by multi-body
system modelling. A model of the wheel-rail contact is given in section 4.4. These
models are subsequently integrated into a system model to be used for simulation.
Integration and examples are described in section 4.5. Finally, the software imple-
mentation of the modelling is outlined in section 4.6. Section 4.7 gives the conclu-
sions.

4.2 Electrical drive

4.2.1 Traction motor

Since the induction motor with squirrel cage rotor was exclusively used in the
vehicles under consideration only this motor type is modelled. The supply of the
motor is assumed to be a voltage source inverter which generates pulse-width
modulated waveforms. Generally three types of oscillations appear with induction
motors: torsional vibrations, radial vibrations and noise. Only the torsional oscilla-
tions are treated here. Oscillations may be free oscillations caused by machine
transients or forced oscillations caused by supply voltages and machine asymmetries
[BEL94]. The basic approach to modelling the motor is illustrated by the block
shown in Figure 4.2.1.

w, IA
motor

Usd sq ()
i sd,sq

Figure 4.2.1 Block representation of induction
motor
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Finite-element calculation is used to the design of stator and rotor slots and
provides the possibility to calculate the influences of geometry on field distribution.
A lumped parameter model with an inductance matrix which is dependent on rotor
position was derived from finite-element calculations by De Weerdt [WEE95]. He
derived a model of the motor with 2p poles and N rotor bars which has three stator
phases and N/2p rotor phases.

Field harmonics are generated by the non-sinusoidal distribution of the motor m.m.f.
which contribute to the motor torque. They have several causes:

- distribution of windings in stator and rotor slots

- non-constant air gap due to slotting or eccentricity

- saturation of the iron core.

The field harmonics may cause constant torques such as asynchronous torques or
oscillating torques such as synchronous torques. Analytically, the field harmonics
can be calculated separately by introducing separate windings for each field.
Literature explains the torques at sinusoidal supply with the fixed frequency of
mains, which in most cases is 50 Hz or 60 Hz [RIC54, JOR69].

Due to the non-sinusoidal distribution of the stator windings, the field distribution at
a symmetrical sinusoidal three phase supply of stator currents with an angular
frequency of ® contains space harmonic fields given by

B - 3 w] I &I,V
(00 = 1y 5 R cosp Vv o, - oI
with
v=1+6k, keZ

and
B,, flux density of the harmonic stator field
o space coordinate
w,  number of windings of the stator phase winding
d air gap length
I stator current amplitude

€, winding factor of the harmonic stator field.
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The harmonic fields have a number of 2|v|p poles and their rotating frequency is
1/v of the frequency of the fundamental field. Each field induces a voltage in the
rotor cage thus causing a rotor current and rotor field. Fields of stator and rotor
with the same rotating frequency and the same number of poles generate a constant
torque. Hence, for each harmonic stator field, a constant torque, an asynchronous
torque, is generated.

In the case of inverter-fed motors these parasitic torques may not be neglected a

priori because:

1. The supply frequency may assume values starting from very low frequen-
cies. This means that the asynchronous torques may appear at a motor speed
which is between synchronous speed and the speed at the pull-out torque.

2. Transients of harmonic fields due to variable frequency operation may have
influence on the torque.

3. The supply voltage is superposed by harmonics which generate time harmon-
ic fields. These time harmonic fields cause space harmonic fields, due to the
winding distribution, which contribute to the torque.

The equivalent circuit for the steady-state of the induction motor with stator field
harmonics is shown in Figure 4.2.2 indicating the harmonic fields by the index v.

LI’S

L o,v

Ly

-0

L sry L rs,v

Figure 4.2.2 Induction motor model with stator field harmonics
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The asynchronous torques of a traction motor at various supply frequencies in
steady-state using the model depicted in Figure 4.2.2 have been calculated by
Zijlstra [Z1J94/2].

Figure 4.2.3 shows the example of asynchronous torques within the torque-speed
characteristic of a voltage-fed induction traction motor at 60 Hz, 6 Hz and 1 Hz
sinusoidal supply frequency. These calculations showed that in the steady-state the
influence of asynchronous torques may be neglected within the stator and rotor
frequencies of operation. At 60 Hz supply frequency, the asynchronous torques
between -500 rpm and 500 rpm can be recognized. At 6 Hz supply frequency, the
asynchronous torque is still beyond the slip frequency of operation of the drive. At
synchronism of the asynchronous torque, the magnetizing current of the harmonic
field is minimum. Hence, the flux of the machine decreases, thus a slight dip in the
curve of the fundamental air gap torque can be noted. At a supply frequency of 1
Hz, the influence of asynchronous torques is negligible over the entire speed range.
Hence, the influence of stator winding field harmonics may be neglected for the
operation of the traction motor at variable stator frequency.

The investigation of torques caused by field harmonics has been restricted to this
example, leaving time and space for investigation of system modelling rather than
of component modelling.

The model of the traction motor was derived under the following assumptions:

- The induction machine has a three-phase stator winding and a squirrel
cage.

- Both stator and rotor are symmetrical.

- The m.m.f. distribution is assumed to be sinusoidal.

- The air gap between stator and rotor is constant.

- Influence of slotting is accounted for by Carter’s factor.

- Constant permeability of stator and rotor material. Thus inductances are
constant.

- Skin effect is neglected.

- Iron losses are neglected.
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Model equations
The induction motor can be described by three-phase stator windings and three-
phase rotor windings as shown in Figure 4.2.4.

Figure 4.2.4 Schematic description of induction motor.

The voltage equations of the motor are given by:

+

u-Ri+ ¥ @.1)
a

with

=
&

space phasor of phase voltages

matrix of stator and rotor resistances

matrix of inductances

space phasor of stator phase or rotor currents
space phasor of flux per phase or rotor mesh.

e =i~z s
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As the machine is symmetrical it can be represented by two stator phases and two
rotor phases. Equations are expressed in a rotating frame. The angular frequency of
the rotating frame is chosen to be the angular frequency of the supply voltage.
Hence, steady-state values of stator variables become DC values. The transforma-
tions of the equations are described in appendix A. Figure 4.2.5 shows the equiva-
lent circuit of the induction motor. Rotor quantities have been referred to the stator
by the winding ratio between rotor and stator. If stator and rotor fluxes are chosen
as variables, the voltage equation 4.1 will become

dy | 0 1 -6 1
_ e +(D + —_— +
dr GTSH[S *1-1 0 ¥ o tmy’ %

[

dy 01 1-6 1
- _ 4.2)
—— = + @ + —_
dt c 1, % ‘|-1 o) c T, 4
The torque equation is given by equation 4.3
-c 1
Te =D _G— 'lTh (qu wrd - Wsd qu) (43)

with the flux phasors

and the stator voltage phasor
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R Lso Lis By

OsWsd (Og-0) v g

Figure 4.2.5 Equivalent circuit of induction motor.

The variables are:

Y, stator flux d-axis

y,, stator flux g-axis

Y,y rotor flux d-axis referred to the stator
V,, rotor flux g-axis referred to the stator
, electromagnetic stator angular frequency
electromagnetic rotor angular frequency
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with
P pair of poles
®, mechanical rotor frequency.

The parameters are:

S r m

Ls Lr Lh Lh
T ==, T=_L, 1 =2, 1 =_
R, R R R

T, stator time constant
. rotor time constant
T air gap field stator time constant

Ty air gap field rotor time constant

c leakage factor.

Parameters

Motor parameters as derived from the equivalent circuit of figure 4.2.5. are
stator inductance

rotor inductance referred to the stator

stator leakage inductance

rotor leakage inductance referred to the stator

mutual inductance for the machine with rotor parameters referred to the
stator

stator resistance

R, rotor resistance referred to the stator

Stator and rotor inductances are defined by

L

s

L =L +L,

T

Lh + Lsc
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Motor parameters can be determined by measurements of current, voltage and
power with locked rotor and at no-load assuming a value of L /L. They can also
be calculated by formulas found in literature by design parameters [NURG63,
SCH60]. In practice, the parameters depend on

- rotor position (slotting)

- saturation of the iron core

- stator and rotor frequency (skin effect)

- temperature.

Within the basic model the parameters are assumed to be constant.

Phase currents

The state variables of the motor model are fluxes in the d- and g-axis of a rotating
frame. In practice, stator phase currents are measured. To obtain stator phase
currents the following transformations have to be applied. First of all, stator currents
in the rotating frame are calculated by

. L. 1
S A

Then currents are transformed to a frame fixed to the stator and are transformed
from two-phase currents to three-phase currents. It has been assumed that there are
no homopolar currents, i.e., the sum of the three phase currents is zero. Transform-
ations are described in appendix A.

Linear model

Based on the model described in equations 4.2 and 4.3, a linear model for small
variations in an operating point is derived. At a constant stator frequency small
variations of flux and rotor frequency are considered. This assumption is valid for
regular operation within a traction cycle when the variation of speed is negligible
and fast flux and torque transients are absent. Instead of rotor frequency, the
angular frequency of the motor shaft ®, is be used in the equations in order to
create a direct connection to the mechanical equations. Defining
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Y, =y, Ay,
¥, =, Ay,
5, =, v AL

O)m = (DmO + AO)m

and introducing the equation of motion

dO)m -c 1
T, +J 5 +do_ =p — fh (\Ijsq W, - Wy, \qu) 4.4)
with
J moment of inertia of rotor
d mechanical damping ratio (e.g. due to rotor bearings and fan)

T external load torque
equations 4.2 and 4.4 can be developed into the following equations assuming the
mechanical damping ratio d and the external load torque 7, constant:

= =, + Ay (.5)
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7 +7 2% L g+ r0)
+ + + =
1 d[ m0 m
-c 1
=p 'To T ((quo + A\Ijsq) (Wrdo + A“I!rd) - (wst + A\Ijsd) (quO * Aqu) )

(4.6).

The steady-state is subtracted from equations 4.5 and 4.6 to obtain only the
equations for small variations. Further there is set

Ay, A\]qu =0
A‘Vsq A\"[rd = 0
Ay Ao =0
Ay, Ao =0

so that the following equations are obtained; these are linear equations describing
small variations of fluxes and rotor shaft frequency.

dAy, 1 0 1 1-6 1
= ——— Ay + Ay + — A A
ds o1 1.1 0 ¥ o T, Y, T A
day, 1 1
- =-——__A ® Ay - p Aw
dt o1 % 0|y o) TP A0, -1 o1 %o
s 1o 1 Ay @.7)




82 Flexible modelling

dAw
T +J — " =-dAo, +
de
1-c 1
+tp _(5_ f (\psqo A\Ilrd t \'Ijrdo A\usq - ‘Vsdo Aqu - \quo A\I"’sd)
h

(4.8)

A set of five linear equations has been obtained with the variables Ay, Ay, , Ay,
Ay, and A®,,. Using these equations, stability analysis can be done but also system
eigenvalues can be determined [TAE71, DEL82]. Transfer functions and frequency
responses can be calculated. They, however, are state dependent as they depend on
the fluxes and the speed of the chosen operating point. Transformation into the
frequency domain is done by expressing the variations in

Ay (0) = § &
Ai(m) =¥ eier
A_I/_L_S () = Qs et

with complex amplitudes indicated by the hat. If variables are described by a vector

x= (A\Vsd A\Psq A“prd Aqu A(Dm)T

u

(Auy, 0 0 0 0

with

13
1}
| %>
@,
g
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equations 4.7 and 4.8 become

jo E x(w) = A(®) (o) + uo) (4.9)

when E is the identity matrix and A is defined as

e NI S
o T, c T,
-0, L 0 el
cT, c T,
-0 1 -1
A=|— — 0 (0] -
= c T, o T, w0 P Ve
e 1 -
0 - -
o ,ck 10 o) Tr p “VrdO
d
Vi ¥ Yo K Voo K Vo K _7
with
-c 1 1
XK=p —2 _ _
P c J

4.2.2 Inverter and control

A block representation of inverter and control is depicted in Figure 4.2.6. A
reference torque 7, is translated into a three-phase voltage u,,, with an angular
frequency ®,. The inverter phase currents are i, ,,. The inverter phase currents and
the angular velocity of the motor ®,, are the feedback for control.

As the interaction between electrical drive and mechanical drive is the chosen
subject, simple models for inverter and control have been derived. The models have
to be sufficient to simulate a traction cycle including the stator voltage harmonics
which are generated by the inverter.
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Tr.ef
inverter
®m control

liy

Figure 4.2.6 Block representation of traction
inverter and control.

The fundamental inverter voltages are described by a three-phase sinusoidal voltage
source expressed by the following equations:

- Us el It 4.10)

u
=

The fundamental of the inverter AC voltage has the inverter frequency f,, and the
amplitude U..

If these equations are transformed to rotating coordinates with the rotating frequen-
¢y fa and expressed in the coordinates of the Cartesian reference frame d and q
then the following equation is obtained.

U, =0

4.11)

Harmonics due to the switching behaviour are calculated separately, Amplitudes of
the harmonics depend on the applied pulse pattern. A voltage harmonic of the stator
voltage y, is given by the equation
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The harmonics are calculated by the Fourier analysis of the stator voltages. Since
the stator voltages are pulse-width modulated voltages odd harmonics appear. In a
symmetric three-phase system the multiples of the third harmonic are eliminated.
The harmonics generated by the symmetrical inverter are

v = -5,7, -11,13, -17,19 ...

The three-phase system generates rotating fields in the motor. The sign of harmon-
ics indicates the sense of rotation. In rotating coordinates the stator voltages are

T _3_ U o0 Dfui-o, (4.12)

sV 2 v

By superposition of fundamental and harmonics the required voltage waveforms can
be described.

A way to simulate control dynamics is to measure the control system outputs during
tests of the vehicle on track and to use them as inputs of the inverter and motor
model. In the case of measurements on track, control system outputs were
measured. In the case of the electrical multiple-unit the voltage reference ., the
inverter frequency f,, and the DC link voltage u, 6 were measured. From these
signals, the input of the motor model has been calculated by

O‘)s=2nfi‘nv

ucinv
g = K — f,

sd
ref

assuming a minimum frequency, which is not zero.
The data sets provide a simulation of a traction cycle for the vehicles under test
including control system dynamics.
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4.3 Modelling of mechanics

4.3.1 Multi-body system modelling

The mechanical structures to be modelled are mechanical drives, bogies or vehicles.

Mechanical drives are composed of rotating shafts, gear wheels and couplings.

Bogies are composed of drives which are suspended in the bogie frame and which

allow rotation and translation. Vehicles are composed of car-bodies which are

attached by suspensions on bogies. Modelling requires flexibility in order to be able

to model various structures with different degrees of complexity. The block of the

mechanical drive structure within the system is given in Figure 4.3.1. The motor air

gap torque 7, and the motor shaft speed w, are the variables which couple the

motor to the mechanical structure. The wheel torque T,, and wheel speed ®,, are the

variables which couple the mechanical structure to the rails.

A rather accurate model is obtained by finite-element modelling of the mechanical

structure. The number of elements may vary from a few to thousands. A simple

model is obtained by a limited number of rigid bodies connected by springs and

dampers. A classical multi-body system with rigid bodies is described by:

- its geometry,

- the degrees of freedom of the bodies with eventual constraints,

- the coupling of the bodies with masses and/or moments of inertia to each
other and to ground by springs and dampers,

- external forces acting on bodies.

mechanics

Figure 4.3.1 Mechanical structure block.
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The differential equation of motion

Mg=F- K49

with

M mass matrix

q generalized degrees of freedom
F external forces and torques

K vector of internal forces

has to be derived from the system description.

There are several algorithms which lead to the differential equations. The choice of
the algorithm used in this thesis was the principle of virtual power. The geometry of
the system is described by reference frames whose origin lies in the centre of
gravity of the body. Connections between bodies through springs and dampers are
related to these reference frames. Each body may have six degrees of freedom,
translation in the three directions of the reference frame and rotation around the
three axes of the reference frame. Constraints caused by, e.g., a rigid connection
between bodies may limit the degrees of freedom.

Each body of the mechanical structure has to be described by its degrees of
freedom and centre of gravity, its mass and inertias. The external forces and torques
which act on the body have to be specified and indicate the geometrical position of
forces and torques. The reference frames generally are chosen to be inertia frames.
Last, whether the body rotates around the principal axes of inertia has to be
specified. General velocities of the bodies will be defined and velocities of points of
reaction are calculated. Using the specifications above, the algorithm determines the
virtual power of the inertial forces and the virtual power of the active forces. The
power balance equation is:

F*dv +F &v, =0

with

F’  generalized inertial forces of the system

generalized active forces of the system, including external and internal forces
index of degree of freedom

—
* e

index of inertial forces.
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The algorithm has been described by Kane and Levinson [KANS0], while the
theory has been outlined by Kane [KANS8S5]. Here, is given a short description in
order to indicate how equations are derived from the geometrical structure. In the
following sections equations of motion are derived for several models.

The assumptions made for modelling are

- The reference frames are defined as Cartesian frames with:
positive x: direction of motion of the vehicle
positive y: left from the direction of motion of the vehicle
positive z: direction opposite of forces of gravity.

- The rotation axes are always the principal axes of gravity of each body.

A set of second-order differential equations is obtained

Mg+Cg+Kg=F (4.13)

which are transformed into the following set of first order differential equations by

g=u (4.14)
i=-M'(Cu+Kg -F (4.15)
with
q vector of generalized degrees of freedom
u vector of generalized velocities
M mass matrix
(o) damping matrix
K stiffness matrix
F load vector.

This set of linear equations can be transformed into the frequency domain. Eigenva-
lues and eigenvectors can be calculated. The eigenvalues represent the natural
frequencies and the eigenvectors represent the oscillation modes of the mechanical
system.
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4.3.2 Mechanical drive

The degrees of freedom of a model of the mechanical drive are chosen taking the
following into consideration:

- which oscillation has to be simulated,

- which torques and forces have to be calculated,

- which frequency band has to be considered,

- how the wheel-rail contact has to be included.

Here, the modelling of a mechanical drive is illustrated by the example of the
hollow shaft drive. Specific models are derived in Chapter 5 for the simulation of
oscillations. The mechanical drive is composed of the motor shaft, the gear wheels
and the wheel axle with their interconnections by hollow shafts, cardan shafts, quill
shafts and couplings. The components to be modelled are:

- rotor with bearings

- cardan shaft, quill shaft or hollow shaft

- elastic couplings

- gearbox with bearings

- wheel-set.

The example of a model for practical use in Figure 4.3.2 shows a model representa-
tion of the mechanical drive with six degrees of freedom. It is composed of motor,
gearbox and wheel-set. The two-stage gearbox is connected to the wheel axle by a
hollow shaft and an elastic coupling. In this case the motor shaft is connected to the
pinion shaft of the gearbox by an elastic coupling.

The six degrees of freedom are represented by those of the six rigid bodies: motor
shaft (a), pinion shaft (b), intermediate gear wheel shaft (c), gear wheel shaft (d),
coupling side wheel (e) and gearbox side wheel (f). The motor shaft is driven by
the air gap torque (7). Motor and pinion shaft are connected by a flexible coupling
which is modelled by a spring and damper (7)). The inertia of the coupling has
been added to the rotor and pinion wheel inertia. Gear wheel forces are transmitted
by gear teeth which are modelled by springs (¥, and F,). The hollow shaft of the
gear wheel is connected to the wheel axle near the wheel by a flexible coupling,
again modelled by spring and damper (7,). Here the stiffness of the hollow shaft
and its flexible couplings is modelled as a single spring.
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Figure 4.3.2 Model of mechanical hollow shaft drive.

The wheel axle is modelled by a spring and damper which is connected to the
second wheel. The wheel axle has its torsional spring constant, so that a torque T, is
transmitted to the gearbox side wheel. The bearings, cooling fans of the motor and
the gearbox are assumed to be without losses. There are six reference frames, each
in the centre of gravity of a body. Calculating inertia and active torques, the
equations of motion are derived as follows.

According to equations 4.13 to 4.15 the following matrices and vectors are derived
for the drive model: the mass matrix M

J, 00 0 0 0
0J, 00 00
0 0J, 0 00
00 0J 00
00001 0
0000 0J
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the stiffness matrix X

ko -k, 0 0 0 0
ok k +r2k nork 0 0 0
0 rorok, rlk, k) r ok 0 0
0 0 roroky rlk vk -k, O
0 0 0 Sk, kot -k
0 0 0 0 kK,

¢, ¢, 00 0 0
-¢c, ¢, 0 0 0 0
0 0 0 O 0 0
0 0 0 ¢ -c, 0
0 0 0 -¢, ¢, +c¢5 —¢
; 0 0 0 O -c, G

The damping of gear teeth has been neglected. The vectors of degrees of freedom g
and the load vector F are given by

Xa T,
Xb 0
X 0
q = X E = 0
d
Xg le re
Xf Fw2 r f



9 Flexible modelling
with

Jobodes inertia of bodies [kg m’]
Kabeder degrees of freedom of bodies [rad]
T, motor air gap torque [Nm}
ki, spring constants of couplings [Nm/rad]
ks spring constants of gear teeth [Nm/m]
ks spring constant of wheel shaft [Nm/rad]
Cia damping of couplings [Nms/rad]
Cs damping of wheel shaft [Nms/rad]
Tocd radius of gearwheels [m]
Tes radius of wheels [m].
Parameters

Inertia values can be derived from the dimensions and materials of bodies. Spring
constants of shafts have been calculated and measured by the manufacturer. The
spring constant of shafts can be calculated from the specifications of material and

geometry [NES58].

Spring and damper characteristics of elastic couplings are found in coupling
specifications. The most critical parameter in this model is the damping of the
couplings as it is dependent on the frequency of the applied torque as described by

Peeken [PEE86].

The damping factor ¢ can be calculated from the relative damping by the equation

with

\P deyn
2T W

C =

b

kryyn dynamic stiffness
y  relative damping
®, angular frequency of applied torque.

4.17)

For elastic couplings with damping by, e.g., rubber, values of Wy = 0.6 to ¥ = 2 are
usual [BEI94]. For steel couplings and shafts values of y = 0.01 or y = 0.02 are

common.
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The stiffness and damping of an elastic coupling are described by Figure 4.3.3. The
static stiffness k. depends on the applied torque as indicated by the dotted curve.
This characteristic is usually determined experimentally. Dynamic stiffness is
defined in each point of operation, depending on the applied torque and frequency.
Manufacturers give tables with the dynamic stiffness for a fraction of the rated
torque at a defined temperature. When there is an increase in temperature the
dynamic stiffness decreases.

The relative damping  is defined as the quotient of damping energy W, and elastic
energy W, as indicated in Figure 4.3.3. An oscillating torque produces losses in the
eoupling given by the hysteresis in the torque-angle characteristic. The damping ¢
depends on the applied, constant torque and on the frequency of an oscillating
torque superposed on the constant torque as given by equation 4.17.

T
Wd We /; k T stat
=
k T dyn /
N !
s ar
7 > ¢
7|
______ T Ad —=

Figure 4.3.3 Dynamical stiffness and relative damping of flexi-
ble couplings.

Finally, the resistance of the vehicle on the track may be taken into account which
is composed of:

- rolling resistance

- air resistance

- resistance of gradients

- curves.

Schwartz has given a formula to calculate the total resistance as a function of
vehicle speed, vehicle mass and the gradient [SCH92].
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4.3.3 Suspensions

In the preceding section modelling was described with exclusively rotational
degrees of freedom and geometric linearity. For the modelling of suspension,
translation and coupling of degrees of freedom are also introduced.

Motor suspension

Multi-body system modelling is applied to a suspended motor as shown in Figure
4.3.4. The geometrical configuration is shown, indicating the three suspensions $,,
S, and S, and their position with respect to the centre of gravity of the housing
(0,0,0). The centre of gravity of the rotor is given by (x,,0,0). The active forces of
the suspension F;;, F,,, and F;, which have been chosen for this example as reaction
to the motor air gap torque, are shown in relation to the reference frame of the
housing.

Figure 4.3.4 Model of a suspended motor.

The multi-body system can be described by two rigid bodies, the housing (b) and
the rotor (a). Two reference frames are defined, the reference frame of the rotor
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whose origin lies in the centre of gravity (x,,0,0) and the reference frame of the
housing whose origin lies in the centre of gravity of the stator (0,0,0). Both
reference frames are fixed to ground. The degrees of freedom are defined as
follows. The rotor may rotate around the y-axis with the angle X, and the housing
has three degrees of freedom within its reference frame: vertical displacement z,
and rotation around the x-axis ¢, and rotation around the y-axis indicated by the
letter y,. Defining the moments of inertia of the two bodies as J,,, J,, and J;, and
the masses as m, and my, for each degree of freedom the generalized inertial and
active forces can be formulated.

The equations of motion are given by (4.13) with the mass matrix M

Jax 0 0 0

0 m+m, 0 -mx

0 0 J, O

0 -mgx, 0 be+maxm2

In the case where the centres of gravity of rotor and housing are identical and the
reference frames of rotor and housing coincide, the matrix M becomes a diagonal
matrix with the masses and inertias of the bodies as elements.

Assuming the same stiffness k for the three suspensions the stiffness matrix K is

0 0 0 0
0 3k k(v +Yo V) ~k(x,, +x,+x )
0 k(ysl *y s2 *y 53) k(ys12 *y 522 +y 532) _k(xsly sl +x52y s2 +xs3ys3)

_ _ 2., 2., 2
0 —k(x, +x,+x5) —k(x, Y +X,Y 0 +X5Y) k(x " +x,"+x5%)
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and the vector of degrees of freedom and the load vector

Xa 0
Z, 0
= F =
q o X L 0
% 0

Motor and gearbox suspension

To model a mechanical drive in the bogie frame, the motor and gearbox housing
and their suspension have to be modelled, extending, e.g., the model described in
Figure 4.3.2.

If the traction motor and the gearbox are suspended by rubber suspensions in the
bogie frame and the motor and gearbox housing are rigidly coupled, which is a
common design for electrical multiple-unit and locomotive bogies, the housing is
considered to be a single rigid body. Figure 4.3.5 shows the structure of the
suspension model of the hollow shaft drive, assigning the index g to the additional
body representing the housing.

The housing may have six degrees of freedom within its reference frame. Depen-
dent on the modes to be modelled, constraints which limit the number of degrees of
freedom are defined.

For the investigation of the influence of the electrical drive on the suspensions,
following the major displacements which were measured, horizontal and axial
displacement have been neglected, such as rotation around the vertical axis. Hence
three degrees of freedom are added to the model of the mechanical drive: rotation
of the housing around the horizontal (x) axis g and axial (y) axis y, and displace-
ment in vertical direction (z,).

The reaction forces of the gear wheels on the gearbox (F, and F,) and air gap
torque of the motor on the stator (7,) act on the housing.

The equations for the suspended drive are given in appendix B.

The parameters of the rubber suspension can be determined by finite-element
modelling or taken from manufacturer’s specifications. Using lumped parameter
models the rubber suspensions are modelled by a spring and damper. As displace-
ments are less than 1 mm the stiffness is considered to be constant.
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X

Figure 4.3.5 Model of motor and gearbox suspension.

Primary and secondary suspension

The primary suspension suspends the bogie frame from the wheel shaft bearing. To
model the primary suspension, the ground reference frame is defined on the rails.
Zeevenhooven gives an overview of bogie dynamics and oscillation modes. Degrees
of freedom can be derived by the assumption of oscillation modes [ZEE89].

The secondary suspension suspends the car body from the bogie frame. In some
cases, the secondary suspension is made up of two stages with a suspended beam
between car body and bogie frame. The secondary suspension is modelled by
introducing degrees of freedom of the car-body. The main degrees of freedom of
the car body are described by Zeevenhooven [ZEE89]. The choice of modes to be
simulated determines the degrees of freedom of the model [POE92].
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4.4 Wheel-rail contact

4.4.1 Fundamentals

The wheel-rail contact can be described by the force transmitted from wheel to rail
as shown in Figure 4.4.1

Figure 4.4.1 Forces of wheel-rail contact.

which is defined by

F =fF,
with
F, Tangential force on the wheel-rail contact point
F,  Normal force on the wheel-rail contact point

f Coefficient of friction.

The wheel-rail contact has been investigated by theoretical research and by mea-
surements. Kalker developed a mathematical model, describing the elliptic contact
area between wheel and rail [KAL67]. Kalker showed that a force from wheel to
rail can only be transmitted in the case of a speed difference between wheel
circumference and rail, the creepage. Kalker defined the creepage as the "sliding"” of
two elastic bodies at the rolling contact [KAL90].

The creepage can be divided into longitudinal and lateral creepage. Rotation of the
wheel around the vertical axis against the rail causes spin. Kalker developed curves
which describe the dependence between creepage, spin and transmitted forces and
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torques [KAL90]. In the model derived for oscillation analysis, lateral creepage has
not been modelled. Lateral movements of the wheel on the rails have a frequency of
about 2 Hz while the natural frequency of the wheel shaft lies between 50 Hz and
100 Hz.

However, measurements have been done, which have been reported by Frederich
[FRE83], Zeevenhooven et al. [FIE79], and Bauer [BAU86]. They tried to deter-
mine the dependence between creepage and transmitted force by measurements on
locomotives. Their results can be summarized as follows:

All measurements showed that there is a maximum of transmitted force. If there is
increase of the creepage the transmitted force will decrease. Frederich stated that the
maximum of transmitted force lies at a constant difference of speed between wheel
and rail of about 0.03 m/s up to a vehicle velocity of 15 kim/h. Above 15 km/h the
maximum lies at constant relative slip for all speeds [FRE83]. These characteristics
are valid for dry rails. Bauer concluded that the maximum of transmitted force lies
at a constant difference of speed of about 0.4 m/s for a wide speed range [BAUS86],
which is valid for wet rails. Generally, measurements showed a high friction
coefficient up to 0.4 at a low speed difference for dry rails and a low friction
coefficient, below 0.2, at a higher speed difference for wet rails.

The speed difference Av is defined by

Av = v - v

The relative slip is defined as
Av
ST
—(v_+v
2( )
with
Av  difference of speed between wheel and rail
s relative slip
v,  wheel speed
v, vehicle speed.

Figure 4.4.2 shows a curve of the friction coefficient f versus speed difference Av
for acceleration of a vehicle.
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4.4.2 A practical model

For a practical model only longitudinal forces and creepage are assumed. Lateral
movement of the wheels is not added as a degree of freedom.

The transmitted force of an iron wheel on iron rails depends on various factors:

- dynamics of the normal force

- geometry of the contact area

- the surface quality of wheel and rail

- the lateral displacement between wheel and rail

- humidity

- temperature

- quality of wheel and rail material.

The ambient influences are considered through a stochastic distribution of parame-
ters [SCH92].

To develop a practical friction curve, as shown in figure 4.4.2, choices have to be
made via
- definition of the curve up to the maximum by:

- the maximum value of transmitted force

- the difference of speed or creepage at maximum transmitted force

- the gradient at the origin of the curve

- definition of the curve beyond the maximum
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- definition of the stochastic distribution of:
- displacement on rails
- speed difference or creepage
- friction coefficient.
The curve used for simulation is documented in appendix C.

The wheel-rail contact can be represented by the block as shown in Figure 4.4.3.

wheel - rail

Figure 4.4.3 Wheel-rail contact model block.

A model of wheel-rail contact is depicted in Figure 4.4.4. It has been assumed that
the wheel diameter is constant and that there is no flange contact. The friction
coefficient f has been modelled as a function of speed difference.

The input of the model is the angular speed of the wheel under consideration. From
the difference of the circumference speed of the contact point of the wheel and the
velocity of the vehicle with respect to the rails, the friction coefficient f is calculat-
ed. The coefficient determines the force in the contact point which accelerates the
vehicle on the one hand and which is the reaction force to the driving torque on the
other hand. The reaction torque is the output of the model which enters into the
mechanical model as external torque.

This model may be sufficient for a straight track at low speed. For higher speed, the
speed difference has to be substituted by the relative slip. In order to simulate
lateral displacements and spin, e.g., in curves and the sinusoidal oscillation of a
wheel-set, taking the wheel profile into account, more complex models have to be
derived.
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Figure 4.4.4 Wheel-rail contact model.

The symbols used are

®,  angular speed of the wheel

T wheel radius

Vv, vehicle speed

a, vehicle acceleration

m,  mass of the vehicle divided by the number of driven wheels
m,  mass of the vehicle divided by the number of wheels

g 9.81 ms?

Ju friction coefficient

Av  speed difference between wheel and vehicle.

In the case of rolling wheels the wheel-rail contact is modelled by introducing the
constraint

Vo =T X

The equation of motion of the rolling wheel is given in appendix D.
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4.5 System model

In the preceding sections, models of components of a rail vehicle drive have been
derived, they yield sets of first-order nonlinear differential equations suitable for
numerical integration.

dx
— =A@ x+Bu (4.18)
de
with
X vector of variables
A(x) system matrix
u vector of excitation
B input matrix.
Forces, torques and currents can be calculated by
y=Cxx+Du (4.19)
with
Yy vector of torques, forces and currents
C(x) output matrix
D matrix of transition.

An example of the equations of the drive described in section 4.3.2 is given in
Appendix E.

The equations can be linearized at a point of operation, assuming small variations of
the variables. Transformation to the frequency domain permits calculation of
transfer functions and frequency responses. To calculate eigenvalues A, the homoge-
neous equation is evaluated by

det (A E - é]in) =0 . (4.20)
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Matrix A includes the motor parameters written in matrix A of equation 4.9 and the
parameters of the mechanical structure written in the matrices M'K and M'C of
equation 4.15. E is the identity matrix.

The matrix of transfer functions of the drive is defined as

Ho) = (jo E - A )" (4.21)

—lin
Frequency responses are calculated by

X0) = (o E - A )" uo) (4.22)

The frequency response of the fluxes and rotor speed can be calculated directly with
equation 4.22. The response of currents and torque can be calculated by

Yo) = C(0) x(0) + D(®) wo)

Transfer functions and frequency responses are only valid for the chosen operating
point, which means that each operating point is represented by its transfer function.
In the following, three examples are discussed: a drive of a wheel-set, a motor
driven bogie and a vehicle with two motor driven bogies, in order to illustrate the
system modelling. Only the first model has been used for simulations.

Figure 4.5.1 shows the model of a drive for a wheel or wheel-set composed of
converter, motor, mechanics and wheel-rail contact. There is one wheel-rail contact
block for each wheel.

The model equations are composed of

- the motor equations (4.2);

- the equations of the mechanical drive united with the torque equation (4.3).

The variables of the model are:

- the motor fluxes y,, Y,

- the degrees of freedom of the bodies

- the first derivatives of degrees of freedom of the bodies
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Figure 4.5.2 Model of a bogie.
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If a bogie has to be modelled, the model will become more complex as shown in
Figure 4.5.2. Here, a single converter feeds two motors in parallel which are placed
in one bogie. The mechanical model contains the two drives which are mounted in
the same bogie frame. There are four wheel-rail contact points to be considered. For
the example of a bogie model of two motors, two drive lines and primary suspen-
sion, a system of ordinary differential equations can be derived which are composed
under the assumptions given above and adding the following assumptions:

- Each of the motors is described by equations 4.2 and 4.3

- Both mechanical drives are described by the set of equations 4.13.

- The bogie frame introduces additional degrees of freedom.

The variables of the model are the variables mentioned above plus

- the motor fluxes, rotation angles and angular frequencies of the second drive

- the rotation angles and velocities of the drive housings and the bogie frame

- the displacement and speed of the drive housings and bogie frame.

A model of a vehicle car with two driven bogies with a single converter is obtained
by extending the mechanical model of Figure 4.5.2. For the example of a vehicle
model, a system of about 100 ordinary differential equations may be derived which
are composed under the assumptions given above and adding the following assump-
tion:

- Both bogies are supplied by a single converter

- Both bogies have the same degrees of freedom

- The car-body has additional degrees of freedom.

The variables of the model are the variables of two bogie models above with a
single inverter current and voltage plus:

- rotation angles and angular frequencies of the car-body

- the displacement and speed of the car-body.

The examples have illustrated that basic models of vehicles are described by an
extended set of differential equations. It requires an effort of several weeks to
analyze oscillation modes and amplitudes of a single model. When several models
and parameter variations have to be examined within a short time, models have to
be as simple as possible. Hence, the reduction of model order is of great import-
ance.

First the phenomenon to be investigated has to be defined by its sources, its
frequency band and the range of operation of the drive. Formulating constraints will
lead to a reduction of degrees of freedom. The frequency band of interest has to be
limited thus leading to a further reduction of the model order.
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4.6 Software implementation

The models have to be implemented into software which should meet the require-
ment of flexibility and also be user friendly. The software has several tasks:
- Implementation of a multi-body algorithm

- Building of component blocks including differential equations

- Building systems by means of component blocks

- Input by menu

- Graphical output.

Further, the software should meet the requirements of:

- Implementation on a Personal Computer

- Limited cost

- Suitability for measured data processing.

Various multi-body system algorithms have been applied in software for the
modelling and simulation of dynamic systems [SCH90]. Some of them use Finite
Elements to derive models such as SPACAR [JONO90]. Others use rigid bodies with
a limited number of degrees of freedom. During previous research on the modelling
of traction drives, a dedicated program including a multi-body algorithm which uses
the method of virtual work was developed [POE92]. Software dedicated to rail
vehicle dynamics is described by Kortiim and Sharp [KOR93]. MEDYNA is widely
used for rail vehicles, it contains a detailed model of the wheel-rail contact [WAL-
91].

In order to fulfil the tasks a choice was made for the universal mathematical
software, MATLAB®, which is suitable for modelling, simulation and data process-
ing [MAT93]. The multi-body algorithm had to be integrated into MATLAB®. The
program, AUTOLEYV, written by Kane and Levinson which uses the virtual power
method [SCH91] has previously been applied to the modelling of electromechanical
systems [BON94]. As a low-cost software with an open structure it was well suited
to be integrated into MATLAB® [OVE94].

The program AUTOLEV has been integrated into the software MATLAB® by use
of the MATLAB® Extended Symbolic Toolbox [CHE93].
By using the SIMULINK® toolbox, system models can be composed of component
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blocks which are part of a library [SIM93]. Figure 4.6.1 shows an example of a
model in SIMULINK®.

There are blocks in the library for control system models, inverter models and
wheel-rail contact models. The standard motor model is based on the equations 4.2
and 4.3. By using the menu various parameter sets can be created and used within
the system model. The mechanical model block will be filled with the models
created by input files. The software reads the input files, transforms them into files
readable by AUTOLEV and starts AUTOLEV, which generates equations of
motion. The equations of motion are rewritten automatically into a MATLAB®
format which is loaded into the mechanical model block.

Systems with a maximum of 20 bodies can be created within the block. By
composing systems with more than one mechanical model block, higher-order
systems can be built. Parameters of mechanical models can be changed by menu.

The software provides simulation in the time domain, frequency domain and
graphical output of variables [OVE94/2, OVE94/3]. Data sets acquired by measure-
ments which have been discussed in Chapter 3 have been loaded and processed
within MATLAB® [KRA94].

motor speed

motot torque

i3 el e
» - g P wheel_d_out
motor model model of_‘_’ ]
stator voltages mechanics wheel set, > I wheel n_out

:{ motorout

Figure 4.6.1 Model of a traction drive in SIMULINK®.
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4.7 Conclusions

The second problem statement of the thesis -

Develop a method to model in a flexible and universal way traction drives including
electrical and mechanical drive in order to describe and predict oscillations. -

has been treated in Chapter 4 which has brought us to the following conclusions:

A tool for modelling and simulation has been developed which enables the simula-
tion and analysis of oscillations in traction drives. Due to the flexibility of the tool,
a variety of drive types can be investigated in a short time.

- The goal of obtain the flexible modelling for oscillation analysis has been
achieved by creating component models with a flexible structure which can
be used to compose system models.

- The models include
- switching harmonics of the inverter
- mechanical degrees of freedom including rotation and translation
- wheel-rail contact characteristics

- Models of components have to be simplified correctly to create system
models for practical use, taking into consideration the frequency band to be
investigated.

- System equations are first-order nonlinear differential equations that describe

the dynamic operation of the system. The developed models are suitable for

analysis by numerical integration in the time-domain and in the frequency

domain by small signal analysis.

- The chosen software enables implementation of the models on a standard
Personal Computer, using block diagrams from a library of components to
compose systems.
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5 Simulation and Analysis

5.1 Introduction

The system models discussed in the previous chapter are below used for the simula-
tion and analysis of oscillations. The goal is to understand mechanisms of oscilla-
tions as a function of model structure and parameters.

First, we discuss the derivation of a model from a prototype or chosen design of a
vehicle drive. With its parameter set, simulations are carried out in the time-domain
and the frequency domain, thus indicating the frequencies and amplitudes of
oscillations within the system. Next, the model is validated by measurements, if
available. Last, the design is optimized in order to reduce oscillations by varying
both structure and parameters. After having established the method of analysis,
several sources of oscillations are investigated.

The accent of the investigations lies on the interaction between motor and mechan-
ics, in particular on the analysis of couplings. The choice of couplings is discussed.
The dynamics are simulated for acceleration of the vehicle, covering the frequency
band, which contains the natural frequencies and excitation frequencies of interest.
The guidelines for simulation and analysis are given in section 5.2. In section 5.3,
dynamics during acceleration are analyzed, taking the example of the hollow shaft
drive with and without drive suspension. Frequency domain analysis of the traction
motor and mechanical drive are first carried out separately, then, analysis of the
drive is carried out in the time and frequency domains.

Section 5.4 examines oscillations of the mechanical drive, caused by inverter
harmonics. Attention is focused on the attenuation of harmonics and on resonances.
Section 5.5 gives an impression of oscillations excited by the wheel-rail contact.
Here, the accent lies on the determination of oscillation amplitudes and interaction
of electrical and mechanical drives, taking the example of a fault condition, the
stator short-circuit of the traction motor. The conclusion summarizes the analyses.
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5.2 Methodology

5.2.1 Simulation

Model

The oscillation phenomenon and excitation source have to be defined first because
they determine the bandwidth of the model and its parameters. Further, the system
boundaries have to be defined, i.e., the part of the drive under investigation, which
is relevant for the oscillation. The bandwidth is given by the maximum speed of the
vehicle under consideration.

Depending on the oscillation to be investigated, a model has to be composed using
the components described in Chapter 4. The basic model of the electrical drive has
been chosen to be the two-axis motor model supplied by voltage sources and their
harmonics, which values are determined by measured control outputs. Using this
model, the dynamics of the torque-controlled drive can be simulated, including the
voltage harmonics generated by the inverter.

The mechanical model may vary according to the phenomena to be simulated. The
choice of models is discussed in the following sections. Generally, the model order
is determined by modal analysis. The oscillation modes of the undamped mechani-
cal system will be determined by computing the eigenvectors. By limiting the
frequency band to be investigated, the model order can be reduced.

An approach to the reduction of the mechanical model order is its dynamic
condensation, 1.e., applying modal damping and reducing the model for the frequen-
cies to within the desired bandwidth [MEIJ92]. This approach has been used by
Poeze [POE92], who, however, assumed a Rayleigh damping, which implies that
the damping matrix is a linear combination of stiffness and mass matrix.

However, one has to be aware of the dominant role the damping may play in the
system. In particular, the frequency dependency of the damping of elastic couplings
has to be taken into account.

Having determined the order of the model, the model’s excitation has to be
considered; this is made up of the fundamental inverter voltages including voltage
harmonics. Additional disturbances may be external forces and torques.

When the excitation is known, in particular its frequencies, the damping can be
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determined. Since parameters may depend on the frequency of excitation, they have
to be represented as a function of frequency. Approximation tables are used for
defined frequency bands.

Simulation in time-domain and frequency domain
Simulation can be done in the time domain by the numerical integration of the first-
order differential equations derived in Chapter 4. The step size for explicit
integration methods is determined by the highest natural frequency and the excita-
tion of the model. Usually, explicit variable step size methods were chosen, suitable
for systems with a limited frequency band {[WATS82].

In the frequency domain eigenvalues, transfer functions and frequency responses
can be calculated, assuming a linear model. Usually, frequency domain analysis is
applied to control design. However, it can be used for system design, too, empha-
sizing open-loop model structures and the influence of system parameters on the
critical frequencies of the drive and their damping.

The eigenvalues of the systems give an idea of the system’s stability. The locus of
the eigenvalues as a function of stator frequency represents the system during a
traction cycle.

Usually, transfer functions that describe the system in the frequency domain are
used for linear time-invariant systems by the amplitude and phase between a state
variable or output variable and an input variable of the system.

In the case of the traction drive as described in Chapter 4, the model contains non-
linearities of the motor and the mechanical systems. The model can be linearized in
a point of operation, given by the stator frequency. For each point of operation, a
transfer function can be calculated. Transfer functions give an insight into the
frequency characteristics of the drive. The influence of stator voltage and torques
and forces applied to the drive, on fluxes, speeds and displacement, can be calculat-
ed.

The advantages of frequency domain analysis are the high computation speed, the
ease of analysis of parameter variation and the ease of control design. The disad-
vantage is the limitation to linear models in a point of operation.

Analysis has to give insight into the mechanisms of oscillation phenomena and
particularly the interaction between the electrical and the mechanical drive. The
dynamics of oscillations within a predefined traction cycle have to be simulated in
the time-domain. The appropriate variables have to be visualized in order to explain
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the mechanism of the oscillation and its dynamics. This means that, starting from
excitation, the mechanical variables such as torques and speeds, forces and displace-
ments, the electrical variables such as fluxes, currents and voltages have to be
plotted. This can easily produce a great number of plots, but it is essential to
capture the propagation of the oscillation throughout the drive.

Starting from the eigenvalues of the undamped mechanical drive, damping has to be
incorporated and the mechanical drive has to be coupled with the electrical drive.
The system eigenvalues of the open-loop drive as a function of parameters such as
stator frequency and damping of couplings have to be evaluated. The relation
between source and response has to be emphasized. Torques and forces can be
related to specification values.

5.2.2 Validation

Validation of models can be done by

- comparison with a simplified model,

- comparison of a simulated and a measured time domain plot,
- identification of a model by measured data.

The first method has to be applied when no measured data is available, which
occurs during the design process, before the prototype has been built. The simpli-
fied model can be obtained by a rigorous reduction of model order, such as done by
Poeze, thus reducing the model to a few degrees of freedom [POE92]. Further, the
dynamics of a mechanical system can be approximated by a static problem. The
angles and displacements are then calculated by the equilibrium of forces and
torques. To include the electrical drive, its steady-state operation has to be assumed.

The validation by comparison of simulated and measured plots is the "face" valida-
tion, which is a subjective validation. The weakness of this validation is the
subjectiveness of the criterion to declare a model valid. However, there are methods
to analyze the residuals which give criteria for validation, including analysis of the
whiteness of residuals and analysis of the correlation between residuals and input
[BOS94].
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Identification of a model by measured data permits the estimation of models and
their parameters; it is based on black box or grey box models. As a first and rough
approach, the transfer functions may be estimated. The order of the system, its
eigenfrequencies and the damping have to be identified.

Identification starts with a process analysis under operating conditions. During this
analysis, signals are examined, the bandwidth of the process is estimated and
sensors and data acquisition are tested. This analysis has been discussed in Chapter
3, where the bandwidth was limited to 500 Hz.

The identification experiment as defined by van den Bosch [BOS94] and van der
Hof [HOF93] has to be done at constant stator frequency. Injecting a pseudo
random binary sequence (PRBS), which guarantees persistence of excitation, the
system variables are measured. The preferred signals chosen for injection are
reference signals of the control system such as described by van Baars and Bongers
[BAA94]. A remark has to be added as to the experiment design: Constant stator
frequency is not easy to obtain with a torque controller that is commonly used in
traction control. Therefore the experiment is carried out with coasting or minimum
reference torque. If the experiment is short enough, the stator frequency variation
can be limited.

The transfer functions may be estimated by the empirical transfer function estimate
[LJU87]. The empirical transfer function estimate ETFE is defined as the quotient
of the Fourier transforms of the measured output and input of the system.
Validation is done by comparing the identified transfer function to the transfer
function of the physical model. Fitting of the model can be done by variation of
parameters of the physical model.

5.2.3 Optimization

Two approaches to the optimization of the drive to reduce oscillations can be
considered:

- control design and optimization,

- drive design and optimization, at component level and system level.

At the start of the design of a vehicle, specifications of components are subject of
discussion. This aspect is treated in this thesis, in particular the choice of couplings.
Optimization of the drive has to be done while taking into consideration a variety of
possible oscillation sources such as those described in chapter 2 and measured in
chapter 3. The choice of couplings includes the place within the drive and the type
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and size of the coupling. The choice has to fit into the entire drive system while
taking into account the bogie, motor, converter and control design.

Any choice of components should be examined within the system design. Depend-
ing on the results of analysis

- the drive structure has to be changed

- components and/or their parameters have to be changed.

Reduction of oscillation amplitudes and the oscillation time can be obtained by
increasing the damping of the system. Increase of damping can be obtained by
passive damping of components or by active damping by the control system, taking
into account the fact that in the case of light-rail vehicles, traction drives are usually
multi-motor drives.

Optimization is an iterative process which executes the procedure of simulation and
analysis until the desired specification is met. At the start of the design process, the
maximum of parameters can be changed with a minimum possibility of validation.
Proceeding with the design, the freedom of parameter variation decreases with the
increasing possibility of validation.

Validation of the models has to be done during all phases of prototype testing. This
means that both the components and the entire system should be tested on oscilla-
tions. For example, tests on a test bench may help to optimize couplings and shafts
as well as inverter pulse patterns and thus aid in obtaining an optimized system
designed.

5.3 Drive dynamics

5.3.1 Traction motor

The dynamics of induction motors when operating at variable frequency have been
investigated by various authors. Analysis in the frequency domain has been done,
among others, by Kleinrath, Taegen and Novotny et al. [KLLE8O, TAE71, NOV78].
Transfer functions have been derived and stability analysis has been performed that
indicate the motor’s boundaries of stability.

Deleroi explained that, at constant rotor speed, the transients of the induction motor
can be described by two transient rotating fields, one coupled with the stator, one
coupled with the rotor [DEL82]. Kleinrath described the transient operation of the
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induction motor by an electrical and a mechanical transient [KLE80]. These
transients appear in an uncontrolled motor, i.e., a motor which is fed by voltage
sources with imposed frequency and amplitude. In practice, the motor is controlled
by a torque control system as described in section 2.3. In the following, however,
the uncontrolled motor is considered in order to analyze the interaction between the
motor and the mechanical drive.

An electrical multiple-unit motor is taken as an example in order to illustrate the
transient operation of the motor.

It is known that at low frequencies the voltage-source-inverter fed motor may
generate torque oscillations, known as "hunting” [UED92]; these occur in particular
with motors with a high stator resistance. At low stator frequencies, the ratio of
stator resistance versus main inductance increases. To illustrate the hunting phenom-
enon, Figure 5.3.1 shows the acceleration of an induction traction motor at no load
up to a stator frequency of 18.8 Hz. At constant stator frequency, a torque oscilla-
tion is generated. Torque and rotor speed have been calculated by equations 4.2 and
4.4. The motor is fed by sinusoidal voltages with variable frequency and amplitude.
Figure 5.3.2. shows a detail of the oscillation which has a frequency of 12.4 Hz.
The oscillation is generated at comstant stator frequency and voltage. It is an
oscillation of stator and rotor fluxes which causes a torque oscillation. The chosen
motor has a high stator resistance.

The transfer function of rotor speed divided by stator voltage has been calculated
for stator frequencies of 10 Hz, 20 Hz, and 40 Hz with mean values of the motor
flux. Eigenvalues have been calculated using equation 4.20. There are five eigenval-
ues of the system matrix A. The first two eigenvalues have a frequency which is
near the stator frequency. The third and fourth eigenvalues are weakly damped.
Their frequency is constant for high stator frequencies but always lower than the
stator frequency. The damping of this eigenfrequency may become negative so that
self-excited oscillations may occur. The fifth eigenvalue is real and nearly constant.
Figure 5.3.3 shows the transfer function at no-load, indicating the eigenfrequencies
of the motor.

A traction drive can be modelled in the most simple case by adding an inertia to the
motor’s rotor inertia. A high inertia has a stabilizing effect on the motor, which can
be illustrated by the transfer function of the traction motor of an electrical multiple-
unit, shown in Figure 5.3.4. The frequency of the first two eigenvalues lies near the
stator frequency. The damping of the third and fourth eigenvalue has increased,
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while their frequency is less than one tenth of the frequency at no load for high
stator frequencies and increases at low stator frequencies. Self-excited oscillations
will not occur.

The frequency characteristics of a traction motor with two different inertias, i.e.,
rotor inertia and the inertia representing the drive inertia plus mass of the vehicle
have been illustrated by an example of a traction motor. Self-excited oscillations
may occur if the motor operates in no load. The inertia of the drive, however,
causes a decoupling of the mechanical and magnetical energy reservoirs of the
motor. Here, the open-loop model of the motor has been examined. In the case of a
controlled motor, the control system has an influence on the eigenvalues of the
drive, which depends on the type of control. Within this thesis, the control system is
excluded from investigation.

5.3.2 Mechanical drive

In section 4.3 the flexible modelling of mechanical structures was presented. In
order to examine the oscillations of traction drives two examples were chosen. First,
the electrical multiple-unit drive, since most parameters were available and measure-
ments on track were done; second, a quill shaft drive of an electrical multiple-unit,
whose parameters were available. In this section, models of the two drives are
examined by means of modal analysis. Parameters of the models are listed in
Appendix F.

Assumptions have been made in the first place to limit the complexity of the
models by excluding degrees of freedom. Validation has to show whether the
assumptions are correct.

Hollow shaft drive

A detailed model of the electrical multiple-unit drive including drive line, bogie and
car body has been derived by Poeze [POE92]. Here, the attention is focused on the
drive line, in particular the couplings, which are of major importance for the design
of the electromechanical drive.

For the model of the drive line, the motor and gearbox are rigidly coupled to the
bogie frame. The wheel-rail contact as described in section 4.4 determines the
coupling between the rotation and the longitudinal displacement of the wheels. We
distinguish two cases:
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Rolling wheels

The wheel is rolling without difference between circumferential and translational
wheel speed. This assumption is valid for pure rolling and for small variations at a
point of operation when the difference between the circumferential and the
translational speed of the wheel is negligible. In this case the rotation and the
translation of the wheel are coupled, so that the model includes the longitudinal
translation of the bogie frame and the car body as shown in Figure 5.3.5. The
model consists of the rotor, the gear transmission, the wheel-set, the bogie and the
car-body, which are flexibly coupled by springs and dampers. The translation of
bogie and car body has been transformed into a rotation as described in section
4.4.4 and Appendix D. Since the wheels are rolling, the wheel shaft is assumed to
be rigid. The gear teeth are considered rigid. This is permitted when the bandwidth
of the model is limited to a maximum of 500 Hz. The rotation of the rotor has been
transformed to the wheel side by the transmission factor of the gearbox. Table 5.1
shows the natural frequencies and eigenvectors and Figure 5.3.7 shows the oscilla-
tion modes. The mode of 0 Hz represents the rotation of the drive. The drive and
bogie move with respect to the car-body at a frequency of 2.95 Hz. The drive
moves with respect to the bogie at a frequency of 19.8 Hz with the car-body resting
while the wheel-set rotates with respect to the drive at a frequency of 29.5 Hz. At
the highest natural frequency of 192.65 Hz, rotor and gear wheels rotate with
respect to each other. It is shown that the highest natural frequencies are close to
the motor while the lowest frequencies involve the car-body and bogie.

When the bogie and the car-body are assumed to be rigidly coupled with the wheel-
set, thus neglecting stiffness between wheel-set, bogie and car-body, the last two
modes appear with a frequency of 24 Hz and of 192 Hz.

X‘a ] Xb ] X’c R xd IR Xe
FAA T RMNA S RANA G AN
rotor gear wheel  wheel set bogie car body
J= 725 20.9 410 667 3990 kgt
k= 2210 2.410° 2.56 10° 3.1510° Nmv/rad

Figure 5.3.5 Model of hollow shaft drive with rolling wheels.
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Figure 5.3.6 Oscillation modes of hollow shaft drive with rolling wheels.
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frequency Xa Xb Xe Xa Xe
0 Hz 1 1 1 1 1
295 Hz 1 0.999 0.986 0.952 | -0.284
19.8 Hz 1 0.949 0352 | -0.366 0.002
29.5 Hz 1 0.888 [ -0.418 0.103 0
192.6 Hz | -0.266 1 -0.004 0 0

Table 5.1 Natural frequencies and modal angular displacement of hollow shaft
drive with rolling wheels.

Slipping wheels

At the maximum of transmitted force from wheel to rail, the force is nearly
independent of variation of the speed difference between wheel and rail. Translation
and rotation of the wheel can be considered to be decoupled. The elasticity of the
wheel shaft has to be included because of the variation of the speed of the wheels.
Figure 5.3.7 shows the model. In Table 5.2 and Figure 5.3.8 the natural frequencies,
eigenvectors and oscillation modes are given.

The mode of 0 Hz again describes the rotation of the drive. The mode of 32 Hz
describes the rotation of the rotor and gear transmission against the wheel-set. In the
mode of 73.2 Hz, the wheels are twisted against each other with rotor and gear
transmission resting, while the mode of 192.8 Hz shows the torsion of the rotor
against gear transmission. The second and fourth mode correspond to the fourth and
fifth mode of the model with rolling wheels. The second mode has a higher
frequency due to the decoupling of the drive from the bogie.

x % 7 x FEx

C d
rotor gear wheel driven wheel wheel
J= 725 20.9 49 48  kgm?
K= 2210" 2.4 10°% 4.4108 Nm /rad

Figure 5.3.7 Model of hollow shaft drive with slipping wheels.
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Figure 5.3.8 Oscillation modes of hollow shaft drive with slipping wheels.
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frequency Xa %o Xe Xa
0 Hz i 1 1 1
32 Hz -0.83 -0.72 0.55 1
73.2 Hz -0.15 -0.05 1 0.74
1928 Hz | -0.27 1 -0.069 0.0

Table 5.2 Natural frequencies and modal angular displacement of hollow shaft
drive with slipping wheels.

Quill shaft drive

Models of the quill shaft drive can be derived like models of the hollow shaft drive.
Here, only one simple model is examined which has been defined due to the
parameters available. The model as depicted in Figure 5.3.9 and Figure 5.3.10
consists of the rotor, the quill shaft with couplings and an inertia which represents
the drive line, bogie and car-body. The wheels are considered to be rolling so that
the wheel shaft has been assumed to be rigid. Here, also the connection between
wheel-set and car-body has been assumed to be rigid, which limits the validity of
the model. Only the dynamics of the connection between the motor and the gearbox
transmission, which will be used to investigate coupling parameters, has been
modelled.

In Table 5.3, natural frequencies and eigenvectors are shown, while in Figure 5.3.10
the oscillation modes are depicted. The first mode describes rotation of the drive,
the second mode shows the torsion of the drive line. The mode of the third natural
frequency shows the torsion of the quill shaft against rotor and gear wheel transmis-
sion, while the fourth mode shows the torsion of the quill shaft.
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b a c d
coupling rotor coupling

drive

Figure 5.3.9 Schematic description of the quill shaft drive.

ARNIEINIEANE?
~AA S RAAA
rotor coupling coupling drive
J= 227 0.09 0.094 136.4
k= 1.1510°

kg m2
1.08 10° 1.1510°

Nm/rad

Figure 5.3.10 Model of quill shaft drive with rolling wheels.

Frequency Xa %o Xe e
0 Hz 1 1 1 1
204 Hz 1 0.676 0.32 -0.017
179.7 Hz -0.04 0.956 1 0.0
302 Hz -0.014 1 -0.928 0.0

Table 5.3 Natural frequencies and modal angular displacement of quill shaft drive.



5.3 Drive dynamics

127

angle
Motor shaft (¥,) Coupling () Coupling (%) Drive(y,)
Oscillation mode of 0 Hz
angle ¥,
Motor shaft (¥,) Coupling (%) Coupling (%) Drive (%)
Oscillation mode of 20.4 Hz
angle 7,
Motor shaft (y,) Coupling  (Y,) Coupling (%) Drive(y,)
Oscillation mode of 179.7 Hz
angle %,
Motor shaft (%) Coupling (%) Coupling (%) Drive (y,)

Oscillation mode of 302 Hz

Figure 5.3.11 Oscillation modes of quill shaft drive with rolling wheels.



128 Simulation and Analysis

5.3.3 Electromechanical drive

In order to investigate the dynamics of a traction drive during a traction cycle,
several assumptions have to be made. First, the appropriate model has to be chosen.
Then the damping of the flexible couplings and connections has to be calculated.
Simulations in the time-domain show the drive dynamics, while transfer functions
give an overview of the natural frequencies of the drive and their damping.

Acceleration of the electrical multiple-unit drive was simulated with the two models
described in section 5.3.2. Further, simulations were done with a simplified model
with rolling wheels, by assuming a rigid connection between wheels, bogie and car-
body. The simulated torques, speeds and motor currents were similar for the three
models. ‘

Figure 5.3.12 shows the acceleration of the electrical multiple-unit drive when using
the simplest model. The time responses of the three models do not differ signifi-
cantly. The measurements described in Chapter 3 were used for the validation of the
model.

The vehicle has been accelerated with maximum torque starting from zero flux of
the motor and zero speed of the vehicle. Excitation is imposed by the stator
voltages of the traction motor by means of variation of the frequency and amplitude
of sinusoidal voltage sources. The first six seconds of simulation are shown.

The time axis in the simulation can be divided into three phases: building up of
motor flux (1), building up of torque (2), and acceleration with maximum torque
(3). After building motor flux up to 1.2 seconds, acceleration starts with increasing
stator frequency. Building up torque gives an overshoot. After the overshoot the
shaft is driven by a constant torque of about 8000 Nm. Overshoot and the following
transient can also be recognized in the phase current.

The measured gradient of the inverter frequency is lower than simulated. The
simulation neglects the resistance of the track, so that the maximum torque of the
drive is simulated at a higher acceleration.

The measured current is the inverter current which feeds two motors, so its value is
twice the motor phase current, assuming identical drives. Obviously, current
waveforms include all harmonics caused by PWM voltage waveforms. However,
frequency and amplitude of fundamentals correspond with simulated values.

The measured torque includes harmonics caused by PWM voltage waveforms,
parasitic torques of mechanical origin and measurement noise. However, rise time,
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overshoot and constant torque value correspond with the simulated torque.

It can be seen that with a simple model, a part of a traction cycle of a traction drive
within a vehicle can be simulated quite properly. How requested torque will be
generated by the motor and transmitted within the traction drive can thus be
verified.

Figure 5.3.13 shows the vertical displacement of the motor and gearbox as
described in sections 3.3.2 and 4.3.3. Simulation was performed with excitation by
sinusoidal voltages. Torque and current waveforms correspond to waveforms
obtained with the previous described models. Here, the vertical displacement of the
silent blocs is discussed in simulation and measurement. The figure shows the
displacement of the three silent blocs S, S, and S; as depicted in Figure 3.3.5, as
shown in section 3.3.2. The simulated displacement of the motor in its silent bloc is
close to zero. The gearbox has a vertical displacement moving upwards from the
rails in the silent bloc on the motor side, while it moves downwards to the rails on
the wheel axle side. The resulting movement is a rotation around the lateral (y) and
longitudinal (x) axes of motor and gearbox.

Measured displacement signals as plotted in Figure 5.3.13 are noisy, with a low
resolution. The displacement signal of the silent bloc of the gearbox at the wheel
axle side is disturbed for between four and six seconds. However, the displacements
can still be recognized. First of all, the simulated motion was found in the measure-
ments, which indicates that the chosen model structure is valid. Critical parameters
are the characteristics of the rubber silent blocs which are assumed to be linear
springs with estimated stiffness. Since the measured displacement values are lower
than the simulated values, the estimation of the spring constants of the silent blocs
was too low.

The interaction between motor and mechanical drive was investigated by calculating
the eigenvalues of the damped system. The eigenvalues show that the motor has a
damping influence on the drive. The damping influence of the induction motor has
already been stated by Poeze [POE92]. The eigenvalues show further that the
damping of the motor itself has decreased with respect to the motor values with
high inertia as shown in Figure 5.3.4.

A frequency characteristic of the drive is shown in figure 5.3.14 by the transfer
function of wheel speed divided by stator voltage as a function of frequency. The
natural frequency of 32 Hz has a relatively low damping while the frequency of 192
Hz is strongly damped. The frequency of 73.2 Hz of the wheel shaft is poorly
damped.
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An example of a transfer function of the quill shaft drive is shown in Figure 5.3.15
for a 10 Hz stator frequency of the motor. The figure shows the example of a
poorly damped drive line with the natural frequencies calculated in section 5.3.2.
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Figure 5.3.14 Amplitude of wheel speed divided by
stator voltage of hollow shaft drive at
10 Hz stator frequency.
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Figure 5.3.15 Amplitude of wheel speed divided by
stator voltage of quill shaft drive at
10 Hz stator frequency.
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5.4 Inverter harmonics

The stator voltage of the motor is generated by an inverter by switching a DC
voltage. The principle of the inverter was described in section 2.3. A simple derived
model of the inverter was discussed in section 4.2.2. The switching action of the
inverter generates voltage harmonics, these harmonics cause current and flux
harmonics. In section 4.2.2 it was stated that the order of the voltage harmonics is
given by

v = =57, -11,13 ~-17,19...

Since the torque is the product of motor currents and fluxes, the torque harmonics
are mainly the product of the fundamental and harmonics generating multiples of
the sixth harmonic of the stator frequency. The stator phases of the motor are y-
connected without neutral conductor.

In this section, the attenuation of these torque harmonics in the drive for the hollow
shaft drive and the quill shaft drive is investigated.

5.4.1 Oscillation amplitudes

During acceleration of the drive, the frequency of voltages rises and so does the
frequency of the harmonics. As a result, couplings will transmit torques with super-
position of harmonic torques with variable frequency. The damping of elastic
couplings depends on the frequency of the applied torque, as mentioned before.
Thus damping parameters have to be chosen according to the frequency of torque
harmonics.

Figure 5.4.1 shows the acceleration of the electrical multiple unit drive from
standstill up to 11 Hz stator frequency. Making use of the models described in
section 5.3.2, time response of the torques was simulated. Simulated torques and
currents were similar for the these models. The excitation of the model is done by
stator voltages varying in frequency and amplitude. Values are derived from
measurements on track. The 5" and 7" harmonics of the stator voltage are superim-
posed thus simulating the pulse-width modulated voltage waveforms. Up to the
inverter frequency of 18 Hz, the fifth and seventh harmonic of the stator voltage
were assumed to be 2% and 3% of the fundamental, above f_, = 18 Hz, these
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harmonics were set to 20% and 10% of the fundamental.
The damping of the couplings was determined by equation 4.17. The frequency of

the applied torque is the 6™ harmonic of the stator frequency. The stiffness of the
couplings was derived from specifications of manufacturers.
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Figure 5.4.1 Acceleration of drive with torque harmonics.

Figure 5.4.1 shows simulated torque responses of the air gap torque 7., the torque
in the elastic coupling between motor and gearbox T,,, and the torque between
gearbox and wheel axle T,,. The measured torque response shows a lower har-
monics amplitude. Validation of the amplitudes by this comparison, however, is not
permitted because voltage harmonics had been estimated and had not been
measured during the experiments on track.
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A detail at nearly 20 Hz stator frequency is shown in Figure 5.4.2. Only a short
time period has been chosen to illustrate the influence of harmonics. Figure 5.4.2
shows the motor phase current which is no longer sinusoidal due to voltage harmo-
nics. The motor side coupling torque T, and the hollow shaft torque 7, show a
6™ harmonic ripple torque at a constant acceleration torque of the drive. Measured
waveforms show that the peak values of currents correspond to the simulated
values, taking into account the fact that one inverter supplies two motors. Further, it
can be seen that the measured current contains more harmonics than the 5* and 7®
harmonic.
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Figure 5.4.2 Simulated and measured torque ripple in hollow shaft drive.
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The simulated torque ripple amplitude differs from the measured amplitude. In
addition, the motor model also has the limitation that current redistribution in the
rotor have been neglected. Thus, a lower air gap torque ripple may be calculated
than appears with the skin effect [VEL94]. However, the attenuation of the har-
monics between the simulation and the measurement corresponds. The amplitude of
the air gap torque ripple within the chosen time span is 800 Nm, so that the ripple
torque has been significantly attenuated by the rotor inertia.

Changing pulse pattern may cause transients in torque. Figure 5.4.3 shows simulated
and measured transients after the change of pulse pattern. The damped transient can
be recognized. Again, the difference between values of simulation and measurement
lies in the approximation of pulse patterns.

Rondel et al. and de Beer have shown how to minimize transients by choosing the
right switching vector phase angle [RON92, BEE94]. An optimized transient was
obtained by changing more slowly the stator voltage vector at the moment of
change of pulse pattern, so that the flux remains nearly constant as shown in Figure
5.4.4.

In practice, minimization of transients is obtained by a minimum variation of
amplitude and phase angle at the change of pulse patterns.
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Figure 5.4.3 Simulated and measured current and torque transient in hollow shaft
drive.
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Figure 5.4.4 Optimization of torque transient in hollow shaft drive.

Generally, simulations have shown that the motor inertia, which is dominant
between the inertias of the drive line, attenuates most of the torque ripple. This
attenuation increases with the motor speed. At high inverter frequencies, the number
of switched stator voltage pulses is relatively low, which causes a high torque
ripple. In practice, this high ripple is attenuated well by the motor inertia.

At low speeds, the torque ripple is lower, due to the high number of switched stator
voltage pulses. However, the ripple is less attenuated at low speed.

Investigation of torque harmonics caused by the inverter is of special interest at low
frequencies, because the damping of the couplings is dominant and there are
possibilities of resonances.

5.4.2 Hollow shaft drive

The hollow shaft drive has two couplings, the wheel shaft to gear wheel coupling
and the motor to pinion wheel coupling. The influence of variation in the stiffness
and damping of the couplings is shown by time domain responses and transfer
functions.
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Figure 5.4.5 Simulated torque with reduced damping of hollow shaft coupling.
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Figure 5.4.6 Simulated torque with reduced hollow shaft coupling stiffness and
damping.

The torques of the hollow shaft drive at the beginning of acceleration of the vehicle
have been shown in section 5.4.1. The torque response, assuming a wheel-side
coupling with the same stiffness but a tenth of the relative damping v, has been
simulated. The torque shows a resonance between two and three seconds as seen in
Figure 5.4.5.
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Assuming a wheel-side coupling with a tenth of the stiffness and the same relative
damping, responses are simulated as shown in Figure 5.4.6. Torque responses show

major attenuation of harmonic torques.

Figure 5.4.7 shows transfer functions of the hollow shaft drive for the three
simulated cases of rated damping, reduced damping of the hollow shaft coupling

and reduced stiffness of the same coupling. Reduced stiffness causes a lower natural
frequency of the drive against the wheel set.
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In the case under consideration, the motor is coupled with the pinion wheel of the
gearbox by a flexible coupling with a damping of y = 0.4. In other drive concepts,
the coupling between pinion wheel and motor is a steel coupling with a low
damping. The transfer function of a drive with a steel coupling is also shown in
Figure 54.7.

The transfer functions were calculated with a reduced model of the hollow shaft
drive with rolling wheels, assuming elasticity only in the two couplings of the drive.
The ripple torques have most influence on the couplings and gear transmission of
the drive line. With respect to the model depicted in Figure 5.3.5, section 5.3.2, the
frequency of 192 Hz remains while the frequency of 28 Hz has decreased to 24 Hz
in the reduced model.

When including finite stiffness of the gearwheels, two natural frequencies are added
to the drive model:

f, = 1256 Hz

fs = 2500 Hz.
Comparing the figures, the main difference is the addition of the eigenvalues due to
the stiffness of the gear teeth. The transfer function is shown in the frequency range
of up to 10° rad/s. The poorly damped gear teeth can be recognized. Resonances
may occur at this frequency.

2500 Hz

amplitude

10° 10° 10* 10°
frequency [rad/s]

Figure 5.4.8 Transfer function of hollow shaft drive
including gear teeth stiffness.
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The hollow shaft drive under investigation is a drive with high torsional stiffness.
With respect to a drive with lower torsional stiffness there will be higher natural
frequencies and less attenuation of ripple torques.

In practice, the wheel side coupling of a hollow shaft drive always has a sufficient
damping, so that resonances as shown in the illustrative example above will not
occur. The motor coupling is less critical and therefore for this type of drive, ripple
torques will not cause problems.

5.4.3 Quill shaft drive

The torsional stiffness of the quill shaft drive as described in section 5.3.2 is
determined by quill shaft and couplings. Compared with the hollow shaft drive, the
motor is less rigidly coupled with the gear transmission. In practice, the ripple
torques of the motor are well damped by the rotor inertia so that the couplings are
not critical. There is a possibility of resonances when the couplings are poorly
damped. Elastic couplings of the quill shaft may be rubber couplings with relatively
high damping or steel couplings with low damping.

The choice of couplings for the quill shaft drive is again illustrated by transfer
functions and time responses. The drive has three natural frequencies, at 20.4 Hz,
179.7 Hz and 302 Hz. The eigenfrequency of the quill shaft has the highest
damping. The first two frequencies are more critical. Two cases have been simu-
lated, in the first case, elastic rubber couplings were chosen. In the second case
steel couplings are modelled with a damping which is 2.5 % of the rubber coupling
damping at 180 Hz. Figure 5.4.9 shows the transfer functions which evince the
well-damped drive with rubber couplings in contrast with the poorly damped drive
line with steel couplings.

Figure 5.4.10 shows the detail of a simulated quill shaft drive traction cycle with
rubber and steel couplings. The traction cycle was simulated with acceleration with
a rated torque of 1400 Nm and a rate of rise of the inverter frequency of 3.25 Hz/s.
The figure shows the pinion side coupling torque at the time span between 4.3 s
and 4.6 s during acceleration. The inverter frequency is 13 Hz at 4.5 s. The ripple
torque was generated by an 11" and 13" stator voltage harmonic with an amplitude
of 2% of the fundamental. The air gap torque ripple at the shown time span is 30
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Nm. The torque of the rubber coupling shows a strong attenuation of the ripple
torque while the steel coupling torque shows a resonance of 179.7 Hz. At this
frequency, the quill shaft is twisted against the rotor and pinion wheel, which means
a high dynamic load on the couplings.

Resuming discussion of the simulations of the quill shaft drive, ripple torques were
mostly absorbed by the rotor inertia which is coupled with a relatively low stiffness
to the gear transmission. The application of steel couplings in this type of drive may
lead to resonances.
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Figure 5.4.9 Wheel-set speed divided by stator voltage ®,/uy, [rad/sV] for the quill
shaft drive with rubber and with steel couplings.
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5.5 Influence of the wheel-rail contact

In the preceding sections, we reported on simulations with rolling wheels and with
the wheel-rail model as described in section 4.4. The required friction coefficient of
the hollow shaft drive at maximum torque was 0.16 so that on dry rails with a
friction coefficient maximum of 0.3, the wheels will not slip. In some cases,
however, wheel slip occurs, which has influence on oscillations of the drive.

5.5.1 Slip-stick oscillations

When the drive operates at the maximum of transmissible force, which occurs with,
e.g., wet rails or with high power drives, the wheels may slip. Traction drives are
equipped with wheel slip control, which detects the slip of the wheel-set by the
variation of the speed of the drive at a given inverter frequency. The drive is then
operating within the descending part of the friction curve, as has been depicted in
Figure 4.4.2, section 4.4. Wheel-slip control reduces the demanded torque so that
the drive returns to operate in the rising part of the friction curve.

When operating near the maximum of the curve, "slip-stick" oscillations may occur.
Such oscillations are generated when the force of one wheel is transmitted to the
rising part of the adhesion curve while the other wheel transmits the force to the
falling part of the curve. The poorly damped wheel shaft is excited and the wheels
oscillate while twisted against each other with the frequency of the wheel set, in the
case of the hollow shaft drive 73.2 Hz.

Figure 5.5.1 shows the acceleration of the hollow shaft drive when slip-stick
oscillations occur between 2 s and 4 s. Since the drive is modelled in an open-loop
system, the slip-stick oscillation is followed by a motor transient of 5 Hz, which
would be damped much faster in the case of simulation of a controlled motor.

The highest amplitude of the torque appears in the wheel shaft. In practice, the slip-
stick oscillation may cause damage in components such as couplings, or even the
wheel shaft. Several control concepts have been proposed to minimize slip-stick
oscillations [SCH92, ENG96].
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Figure 5.5.1 Simulation of acceleration of the hollow shaft drive near the maxi-
mum of transmissible force between wheel and rail.

5.5.2 Motor short-circuit

Simulation of fault conditions is important in order to be able to estimate the
torques and forces on mechanical components. In particular, fault conditions of the
electrical drive may cause peak torques or the excitation of oscillations which may
damage the mechanical drive. High torque peaks are generated in the case of short-
circuit of the stator such as depicted in Figure 5.5.2, or the loss of the speed probe
of the motor.

One of the most critical fault situations is the short-circuit of the stator phases.
Although short-circuit occurs very rarely, the situation has to be taken into account
in order to foresee eventual damage to the drive and suspension.

Various studies have been done on this subject, such as that by Pittius and Seinsch
[PIT89]. They concluded that the two-phase short-circuit generates the highest
torques and that the dynamics of mechanical load may not be neglected. Other
studies investigated the influence of eddy currents in rotor bars on the short-circuit
torques.

Validation of these simulations is not impossible but might be very costly, as severe
damage to the drive may occur. However, tests on a test bench made it possible to
validate the chosen motor model [JAC92]. On the test bench the motor was rigidly
coupled with a rotating mass and was short-circuited.
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Figure 5.5.2 Bogie and drive configuration at motor short-circuit.

Short-circuit of the stator windings occurs in the case of inverter switch failure.
Since the mechanism of short-circuit depends on the type of inverter protection,
here, a generalized example has been taken. A comparison between two models has
been made. In engineering practice, models of a drive line with rolling wheels are
in use; these neglect springs between wheel-set, bogie and car-body. Simulations
were done for the hollow shaft drive as described in section 5.3.2. The bogie and
car-body inertia were added to the wheel-set inertia, which yielded a model with
three natural frequencies, 0 Hz, 24 Hz and 192 Hz.

In order to include the possibility of wheel slip, simulations were repeated with the
model of the hollow shaft drive for slipping wheels as depicted in Figure 5.3.7,
section 5.3.2, including the wheel-rail model as depicted in Figure 4.4.4, section
442,

Figure 5.5.3 gives an example of a three-phase short-circuit of the stator by plotting
phase current, motor speed and drive torques both excluding and including wheel
slip.

The stator is short-circuited during acceleration of the drive with an air gap torque
of 2000 Nm at a stator frequency of 11 Hz.

When wheel slip is excluded, the braking torque peak of the motor is amplified by
the transmission factor to obtain the hollow shaft torque. The torque peak, which is a
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multiple of the rated torque, is propagated throughout the entire drive. The peak
value increases with motor speed at rated flux. In the case of wheel slip, the hollow
shaft torque peak is significantly lower, because the friction coefficient limits the
maximum transmissible force from wheel to rail. After short-circuit, a braking
torque appears which rises until the wheels begin to slide. A damped transient with
the frequency of 73.2 Hz can be recognized during wheel slide. At 6.4 seconds, the
wheels stop sliding, which is followed by a 24 Hz transient. The frequency of 24
Hz is a natural frequency of the drive model with rolling wheels.

The peak value of the 'torque at a given motor parameter set increases with the
stator frequency at rated flux and the maximum transmissible force between wheel
and rail. In the simulation shown in Figure 5.5.3, a friction coefficient of 0.3 has
been assumed at rated torque of the drive in acceleration. During coasting and
braking, the wheel slide will occur faster so that the torque peak will decrease.

The damping of the drive line is essential to shorten transients and limit torque
amplitudes. In the example shown, the damping of the drive was high. Poorly
damped drive lines may oscillate at high torque amplitudes, even leading to slip-
stick oscillations.

Simulation of fault conditions of the electrical drive which cause torque peaks are
essential, in order to design properly an electromechanical traction drive that
obviates damage of mechanical components. The wheel slip determines the maxi-
mum torques in the mechanical part of the drive. The worst-case conditions are
maximum stator frequency at rated flux and torque in acceleration with dry rails.

5.6 Conclusions

The third and fourth problem statements of the thesis -

Apply the developed methods to traction drives in service and test the validity.
Apply the developed methods to minimize oscillations. -

have been treated in Chapter 5, which has brought us to the following conclusions:

Analysis of oscillations has to include the electrical drive, the mechanical drive and
the wheel-rail contact. In order to investigate sufficiently oscillations in traction
drives, traction cycles have to be simulated, including control dynamics, inverter
harmonics, slip-stick phenomena and fault situations of the drive.
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Elastic couplings have to provide damping to obviate resonances and limit transient
amplitudes. Inverter pulse patterns have to minimize torque ripple and transients.

The oscillation characteristics of traction drives have been examined by means of
time-domain simulations and frequency domain analysis. It has been shown that the
traction motor is a damping component in the open-loop drive system. Further, the
damping of elastic couplings plays a determining role in the attenuation of oscilla-
tions. Ripple torques generated by the motor, which is supplied with pulse-width
modulated inverter waveforms, may cause resonances when the damping of the
drive line is not chosen properly. The wheel-rail contact may cause slip-stick
oscillations, but is also a damping factor for, e.g., torque peaks generated by motor
short-circuit.

The results have to be seen as qualitative. To determine the amplitudes of oscilla-
tions by simulations, certain parameters have to be estimated with the aid of
measured data. Transfer functions give an insight into system dynamics. When
analysing transfer functions guidelines have to be followed:

- The stator frequency has to be chosen.

- The stiffness of the elastic couplings has to be determined.

- The damping of the elastic couplings has to be determined.

By combining the motor model and the mechanical model, the influence of the
motor on mechanics and vice versa can be analyzed directly. Transients and
resonances can be estimated and parameter influences can easily be investigated.
Hence, discussions about the choice of drives and components such as couplings
and gearboxes are provided against a background of modelling and simulation.
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6.1 Results

The questions we asked in the introduction:

Which oscillation occur ?

How are they generated ?

How can they be described ?

Hoe can they be measured ?

How can they be avoided ?

have been answered only for a small part. The mechanical part of the drive and the
uncontrolled motor have been considered. Oscillations have been measured and
simulated by taking into account the inverter harmonics and the wheel-rail contact.
However, the basics have been created by measurement, modelling and simulation
of the drive as a system. The interaction of components, including the control
system will have to be first investigated. In the following the results are discussed
in detail.

A procedure has been developed to perform experiments which enable the measure-
ment and analysis of oscillations in traction drives in vehicles on track with a
reasonable expenditure of effort.

The simultaneous measurement of electrical and mechanical drive signals is
essential in the analysis of oscillations and their causality. Cascade plots, ie.,
Fourier spectra at subsequent moments of time, provide an overview of the oscilla-
tions of a drive during a traction cycle of acceleration, coasting and braking.

During the performed tests, four types of oscillation sources were detected, the
control system, inverter voltage harmonics, mechanical drive sources such as
misalignment of shafts or unbalance, and the wheel-rail contact.



150 Conclusions

Torque oscillations generated by inverter harmonics had a low amplitude in
comparison with torque oscillations of mechanical origin. However, there may be
transient higher amplitudes in the case of resonances or change of inverter voltage
pulse pattern. Converter-excited oscillations are propagated throughout the entire
drive, while measured mechanical oscillations were limited to the mechanical drive.

The highest oscillation amplitudes and peaks are caused by the rails. They may be
propagated through the entire drive.

Tests on a vehicle test bench with fixed rollers eliminate rail influences, which
increases the repeatability of tests but which excludes a significant source of
oscillations and shock loads.

A tool for modelling and simulation has been developed which enables the simula-
tion and analysis of oscillations in traction drives. Due to the flexibility of the tool,
a variety of drive types can be investigated in a short time.

The interaction between the traction motor and the mechanical drive has been
analyzed by two examples of mechanical drives, the hollow shaft drive and the quill
shaft drive. Multi-body system modelling has been applied; this enables flexibility
in modelling a variety of mechanical drive structures. Equations of motion are
derived by an algorithm out of the mechanical structure.

Free oscillations are first damped by the damping of drive components. The motor
itself has a damping influence on the mechanical drive.

Faults such as stator short-circuit of the motor cause torque peaks and subsequently
free oscillations, which are not controlled but are attenuated by the wheel slip.

The wheel-rail contact may also generate oscillations of the wheel shaft. These
oscillations are difficult to damp, there have been recent research efforts in this field
[BUS95, ENG96]. A fast motor torque control provides fast torque responses which
damp motor oscillations and provides the possibility of damping slip-stick oscilla-
tions.

Forced torque oscillations caused by inverter voltage harmonics have been consid-

ered. Torque harmonics may cause resonances in poorly damped shafts, and
resonances in elastic couplings. In order to limit the amplitudes of torque oscilla-

R
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tions, shaft resonance frequencies have to be obviated and damping of couplings has
to be sufficiently high.

Analysis of oscillations has to include the electrical drive, the mechanical drive and
the wheel-rail contact. In order to investigate sufficiently oscillations in traction
drives, traction cycles have to be simulated, including control dynamics, inverter
harmonics, slip-stick phenomena and fault situations of the drive. By using the
developed tools, oscillations can be minimized to increase the lifetime of drive
components.

The conclusions drawn from the measurements and simulations reported here have
to be seen within the main limitations of the investigations. First, tests were
performed on specific vehicles under specific circumstances. Then, simulations were
carried out with models. These simulations were limited to the interaction of motor
and mechanics, using specific parameter sets. Therefore the presented results remain
samples from a variety of possible configurations of vehicle and operation parame-
ters. The purpose of the conclusions is to focus the attention of the traction drive
designer on oscillation phenomena, these demand consideration of the drive as an
electromechanical system which is more than the sum of its components.

6.2 Recommendations for further research

In this thesis a basis has been created on which to further investigate oscillation
phenomena in traction drives. The first step in future research is to include the
control system and to analyze the interaction between the electrical and the mechan-
ical parts of the drive. The model of the system as depicted in Figure 2.2.2, section
2.2, has to be extended step by step, adding possible oscillation sources and
analysing the oscillation phenomena. The extension of models will include the
implementation of control algorithms, power converter dynamics, catenary
dynamics, vehicle dynamics and dynamics of the wheel-rail contact in two dimen-
sions, to include track curves and irregularities.

Systematic research on model order, especially of the mechanical part of the drive
including the bogie and car-body, will have to be carried out to derive the appropri-
ate models for oscillation phenomena.
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Analysis of experiments must include the statistical evaluation of tests. Further new
methods of signal processing will have to be examined.

To date, the simulation results have been considered to be qualitative. To obtain a
reliable prediction of oscillation amplitudes by simulation, parameters have to be
known with a certain degree of precision. In particular, the damping of the mechan-
ical part of the drive is not always known. The validation of models will have to be
extended to system identification in practice, and to the estimation of model
parameters such as described in section 5.2.2. Experiments are in preparation
[BEC97].

Application of the proposed procedures will have to be done in future design and in
the testing of light-rail vehicles to yield improved specification of drive compo-
nents. In particular, the design of low-floor trams will have to be preceded by
oscillation analysis because these trams include drive structures which differ
significantly from classical bogie design.

The variation of drive parameters must be investigated intensively in order to
optimize drive design. In particular, the influence of variations in wheel-rail contact
will have to be evaluated.

If the minimization of oscillations is to be obtained by optimizing the control
system, or by optimizing the drive structure, components will have to be evaluated.
This evaluation requires collaboration between control and construction engineers
when designing rail vehicle drives.
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List of Symbols

Underlined letters have been used for matrices and vectors.
Latin letters:
Symbol Description

system matrix

acceleration

input matrix

output matrix, damping matrix
matrix of transition

force vector

frequency, coefficient of friction
acceleration of gravity
current

moment of inertia

vector of internal forces
spring constant

inductance

mass matrix

mass

vector of degrees of freedom
resistance

radius

slip

torque

time

motor voltage

I & S N % N Xy in SIEP‘*‘IW*’"'W \|~q|@|ﬁ|wn|>

vector of generalized velocities



164 List of Symbols

Symbol Description

v speed

x longitudinal axis, longitudinal displacement
x vector of variables

y lateral axis, lateral displacement

z vertical axis, vertical displacement

Greek letters
Symbol Description

axis of Cartesian coordinates of motor model, angular acceleration
axis of Cartesian coordinates of motor model

order of harmonics

leakage factor of induction motor

time constant

rotation angle of x-axis

rotation angle of y-axis

rotation angle of z-axis

magnetic flux, relative damping

E E€R© a9 <™®Q

angular frequency, speed

Indices, latin letters
Symbol Description
a stator phase

stator phase
stator phase
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cinv
cpm
csh
d
fbk
gm
gw
hsh
inv
igw
lin

pc
pg

ref

N < ¥ g < 2 »

inverter DC-link capacitor

coupling motor side

cardan shaft

axis of rotating reference frame of motor model
feedback

gearbox housing motor side

gearbox housing wheel side

hollow shaft

inverter

intermediate gear wheel

line, linear

motor

wheel axle bearing housing, coupling side
wheel axle bearing housing, gearbox side
axis of rotating reference frame of motor model
rotor

reference

stator, suspension

inverter phase

inverter phase, vehicle

inverter phase, wheel

longitudinal direction

longitudinal direction

longitudinal direction

Indices, greek letters

Symbol

Description

order of harmonics
leakage
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Appendix A

Transformation of Motor Equations

The traction motor and inverter are both three-phase and assumed to be symmetric.
Voltages, currents and fluxes of the three phases can be expressed by space phasors
as described in section 4.2.

The space phasor is placed in a coordinate frame. A rotating cartesian frame has
been chosen to solve the differential equations of the motor. To calculate the phase
quantities of the motor, the space phasors were transformed to the three-phase
coordinate frame fixed to the stator. The transformation has to be power invariant.
The coordinate frames of the motor are depicted in figure Al.

Figure Al Coordinate frames of the motor model.
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The rotor axis lies in the origin of the coordinate frame, vertically on its plane. The
rotation of the rotor and the sign of the torque are given by the rotation and
position of the motor’s flux phasors. Torque and speed are positive in motor
operation and during acceleration of the rotor.

The phase currents were calculated by first transforming the current phasor to a
Cartesian frame fixed to the stator by

= i cos(wy) - isqsin(a)st)

iy = i Sin(of) - I cos(® 1)

The transformation from two-phase currents to three-phase currents is:

2 .

sa ?lsm
isb= z(—_l_ia+£i)
N 3 2 s 2 b
o = E (~11u—£i)
N 3 2 s 2 B




Appendix B

Model Equations of a Suspended Drive

The model of the drive, including drive line and suspensions, was derived under the
following assumptions:

- no lateral (y) and longitudinal degrees of freedom

- no rotation around the vertical axis (z).

Following these assumptions, a model with six bodies and eight degrees of freedom
can be derived. The model with the reference frame of the housing is depicted in
Figure B1.

X

Figure B.I Model of suspended hollow shaft drive.
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The model’s equations of motion are given by equation 4.15 with the mass matrix

with:

© o o g
© o o o
o

o o o o
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the stiffness matrix

k, -k, 0 0 0 0
-k, k, o+ rlk, ror, k, 0 0 0
0 rrk rk (k, + k) r,r, k, 0 0
0 0 r,ryk, rlk, vk, -k, 0
0 0 0 -k, k, 0
3
0 rkx,—x) rkx-x)-rkx-x) -rkx-x) 0 k(%ixsi2
3
0 0 0 0 0 -kXxy,
3
0 0 0 0 0 -kXx,
i=1
with
Nabedes rotational degrees of freedom of bodies
7 translational degree of freedom of housing
Jabeder inertia of bodies
mg mass of motor and gearbox housing
ki, spring constants of couplings
kys spring constants of gear teeth
kg spring constant of motor and gearbox suspension
Xy distance between centres of gravities of gear wheels
and motor and gearbox housing
Xo15253 distance between suspensions and motor and gearbox
housing
Vsts2s3 distance between suspensions and motor and gearbox
housing

[rad]

[m]

(kg m’]
(kg]
[Nm/rad]
[Nm/rad]
[N/m]

[m]
[m]

[m]
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The vector of degrees of freedom is

(xa Xo X Xa Xe X O Zf)T
The vertical forces expressed in degrees of freedom are

Fy =k (z - x; sin(xy) + y, sin(¢,)

F, =k (z - x, sin(x) + y, sin(¢))

F,=k(z - x, sin(y,) + Ve sin(¢ R)

For small rotation angles it can be stated

sin) =%, cos(y) =1

so that the forces become

Foo=k(z - x % + ¥, 09
Fo=k(z - X, X + 5, 09

Fo=k(z - x5 % + Yy 0

Parameters are listed in appendix F.




Appendix C

Wheel-rail contact parameters

As stated in section 4.4 to develop a practical friction curve, choices have to be
made by taking into consideration:
- definition of the curve up to the maximum by
- the maximum value of transmitted force
- the difference of speed or creepage at maximum transmitted force
- the gradient at the origin of the curve
- definition of the curve beyond the maximum.

The applied curve from zero speed difference up to the maximum of the friction
coefficient f has been approximated by a function which is composed of a friction-
characteristic defined by Vermeulen and Johnson which has been cited by Kalker
[KAL90]:

Av
s 1 - - 3
F=fo (1- Q1 ~ )

max

Beyond the maximum friction coefficient, the curve has been defined by the
following formulae:

For 0<Av<12 Ay,

Av
Ay

max

[ = fo - |1 - P)
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with

Av  the difference of speed between wheel and rail

Av,,, the difference of speed between wheel and rail at the maximum of adhesion
f the coefficient of friction

Sfoax  the maximum coefficient of friction

and

fAv) = -f(-Av)

For 1.2 Av_,, < Av < 2 Av_,, the friction coefficient is falling as a linear function of
the speed difference and for 2 Av,,, < Av the friction coefficient os constant.

Parameter values applied in the simulations, valid for dry rails and low vehicle
speed, were

fmax = 0'3
Av,,, =0.03 ms.

Figure C.1 shows the friction coefficient with £, = 0.35 and Av,, = 0.03 m/s.

0.4

0.3r

o ©
- N

=011

friction coefficient f
=)

-0.2f

-0.1 -0.05 0 0.05 0.1
delta v [m/s]

Figure C.1 Friction coefficient as function of speed
difference.
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Equations of motion of rolling wheels

In the case of rolling wheels as depicted in Figure D1, rotation and translation of
the wheels are coupled by the following constraint

xw = xW rw

ot \xw

Figure D.1 Degrees of freedom of a rolling
wheel.

The inertial torque of the wheel is

(JW + mW rW2) xW
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with
J,  inertia of the wheel
m mass of the wheel

Ty radius of the wheel

Xw  rotational degree of freedom of the wheel

x,  translational degree of freedom of the wheel

In the case of an active force on the wheel by a spring with stiffness k coupled with
a second mass m, e.g., the bogie frame, the equation of motion of the wheel and

coupled mass with degree of freedom 7 is given by equation (4.13)

with the mass matrix M

2
J, + mr, 0

0 mr?
w

with the stiffness matrix X

2 - 2
kr, kr,

B 2 2
kr, krw

and the vector of degrees of freedom




Appendix E

System equations of a traction drive

In section 4.5 the system equation of a drive have been given by equation 4.18. An
example of the equation of the quill shaft drive depicted in Figure 5.3.10, section
5.3.2, is given below by the system vectors and matrices.

L, L 0 0o o ) 0 0 0 o o0
U“s 01m
1 1-o
o, - 0 1o v o 0 o 0 0 o 0
UT‘ ot
to o _ L o, 0o 0 0 0 0 0 0o o
UTk O‘!x
o o o, L o o 0 0 0 0 o o
UT‘_ UTr
1-9 1-g 1 1 1 1
o o pl%y p1%, -1l -y = 1 0
PuLhw"‘ ?uLh‘l’.d AL AL J.cl A ° 0 o
4515 o 0 0 0 1 0 0 0 0 o o
11 1 1 1 1
0 0 0 0 1, 1y L A 1 1
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Appendix F

Parameters of drive models

Two vehicle drives were modelled as described in section 5.3.2. Parameter sets of
these models and parameters of excitation for simulation are described in this
appendix.

Electrical multiple-unit hollow shaft drive

Motor parameters

stator resistance R, = 0.127 Q
rotor resistance referred to the stator R, = 0.088
mutual inductance L, = 72.8 mH
stator leakage inductance L 1.81 mH
rotor leakage inductance referred to the stator | 2.62 mH
pair of poles P = 2.
Parameters of the drive line
rotor inertia (rotor side) 3.9 kgm?
inertia of motor side coupling half (rotor side) 0.05 kgm?
inertia of transmission (wheel side) 20.925 kgm?*
with: inertia of motor side coupling half 0.93 kgm?
inertia of pinion wheel 1.02 kgm®

inertia of intermediate gear wheel 3.11 kgm?®
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inertia of gear wheel and hollow shaft
inertia of hollow shaft coupling half
inertia of brake disc

inertia of driven wheel set half
including hollow shaft coupling half
inertia of non-driven wheel set half

Number of gear teeth pinion wheel
intermediate wheel
gear wheel

Stiffness of the gear teeth

Rolling circle of gear wheels pinion wheel
intermediate wheel
intermediate wheel

gear wheel

Stiffness of motor side coupling

Average K1 4n
torque [Nm/rad]

025 Ty | 1.27 10°

0.5 Tyn 1.96 10°

0.75 Tgn 2.64 10°

100 Ty | 3.33 10°

with Ty = 8650 Nm
relative damping y = 0.4.

9.745 kgm?
1.0 kgm®
6.05 kgm?

49 kgm®
48 kgm?

16
38
69

2.7 10° N/m

133.09 mm
316.09 mm
310.819 mm
564.381 mm
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Stiffness/relative damping of wheel side coupling

Average K7 4y Y
torque [Nm/rad]

0.34 Ty | 1995 10° | 0.64

0.67 Tyn | 2.468 10° | 0.5
284 Tey | 284 10° |0.36

with
Tyy = 13.65 kNm.

Stiffness of the wheel shaft
Damping of the wheel shaft y

Wheel diameter

Parameters of the gearbox

mass of gearbox housing

mass of rotor

mass of pinion wheel

mass of intermediate gear wheel

mass of gear wheel

mass of hollow shaft and coupling half

inertia of motor/gearbox housing , X-axis, z-axis
y-axis

inertia of pinion wheel, x-axis, z-axis
inertia of intermediate gear wheel, x-axis, z-axis
inertia of gear wheel and hollow shaft, x-axis, z-axis

4.4 10° Nm/rad
0.02

092 m

1531 kg
297 kg
25 kg
50 kg
347 kg

174 kgm?
150 kgm?

2 kgm?
8 kgm?
20 kgm®
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distance between centres of gravity of gearbox housing and
rotor X, 0.102 m
Ya 0.102 m
pinion wheel X 0102 m
Vo -0.568 m
intermediate gear wheel X, -0.123 m
Y, -0..568 m
gear wheel Xy -0.568 m
Yq -0.568 m
suspension motor X, 0479m
¥ 0322m
suspension gearbox motor side X, 0284 m
Yo  -0.568 m
suspension gearbox wheel side X; -0981m
Vg  -0.568 m
stiffness of suspensions 6.7 10’ N/m
damping of suspensions 0
Parameters of the vehicle
inertia of car body 3990 kg m?
inertia of motor bogie 667 kg m?
inertia of wheel set and swivelling arm 410 kg m?

stiffness of the swivelling arm from wheel to bogie frame
stiffness of the centre pivot from bogie frame to car body

2.56 10° Nm/rad
3.15 10° Nmv/rad




Appendix F

183

Simulation parameters

Stator fundamental voltages during acceleration:

Time(s) 0 0.7 1.2 2 2.5 32 73 |215
Frequency (Hz) 0.7 0.7 0.7 4.8 135 | 45
Voltage u, (V) 18 18 267 | 100 | 128 516 | 1715

Ratio of amplitude of stator harmonic voltages to fundamental during acceleration:

Stator voltage harmonic 5 7

Fundamental frequency 0.02 0.03

from 0 Hz to 18 Hz

Fundamental frequency 0.2 0.1

from 18 Hz to 45 Hz
Quill shaft drive
Motor parameters
stator resistance R, = 0.359 Q
rotor resistance referred to the stator R, = 0.199 Q
mutual inductance L, 77.57 mH
stator leakage inductance L 3.877 mH
rotor leakage inductance referred to the stator L 3.168 mH
pair of poles p = 2
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Parameters of the drive line

rotor inertia and coupling half
inertia of coupling half and quill shaft half

inertia of second coupling half and quill shaft half
inertia of transmission, wheel set and vehicle (motor side)

stiffness of couplings

relative damping of rubber coupling
relative damping of steel coupling

stiffness of quill shaft
damping of quill shaft

Simulation parameters

Stator fundamental voltages during acceleration

2.268 kem?
0.09 kgm?

0.094 kgm?
136.4 kgm®

1.15 10° Nm/rad
2.4
0.12

1.076 10° Nm/rad
0.06

Time(s) 0 0.7 1.5 2 5.9 17.9
Frequency (Hz) 0.7 0.7 33 49 17.6 | 56.6
Voltage (V) 30 30 158 | 195 | 539 | 1660

Ratio of amplitude of stator harmonic voltages to fundamental during acceleration

from 18 Hz to 45 Hz

Stator voltage harmonic 11 13
Fundamental frequency 0.02 0.03
from O Hz to 18 Hz

Fundamental frequency 0.2 0.1




Samenvatting

Vervoer maakt een steeds belangrijker deel uit van het dagelijks leven. Door het
woon-werkverkeer en buitenlandse reizen is de dichtheid in auto-, vliegtuig- en
treinverkeer toegenomen. Hoge snelheidstreinen zijn een alternatief voor het
vliegtuig, terwijl treinstellen, metro’s en trams een alternatief voor de auto zijn.
Door de toenemende files op de snelwegen is het openbaar vervoer via rails een
serieus alternatief, maar het moet aantrekkelijk zijn. Dat betekent comfortabele
treinen, metro’s en trams, die de passagiers snel en met een hoge frequentie kunnen
vervoeren. Deze eisen vragen om nieuwe ontwikkelingen. Een voorbeeld is de lage
vloertram met een instaphoogte van 30 centimeter.

De ontwikkeling van railvoertuigen zoals treinstellen, metro’s and trams, uitgerust
met asynchrone tractiemotoren en nieuwe draaistel- en rijtuigbakconstructie, heeft
geleid tot zowel vermindering van gewicht als tot hogere prestaties. Daardoor kan
het energieverbruik verlaagd en de capaciteit voor het personenvervoer verhoogd
worden.

Tegenwoordig behoort de levensduur bij de specificaties van nieuw te ontwikkelen
railvoertuigen. Specificaties van componenten van tractieaandrijvingen zoals
tandwielkasten, koppelingen en verende ophangingen moeten een levensduur van
minstens 30 jaar garanderen. De levensduur van de componenten wordt beinvloed
door de dynamische belasting. Voor de ontwikkeling van tractieaandrijvingen
moeten derhalve de pieken en oscillaties van de optredende koppels en krachten
bepaald worden. Hiervoor moet de gehele aandrijving bestaande uit elektrische
aandrijving, mechanische aandrijflijn en wiel-rail-contact beschouwd worden.
Gezien het grote aantal van concepten voor de elektrische en mechanische aandrij-
ving moet een flexibele procedure voor het bepalen van het trillingsgedrag ontwik-
keld worden.

Er kunnen gedempte vrije trillingen of gedwongen trillingen optreden in de mecha-
nische aandrijving. De elektrische aandrijving is een bron van oscillaties door de
pendelkoppels die de motor genereert als gevolg van de invertervoeding, door de
dynamica van de regeling en door foutsituaties in de aandrijving zoals statorkort-
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sluiting van de motor. Oscillaties opgewekt door het wiel-rail-contact komen tot
stand door stoten en door slip-stick-verschijnselen, die de hele aandrijving exciteren.

In dit proefschrift wordt een procedure voorgesteld waarmee mechanische trillingen
in tractieaandrijvingen op experimentele en rekenkundige manier bepaald kunnen
worden om in korte tijd een overzicht van het trillingsgedrag van een aandrijving te
verkrijgen.

Metingen aan tractieaandrijvingen moeten worden uitgevoerd door sensoren zowel
in de elektrische als in de mechanische aandrijving te plaatsen en simultaan te
bemonsteren. Een standaard tractiecyclus van aanzetten en remmen verschaft een
overzicht van de optredende trillingen, door analyse in het tijddomein en het
frequentiedomein in cascadeplots uit te voeren. Toerentalafhankelijke trillingen en
resonanties kunnen eenvoudig worden gedetecteerd. Er zijn metingen uitgevoerd aan
drie verschillende voertuigtypen op de baan en aan een locomotief op een rollen-
bank.

De meest belangrijke bronnen van trillingen bleken de invertergevoede motor, de
mechanische aandrijflijn en het wiel-rail-contact te zijn. De hoogste amplitudes
traden op bij het aanstoten van zwak gedempte eigenfrequenties zoals slip-stick~
oscillaties van de wielas en resonantie door pendelkoppels van een cardanas.

Flexibele modelvorming is mogelijk door de mechanische structuur als multibody
systeem te modelleren, waardoor de bewegingsvergelijkingen afgeleid worden
vanuit een beschrijving van een mechanische structuur van starre lichamen in drie
dimensies. Door het model van de mechanische structuur te koppelen met de
elektrische aandrijving en het wiel-rail-contact kunnen trillingen van de aandrijflijn,
het draaistel en het hele voertuig worden onderzocht. Voor de flexibele modelvor-
ming en simulatie is software ontwikkeld.

Aan de hand van twee voorbeelden van tractieaandrijvingen is de dynamica tijdens
het aanzetten van een voertuig gesimuleerd. Daarbij is rekening gehouden met
pendelkoppels, wielslip en eventuele kortsluiting van de tractiemotor. De demping
van de aandrijfcomponenten speelt een belangrijke rol voor de amplitude en
propagatie van de trillingen. Een toercikend gedempte aandrijflijn is altijd aan te
bevelen om de amplitude van trillingen te beperken. Het optimaliseren van pulsmo-
dulatie van de inverter heeft rekening te houden met mogelijke resonanties en
transiénten als gevolg van pulsovergangen.
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De optredende wielslip beperkt de koppelpiek bij statorkortsluiting van de motor.
Bij aanzetten of remmen dicht bij het maximum van de over te brengen kracht van
wiel naar rail kunnen slip-stick-oscillaties optreden die deels door de aandrijflijn
gedempt worden. Om de optredende hoge amplitudes te beperken is actieve
demping door de tractieregeling gewenst.

De resultaten van het onderzoek laten zien dat voor de analyse van trillingen in
tractieaandrijvingen het gehele systeem onderzocht moet worden. Voor optimalisatie
van een fractieaandrijving moet niet alleen de regeling maar moeten ook de
componenten van de aandrijving geoptimaliseerd worden. Specificaties van de
componenten moeten rekening houden met de dynamische belasting die berekend en
gemeten kan worden met de in dit proefschrift beschreven middelen. De interactie
van de variabelen die nodig zijn voor optimalisatie maakt deze tot een moeilijke
opgave.
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Zusammenfassung

Verkehr ist ein wichtiger Teil unseres tiglichen Lebens. Durch den Berufsverkehr
und Auslandsreisen ist das Verkehrsaufkommen gestiegen. Hochgeschwindigkeitszii-
ge sind eine Alternative fiir den Luftverkehr geworden, wihrend Nahverkehrs-
fahrzeuge eine Alternative fiir das Auto sind. Durch zunehmende Staus auf den
Autobahnen ist der schienengebundene Verkehr eine ernsthafte Alternative, aber nur
dann, wenn er attraktiv genug ist. Dazu gehdren komfortabele Ziige, U-Bahnen und
Stralenbahnen, die den Fahrgast ziigig und im raschen Wechsel beférdern. Diese
Anforderungen erfordern Neuentwicklungen, wie zum Beispiel die Niederflur-
straBenbahn mit einer Einstiegshthe von 30 Zentimetern.

Die Entwicklung von Nahverkehrsschienenfahrzeugen wie Triebwagen, U-Bahnen
und StraBenbahnen mit Asynchronmotoren und Neuentwicklungen von Drehgestel-
len und Wagenkasten hat zu einer Verminderung des Fahrzeuggewichts und einer
Erhohung der Leistung gefiihrt. Damit kann Energie gespart und die Beforde-
rungskapazitit erhtht werden.

Anforderungen an die Lebensdauer von Bahnantrieben sind heutzutage Bestandteil
eines Pflichtenhefts fiir den Neubau von Fahrzeugen. Spezifikationen von Antriebs-
komponenten wie Getriebe, Kupplungen und Federungen miissen eine Lebensdauer
von mindestens 30 Jahren gewdhrleisten. Die Lebensdauer wird durch die dynami-
sche Belastung beeinfluft. Schwingungen und Spitzen von Drehmoment und
Kriften miissen bekannt sein, um Antriebe fiir Schienenfahrzeuge spezifizieren und
entwickeln zu konnen. Daher mufl der gesamte Fahzeugantrieb mit elektrischem
Antrieb, mechanischem Antriebsstrang und Rad Schiene Kontakt untersucht werden.
Angesichts der Vielzahl von Antriebssystemen der Fahrzeuge ist eine universelle
Methode notwendig, um die Antriebsdynamik bestimmen zu kdnnen.

Mechanische Schwingungen kénnen freie, gedampfte oder erzwungene Schwingun-
gen sein. Schwingungsquellen sind der elektrische Antrieb durch die Momentenpul-
sationen, die der umrichtergespeiste Motor erzeugt, durch die Regelung und durch
Fehler im Antrieb wie der Standerkurzschlufl des Motors. Der Rad Schiene Kontakt
ruft Schwingungen sowohl durch Schienenstofe hervor als durch Slip-Stick
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Vorginge, die den gesamten Antrieb beeinflussen.

Diese Arbeit leistet einen Beitrag zur Erfassung des Schwingungsverhaltens von
Bahnantrieben durch meftechnische und rechnerische Methoden. Ziel der entwickel-
ten Methodik ist die Optimierung des Antriebssystems, um in kurzer Zeit eine
Ubersicht iiber das Schwingungsverhalten zu erhalten.

Messungen sollten mit MeBaufnehmern sowohl im mechanischen als im elektrischen
Antrieb wihrend eines Standardfahrzyklus ausgefiihrt werden. Simultanes Erfassen
der Signale im gewiinschten Frequenzbereich verschafft eine Ubersicht iiber das
Schwingungsverhalten des Antriebs. Analyse im Zeit- und Frequenzbereich durch
Wasserfalldiagramme verdeutlichen geschwindigkeitsabhéingige Schwingungen und
Resonanzen. Messungen wurden durchgefiihrt an drei verschiedenen Fahrzeugtypen
bei Streckenfahrten und mit einer Lokomotive auf einem Rollpriifstand.

Die Messungen ergaben, daB Schwingungen hauptséchlich durch den Traktions-
wechselrichter, durch den mechanischen Antriebsstrang und durch den Rad Schiene
Kontakt entstehen. Die hochsten Amplituden wurden bei der Anregung schwach
gedimpfter Eigenfrequenzen gemessen wie Reibschwingungen des Radsatzes und
Resonanz einer Kardanwelle.

Flexible Modellbildung der Antriecbe wurde durch die Anwendung eines
Mehrkorpersystemalgorithmus erreicht, wodurch die Bewegungsgleichungen aus der
Struktur des Antriebs als System starrer Korper in drei Dimensionen abgeleitet
werden. Modelle des elektrischen Antriebs und des Rad Schiene Kontakts integriert
in Modelle des mechanischen Antriebs ermoglichen die Berechnung der
Schwingungen von Antriebsstringen, Drehgestellen und Fahrzeugen. Zur flexiblen
Modellbildung und Simulation der Antriebsdynamik ist Software entwickelt worden.

Anhand zweier Beispiele von Antrieben von Nahverkehrsfahrzeugen ist die
Dynamik wihrend eines Anfahrvorgangs simuliert worden, wobei
Drehmomentpulsationen des Motors, Radschlupf und KurzschluB des Fahrmotors
beriicksichtigt wurden. Die Dampfung der mechanischen Antriebskomponenten
bestimmt die Amplitude und Verbreitung mechanischer Schwingungen. Ein
ausreichend geddmpfter Antrieb ist Voraussetzung um Amplituden von
Schwingungen einschlieBlich Resonanzen zu begrenzen. Optimale Pulsmuster des
Wechselrichters miissen sowohl Resonanzen als auch Momententransienten
ausschlieBen. Mdglich auftretender Radschlupf begrenzt Momentenspitzen bei
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KurzschluB des Fahrmotors. Bei Anfahren und Bremsen in der Nihe des
KraftschluBmaximums koénnen Reibschwingungen auftreten, die teilweise durch den
Antrieb geddmpft werden. Um jedoch die Schwingungen entscheidend zu begrenzen
ist eine aktive Schwingungsdidmpfung durch die Antriebsregelung notwendig.

Die Resultate der Forschung haben gezeigt, dafl Schwingungsanalyse in
Bahnantrieben die Analyse des Gesamtsystems voraussetzt. Um Schwingungen zu
begrenzen muB nicht nur die Antriebsregelung sondern miissen auch die
Antriebskomponenten optimiert werden. Spezifikationen von Komponenten
miissen die dynamische Belastung des Antriebs beriicksichtigen, die mit der in
dieser Arbeit dargestellten Methodik berechnet und gemessen werden konnen. Die
Wechselwirkung zwischen den Variabelen, die zur Optimierung beitragen, gestaltet
die Schwingungsoptimierung des Antriebs zu einer schwierigen Aufgabe.
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